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ABSTRACT 

Iowa coal fired power plants currently produce over 350,000 tons 
of high calcium (ASTM Class C) fly ash each year. Most of the plants 
are of modern design and burn low-sulfur, sub-bituminous coal from 
the Powder River Basin near Gillette, Wyoming. The ashes produced 
from these plants are self-cementitious and exhibit 28-day paste 
compressive strengths ranging from 500 to  7000 psi. Past research 
had indicated that the paste strength of ash from a given power 
plant was highly variable over time. Standard ASTM test data of 
these same ashes, however, did not indicate any obvious differences 
in the ash being produced. This research project was conducted in an 
attempt to determine the cause of the paste strength variability and 
to develop test methods to more adequately reflect fly ash physical 
and chemical characteristics. 

An extensive 3 year sampling and testing program was developed 
and initiated which incorporated fly ash from several Iowa power 
plants. Power plant design and operating data were collected. 
Results of ASTM physical and chemical testing show little variation 
with time, irrespective of fly ash source. Part of the reason for this is 
directly attributable to the ASTM composite method of sampling 
which tends to mask actual variability. The ASTM available alkali 
test underestimates the amount of alkalis that can be released from 
Iowa high-calcium fly ashes. Fly ash paste strength and other 
physical properties can change dramatically within short periods of 
time. This variability is directly linked to power plant maintenance 
schedules and to sodium carbonate coal pretreatment. Fly ash 
physical and chemical properties can change drastically immediately 
before and after a maintenance outage. The concentrations of sulfate 
bearing minerals in the fly ash increases sharply during shutdown. 
Chemical, mineralogical, and physical testing indicated that the 
sodium, sulfate bearing minerals, lime and tricalcium aluminate 
contents of the fly ashes play important roles in the development of 
hydration reaction products in fly ash pastes. The weak pastes 
always contained ettringite as the major reaction product. The 
strong pastes contained straetlingite and monosulfoaluminate as the - - 

major reaction products along w i t h  minor amounts of ettringite. 
Recommendations for testing procedure changes and suggested 
interim test methods are presented in the report. 



INTRODUCTION 

Iowa coal fired power plants currently produce over 350,000 tons 

of high-calcium (ASTM Class C) fly ash each year. These fly ashes tend to 

be highly reactive with water, and hence, they are often referred to as 

self-cementitious fly ashes. The potential for utilization of these fly ashes 

has been severely hampered by a lack of knowledge concerning their 

chemical and physical properties. To date, nearly all of the high-calcium 

fly ash used in Iowa has been utilized as a mineral admixture in portland 

cement concrete. However, production of such fly ash greatly exceeds its 

utilization and thus, much of the fly ash must be disposed of in landfills. 

The goal of this research project has been to actively pursue the 

characterization of these high-calcium fly ashes in the hope that increased 

knowledge of their physical and chemical properties will lead to increased 

utilization. We sincerely believe that fly ashes are a resource that should 

be recycled rather than a by-product that must be disposed of. 

RESEARCH APPROACH 

Backoround 
Research conducted under project HR-225 lead to the knowledge 

that the elemental composition of Iowa fly ashes remained relatively 

consistent over time [I]. These results verified the findings of an earlier 

in-house Iowa Department of Transportation (IDOT) research project on fly 

ash variability [2]. However, the in-house IDOT research project also 

indicated that the compressive strength of fly ash mortar cube specimens 



exhibited extreme variability as a function of sampling date. Isenberger 

suggested that further work should be done to confirm the observations 

because the experimental methodology was subject to "a significant 

amount of operator variability" [2]. Hence, IDOT personnel continued 

molding water-sand-fly ash mortar cubes in accordance to Iowa Test 

Method No. 212, and they continued to observe erratic strength behavior. 

Results of IDOT tests performed on fly ash from Ottumwa generating 

station are shown in Figure 1. Preliminary work at the Materials Analysis 

and Research Laboratory (MARL) had also indicated a significant amount 

of variability in the compressive strength of Class C fly ash pastes. Thus a 

testing program was initiated to monitor the physical and chemical 

characteristics of these Class C fly ashes as a function of time. 

Iowa power plants 

The general locations of the power plants studied during this 

investigation are shown in Figure 2. Technical and operating details are 

summarized in Tables I and 11, respectively. General information sheets 

for these power plants plus several additional (smaller) generating stations 

can be found in Appendix A. 

In general, all of the power plants studied were of modem design 

and they all burned low-sulfur, sub-bituminous coal from the Powder 

River Basin near Gillette, Wyoming. Three of the power plants routinely 

added sodium carbonate to the raw coal feed to enhance the performance 

of their electrostatic precipitators. 
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Fly ash sampling scheme 

Fly ashes from Council Bluffs, Lansing, Ottumwa and Neal 4 power 

plants were selected to represent the range of Class C fly ashes available in 

Iowa. Samples of these ashes, for testing and use on the project, were 

supplied through the cooperation of Mr. Lon Zimmerman of Midwest Fly 

Ash and Materials, Inc., Sioux City, IA. 

The sampling procedure that was used is described in ASTM C 311 

[3]. Briefly, grab samples were taken from each ash truck (approximately 

20 tons) exiting the plant. After 20 grab samples were obtained. they 

were combined to form a composite sample representing 400 tons of fly 

ash. This sample was then tightly sealed in a clean one gallon paint can 

and mailed to the MARL. 

Each sample, which represented a 400 ton lot of fly ash, was 

subjected to physical testing as per ASTM C 311. After five such samples 

were received, a chemical - physical test sample was made. The chemical - 
physical test sample was made by combining equal portions from each of 

the 400 ton lot samples, and hence, represented 2000 tons of fly ash. 

These chemical - physical test samples are referred to as "composite" 

samples by the ASTM. 

After the first year of this project, it was observed that a power 

plant's operating conditions and maintenance cycle could significantly 

influence the chemical and physical properties of its fly ash. Hence, two 

very similar power plants (Ottumwa and Louisa) were chosen to study in 

detail. Grab samples of each fly ash were taken about three or four times 

per week for a duration of about four months. None of the samples were 

composited. Again, all of the samples were tightly sealed in metal paint 



cans and stored until they were collected from the power plants by MARL 

personnel. A total of about 100 samples were obtained from the two 

power plants. 

Flv Ash T- 

Two fly ash testing schemes were utilized in this study. The first 

method utilized methods similar to those described in ASTM C 311-77 [3]. 

The second testing scheme was developed to monitor the self-cementing 

properties of fly ash pastes. A diagram of the overall (physical) testing 

scheme is shown in Fig. 3. 

The two major differences between the testing methods used in 

this study and those specified in ASTM C311-77 were: (1) a portland 

cement-fly ash mortar cube test was used in place of the lime-fly ash 

mortar test to access the 7-day pozzolanic activity of the samples; (2) quick 

chemical methods (x-ray techniques) were used instead of the gravimetric 

and/or volumetric methods specified by the ASTM. The lime pozzolan test 

was replaced with a cement pozzolan test because we have found that the 

lime pozzolan test appears to be biased against Class C fly ashes [4]. Others 

have also noted this fact [S]. The change from classical (ASTM) chemical 

methods to x-ray methods was made to allow a throughput of a large 

number of samples. The analytical details of the chemical methods used in 

this study will be described later in this report. 

The fly ash paste testing scheme developed during this research 

program was used to study the compressive strength, volume stability, 

setting time and heat evolution characteristics of fly ash-water mixtures. 

The repeatability of the fly ash testing scheme was studied in detail. A 

multi-day, multi-operator test program indicated that the procedures, as 
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defined below, were adequate for monitoring the physical characteristics 

of the fly ash pastes. The results obtained from the repeatability test 

program are summarized in Appendix B. 

All of the fly ash paste mixes (except for the heat evolution test) 

were prepared at a waterlfly ash ratio of 0.27. A typical batch consisted 

of 2000 grams of fly ash and 540 grams of deionized water. Hobart 

laboratory size mixers were used throughout the study. The paste mixing 

procedure consisted of: (1) adding water to the fly ash; (2) mixing at low 

speed for 30 seconds; (3) quickly scraping down the residue on the sides of 

the mixing bowl; (4) mixing at medium speed for 30 seconds. This mixing 

procedure produced a fluid paste that could be poured into the various 

molds for the different tests. A small vibration table was used to eliminate 

air voids from the fluid compressive strength and volume stability 

specimens. 

The general details of the physical tests used during this project 

can be summarized as follows: 

1. Compressive strengths were measured on one inch cube 
specimens tested after four hours, and 1, 7 and 28 days of 
moist curing. Three cubes were broken for each curing period. 
The cubes were loaded at a rate of 4000 pounds per minute 
until failure. 

2. Volume stability characteristics were measured on 1 x 1 x 11 
inch prisms (i.e., normal autoclave bar molds with gage studs 
positioned to maintain an effective gage length of 10 ;?1 0.1 
inch). Two specimens were cast from each mix. One specimen 
was moist cured, the other was cured under ambient room 
conditions. Length measurements were taken periodically in 
accordance with ASTM C 490 [3]. 



3. Setting properties were evaluated using a soil pocket 
penetrometer. Test specimen container size was about 4.5 
inches in diameter by 1 inch in depth. Penetrometer readings, 
in tons per square foot, were taken as a function of time. Most 
of the fly ash pastes set so quickly that readings needed to be 
taken at about 1 to 2 minute intervals for the first 15 minutes 
of the test. Hence, the specimens were not stored in a humid 
cabinet between readings. Initial set was defined as the first 
discontinuity in the pressure versus time curve. Final set was 
arbitrarily defined as 4.5 tons per square foot penetrometer 
bearing pressure. 

4. Heat evolution of fly ash-water mixtures was monitored using 
a conduction calorimeter. Test specimens consisted of 28.5 
grams of fly ash and 10.0 grams of deionized water. The 
specimens were briefly mixed by hand before being inserted 
into the calorimeter. The calorimeter temperature was 
displayed directly on a chart recorder so a continuous record of 
temperature versus time was obtained for each specimen. 

Qther Analvtical Techniaue~ 

X-ray fluorescence 

X-ray fluorescence spectrometry (XRF) was used to identify and 

quantify the major and minor elements present in the fly ash samples. A 

Siemens SRS 200 sequential x-ray spectrometer was used throughout this 

study. The spectrometer was fully computer controlled via an LC 200 

interface and a PDP 11/03 microcomputer. The technical details of the 

quantitative routines that have been utilized at the Materials Analysis and 

Research Laboratory have been described elsewhere [6,7]. Briefly, the XRF 

method is  a comparative analytical technique. Samples of known elemental 

composition (i.e., standards) are used to calibrate the spectrometer for the 

elements of interest (Si, Al, Fe, Mg, Ca, K, Na, P, S and Ti in this instance). 



After calibration, specimens of unknown composition are analyzed and 

elemental concentrations are estimated. Existing software allows for the 

correction of interelement effects via multiple regression techniques and 

correction for x-ray tube drift [8]. The absolute accuracy of the method 

was not tremendous because of lack of good standard reference materials 

for calibration. We estimate that the relative error of our fly ash analyses 

was about 3 to 5% of the amount reported for major elements (reported as 

oxides), and about 5 to 10% for minor elements. However, the overall 

precision of the method ( e .  repeatability of sample preparation and 

analysis) was very good. Typically, assays of duplicate samples were 

repeatable to 0.2% (absolute concentration) for major elements and 0.05% 

(absolute) for minor elements. 

X-ray diffraction 

X-ray diffraction (XRD) was used to determine the crystalline 

compounds present in the various fly ash specimens. A Siemens D500 

diffractometer was used throughout this study. The diffractometer was 

fully computer controlled via an LC 500 interface and a PDP 11/23 

microcomputer. A copper x-ray tube was used for all analyses. 

Monochromatic radiation was obtained via a diffracted beam 

monochromater and electronic discrimination (pulse height 

analysis/discrimination). The diffractometer was equipped with medium 

resolution slits and it was operated in step scan mode. 

Thermal methods 

Thermal analysis methods, such as differential thermal analysis 

(DTA) and thermogravimetric analysis (TGA), were also used to 



characterize specific fly ash samples. Typically, since fly ash is the by- 

product of a combustion process, the information obtained from DTA-TGA 

is of limited use for studying raw (as-received) fly ashes. However, the 

method is excellent for studying fly ash paste hydration products. The 

method has also been a useful tool in the study of the different particle 

size fractions of fly ash. 

Miscellaneous methods 

Two additional methods were used during this study to enhance 

the characterization of Class C fly ashes. The first method employed was 

the Blaine fineness test. The second method consisted of separating fly ash 

into specific size fractions by sonic sifting. 

The Blaine permeability method is most commonly used to 

measure the specific surface of portland cement [9]. The method has also 

been applied to fly ashes [lo] and other pozzolanic type admixtures [ l l ]  by 

making proper modifications. Actually, the Blaine permeability method 

was routinely used to estimate the specific surface of fly ash samples until 

1973 [12]. The method was dropped from the routine testing program 

b e c a u s ~ t h e  ~carbon~~.~~ontent~~.signif_ica~nt~y~.~..i.efl.~en~ed~...~th0.~.fe~~1t~.~.~~f fffthee.eete~Stt.~~~.~ 

[10,12]. However, the residual carbon content (loss on ignition) of the Class 

C fly ashes investigated in this study was very low when compared to a 

typical Class F fly ash; hence, we expect little bias from the carbon content 

of our Class C fly ashes. The Blaine fineness tests were conducted in 

accordance to ASTM C 204-84 [13]. Specific surface of a fly ash sample 

was obtained from equation 7 of ASTM C '204; the coefficient b of the 

equation was determined as specified in the Appendix of C 204. The 



density of the fly ash specimen was determined as specified in ASTM C 

311 [3]. 

Several fly ashes were subjected to particle size separation by 

using an Allen-Bradley Sonic sifter (model L3P). The apparatus uses 

waves of sonic frequency to agitate particles on the sieves and thus, 

produces relatively quick and accurate size separation. Electroformed 

nickel metal sieves with nominal sizes of 45, 20 and 10 microns were used 

throughout this study. The fly ash particles passing through all of the 

sieves were also collected for subsequent analysis. Hence, four particle 

size fractions were obtained from the sonic sifter: 1) particles greater 

than 45 microns (denoted as >45); 2) particles smaller than 45 but larger 

than 20 microns (denoted as >20); 3) particles smaller than 20 but greater 

than 10 microns (denoted as >lo); 4) particles smaller than 10 microns in 

diameter (denoted as 40). 



RESULTS AND DISCUSSION 

I and Che- 

The results of chemical and physical testing (also referred to as 

"total analysis") and of physical testing (also referred to as "routine 

analysis") of fly ashes obtained from Council Bluffs (CBF), Lansing (LAN), 

Ottumwa (OTT or OGS) and Neal 4 (NE4) power plants are summarized in 

Tables 111 and IV, respectively. Each table lists the mean, y, standard 

deviation. S, the maximum observed value, MAX, the minimum observed 

value, MIN, and the number of samples, n. Data from each power plant has 

been analyzed separately and it represents fly ash obtained from 1983 

through 1987. 

A year by year statistical analysis of the total analysis samples 

(mostly composite samples) is summarized in Table I (Appendix C). 

Similar information concerning the physical test samples (routine tests) is 

summarized in Table II (Appendix C). Raw data is listed in a reduced 

format in Table I11 (Appendix C). Plots of the results of both the physical 

and chemical testing programs are shown in Figures 1 through 64 

(Appendix C). The plots illustrate the uniformity of the test results 

obtained during the 5 year monitoring period. It is pertinent to mention 

that the results of both the pozzolanic activity test (7 and 28 day cement 

pozz.) and the autoclave expansion test are strongly influenced by the 

cement used when performing the tests. Hence, the physical and chemical 

properties of cements used during this study are summarized in Table IV 

(Appendix C). 

All of the fly ash samples tested during this phase of the study 

(189 total analysis samples and 685 physical test samples, taken over a 5 
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year interval) passed the specifications listed in ASTM C 618 [3,14]. In 

fact, few of the samples even approached the specification limits (see the 

MIN and MAX columns in Tables I11 and IV). Hence, one may assert that 

we are currently "overtesting" our fly ash sources. This may be so. 

However, we believe that the existing ASTM fly ash tests and sampling 

scheme may not adequately identify "bad" fly ash, especially if a power 

plant is approaching a maintenance shutdown. The major problem with 

the current ASTM methods is that they were created for Class F fly ashes. 

Class C ashes, which are enriched with alkaline earth elements (i.e., Ca, Mg, 

Sr and Ba), are drastically different from Class F ashes. The major items of 

the current ASTM fly ash tests that we are concerned about are: (1) the 

composite sampling scheme, (2) the available alkali test, (3) the pozzolanic 

activity test, and (4) the wet-sieved fineness test. 

The composite sampling scheme was described earlier in this 

report. A composite sample represents 2000 tons of fly ash and it consists 

of a linear combination of five physical test samples (each representing 

400 tons). Our test results indicate that the compositing process tends to 

smooth out (or eliminate) extreme values. Both the physical test samples 

and the composite samples were subjected to the same basic tests (i.e., 

moisture content, loss on ignition, fineness, specific gravity, 7-day 

pozzolanic activity and soundness). Hence, by comparing the coefficient of 

variation and the range variation statistics for these tests, one observes 

that the compositing scheme tends to reduce the variation in the test 

results. This trend is illustrated in Figures 4 and 5. The line of equality 

depicted in these figures simply indicates the trend that one would expect 

if both series of tests produced exactly the same results. The mean values 

(average test result) were the same for both series of tests. This 
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smoothing process is not totally bad because it also indicates that the 

composite samples should quickly produce a good estimate of the 

properties of an "average" fly ash sample. However, the penalty paid for 

this information is rather severe because the compositing step makes it 

difficult to predict the true variability present in a given source of fly ash. 

Hence, one must conclude that the chemical information presented in Table 

I11 is biased. The mean test results are reasonable but the standard 

deviation and range statistics are at best a lower bound to the true 

variation that exists in the various power plants. This observation is in 

agreement with our earlier work on fly ash variability [ I ] .  

The alkali content of fly ash from several of the power plants is of 

great concern to us. The concern stems from the potential problems that 

may occur when using the fly ashes in portland cement concrete, however, 

we have also observed poor performance in paste specimens because of 

excessive alkali content. Cement alkalis normally have a potential to 

adversely influence the long term strength of concrete [15], cause physical 

disruption by reacting with alkali sensitive aggregates [16] or to cause 

unsightly efflorescence on the surfaces of finished products. Fly ash alkalis 

may (or may not) lead to similar problems; more research is definitely 

needed in this area. Whatever the case, we first must adopt a new test for 

measuring the alkali content of Iowa fly ashes because the current test, the 

available alkali test, is not adequate [17]. 

The major problem with the available alkali test is that it 

underestimates the amount of alkali that may be leached into solution [17]. 

The test results (see Figure 6) clearly indicate that the 28 day curing 

period simply is not long enough to extract all the alkalis into solution. 

This same observation was made in 1956 by Brink and Halstead [18], 



0- 
0 40 80 120 160 200 

Time, (Days) 

1 0 0 1  . , . I . , ! I '  

. LANSING FLY ASH 

Time, (Days) Time, (Days) 

Figure 6. Effect of temperature and time on the mobilization of 
available alkalis for four Iowa fly ashes. 



although their work pertained only to Class F fly ashes. Such discrepancies 

may help to explain why researchers typically find a poor correlation 

between available alkali test results and the alkali induced expansion 

observed in laboratory test specimens [19]. We suggest the measurement 

of the total alkali content of fly ash in place of the available alkali test. 

The ASTM no longer requires a pozzolanic activity test for the 

physical test samples (i.e., 400 ton lots) of Class C fly ashes (141. Only the 

chemical-physical test samples are subjected to a 28 day cement pozzolan 

test. Class F fly ashes are still required to be tested for pozzolanic activity 

(lime pozzolan test) on a sample by sample basis. The exact rationale 

behind this change is not clear; however, our test results (see Tables I11 

and IV) indicate that the change should have little influence on the process 

of accepting or rejecting a given lot of fly ash. All of the Class C fly ashes 

tested at the MARL between 1983 and 1987, behaved satisfactorily in the 

cement pozzolanic activity test. However, as we alluded to earlier, testing 

only composite samples ( e .  2000 ton lots) may severely hinder the 

process of identifying if a power plant is producing subpar fly ash, 

especially if one must wait 28 days for test results. 

The wet-sieved fineness test is another example of a test that may 

not be directly applicable to the analysis of Iowa Class C fly ashes. These 

Class C fly ashes contain a significant portion of water soluble compounds 

which may simply be washed into solution and through the sieve. Class C 

fly ashes contain very little residual carbon, so the test really only 

measures the coarse quartz particles in the fly ash. The determination of a 

particle size distribution curve would perhaps correlate better to the 

observed physical behavior of fly ash pastes or to the pozzolanic activity of 

fly ash-cement mortars and concretes. 



s of Flv Ash P- 

A statistical summary of the results obtained from the fly ash 

paste testing program is given in Table V. Raw data, results of correlation 

studies and additional plots of the various fly ash properties versus 

sampling date can be found in Appendix D. 

The results of compressive strength tests of 7-day old paste 

specimens made from Ottumwa, Council Bluffs and Lansing fly ashes are 

shown in Figures 7, 8 and 9, respectively. All of these figures illustrate 

that the paste specimens had large variations in compressive strength as a 

function of sampling date. Paste specimens that were moist cured for 

other periods of time also exhibited nearly identical trends (see Appendix 

D). These test results are in agreement with those reported by IDOT 

personnel. Hence, one must conclude that the unexplained test variability 

reported by Isenberger [2] was due to changes in fly ash properties rather 

than simply poor test procedures. Also, both IDOT and MARL test results 

indicate how quickly the compressive strength of fly ash paste (or mortar) 

specimens can change as a function of sampling date. The variations in the 

compressive strength of pastes made from Ottumwa fly ash appear to be 

cyclical in nature (see Figure 7) and this trend will be discussed in detail 

later in this report. Figure 10 illustrates the influence of moist curing time 

on the compressive strength of several fly ash paste specimens; it also 

illustrates the tremendous range in compressive strengths that was 

observed during this project. Many of the fly ash samples studied during 

this project behaved similar to hydraulic cements. 

Typical results obtained from the volume stability testing are 

shown in Figure 11. In general, most of the fly ash paste specimens 
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expanded slightly during moist curing and shrank slightly during air 

curing. However, several of the fly ash samples from Ottumwa power 

plant exhibited severe expansive properties. In fact, such specimens 

generally fell apart (disintegrated) during the first few days of either 

moist or air curing. It was difficult to accurately measure the lengths of 

such specimens because their rates of expansion were very large 

immediately after removing them from the molds. More will be said about 

these samples later in this report. The large majority of the specimens 

studied in this project did not exhibit problematic expansive behavior. 

Typical results obtained from the set time tests are shown in 

Figure 12. Figure 12 illustrates the definitions of initial and final set that 

were used in this study. Generally, the fly ash paste specimens had initial 

set times of about 10 minutes and final set times of about 15 minutes. 

Hence, some field applications, such as soil stabilization or void filling, may 

be tricky unless proper retarders are found. Portland cement appears to 

be a reasonably good retarder for most of these fly ashes. 

Typical results obtained from the heat evolution test are shown in 

Figure 13. Again, the various samples obtained from a single power plant 

exhibit drastically different behaviors as a function of sampling date. Fly 

ash from the Lansing power plant was generally the most reactive with 

water (i.e., highest AT), followed by the Council Bluffs fly ash and then the 

Ottumwa fly ash. 

Correlation studies were performed in an attempt to define 

relationships between the various paste properties studied in this research 

project. The results of a correlation study utilizing all of the fly ash paste 

samples from 1985 and 1986 is summarized in Table VI. The result 

obtained by performing a correlation analysis on each individual power 



Time (minutes) 

Figure 12. Results of set time testing of several Iowa fly ash pastes. 
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plant can be found in Table II (Appendix D); the trends indicated by each 

analysis were reasonably consistent. Abbreviations for the different 

variables were as follows: 

H4 
Dl 
D7 
D l 4  
D28 
D5 6 
ACE 
K€E 
IS 
FS 
PKT 
TIM 
m 

4 hour compressive strength 
1 day compressive strength 
7 day compressive strength 
14 day compressive strength 
28 day compressive strength 
56 day compressive strength 
air cured expansion @ 28 days 
humid cured expansion @ 28 days 
initial set time 
final set time 
peak temperature 
time required to reach peak temperature 
temperature rise (peak temp. - initial temp.) 

Linear correlation coefficients (Pearson) were generated using a 

standard statistical package. The tables also list the significance 

probability of the correlation and the number of observations that were 

used when calculating the statistics. For example, in Table VI, the Pearson 

correlation coefficient, r, between the four hour compressive strength (H4) 

and the one day compressive strength (Dl)  was 0.91727. The number 

directly below the correlation coefficient, 0.0001 in this instance, is the 

significance probability of the correlation. This value indicates that the 

linear correlation between H4 and Dl  was significant (i.e., we can reject the 

null hypothesis that no linear correlation (r = 0) exists between H4 and 

Dl). We have arbitrarily adopted a 99% confidence interval for accepting 

or rejecting potential correlations; this corresponds to a significance 

probability value of 0.005 or less. The integer directly below the 

significance probability of the correlation value denotes the number of 



samples used in the statistical calculations (159 observations in this 

instance). Please note that all correlation matrices are symmetric about 

their main diagonals. 

Strong correlations were observed between several of the paste 

variables studied in this project. Correlation coefficients greater than 0.7 

have been circled in Table VI. The most obvious correlations were 

between compressive strengths measured at different curing times, 

between compressive strength and temperature rise, between initial set 

and final set, and between final set and the time required to reach the 

peak temperature. 

Several of the more interesting trends are shown in Figures 14, 15 

and 16. Figure 14 illustrates the relationship between the 7-day and 

28-day compressive strengths of the fly ash pastes. Linear regression of 

the data yielded the equation listed in Figure 14. Figure 15 illustrates the 

relationship between initial set and final set. Again, linear regression of 

the data yielded the equation listed in Figure 15. Figure 16 illustrates the 

relationship between the four hour compressive strength and the 

temperature rise (line estimated using linear regression). 

Chem~cal Te& 

The purpose of this phase of the research project was to conduct a 

detailed investigation of the chemical constitution of the Iowa high-calcium 

fly ashes. The samples used in this analysis were all physical test samples, 

each representing 400 tons of fly ash. This was done to avoid the 

"smoothing" problems (as described earlier) that appear to be associated 

with the composite samples. 
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Bulk mineralogy 

Typical diffractograms of raw (as-received) fly ashes from the 

various power plants are shown in Figure 17. All of the fly ashes exhibited 

very similar bulk mineralogies. Each of the fly ashes contained alpha- 

quartz, lime, periclase, anhydrite, tricalcium aluminate (or an altered 

mineral similar in structure and reactivity to tricalcium aluminate) and 

often a mineral similar to tetracalcium trialuminate sulfate. Also, a 

diffraction peak was often found at about 3.9 A in many of the fly ash 

samples; this peak has not yet been assigned to a specific compound 

(although we suspect that it may be a weak reflection from anhydrite or 

possibly sodium sulfate). Each of the fly ashes exhibited a glass halo that 

reached a maximum intensity above 30 degrees 2-theta (Cu K-alpha 

radiation). This scattering halo has been attributed to the presence of a 

calcium aluminate or a calcium aluminum silicate glass by other 

researchers [20, 211. 

Table VII summarizes the results of elemental analysis on the 3 

fly ashes. In general, all of the fly ashes contained more than about 25% 

CaO. All of the fly ashes met the general requirements specified by the 

ASTM for Class C fly ash. 

To obtain additional information about the glass phases and minor 

components present in the various fly ash samples, the raw fly ashes were 

digested in hot acid (HCl) as described in ASTM C 114, section 

17.1.7.1 [13]. Flame photometry was used t o  est imate the 

concentrations of Na, K and Ca in the acid soluble fraction of the fly ash. 

The portion of the fly ash that was insoluble in the hot acid was washed, 

dried and then subjected to x-ray diffraction analysis. 





TABLE VII 
Bulk compositions of the fly ashes used in this study (all values 

in weight percent). 

so3 
CaO 
MgO 
Na20 
K20 
p205 
Ti02 
SrO 

Figure 18 shows the results of XRD analysis of the acid insoluble 

residue obtained from the three fly ashes. The acid digestion process 

removed many of the minerals present in the raw fly ashes, it also 

appeared to remove the majority of the glass that exhibited a scattering 

halo above 30 degrees 2-theta ( i . .  the calcium aluminate or calcium 

aluminum silicate glass). In fact, all three of the fly ashes were quite 

soluble in hot HCl (about 70% soluble, see Table VII), when compared to 

the results obtained using Class F (low-calcium, < lo% CaO) fly ashes. 

Results at our laboratory indicate that most low-calcium fly ashes are less 

than 10 to 20% soluble in hot HCI. The major minerals identified in the 

XRD patterns were alpha-quartz, mullite and magnetite (? some hematite). 

At least one minor mineral remains unidentified in the diffractograms. 

The glass remaining after the HCl digestion appears to be high in 

silica. Detailed elemental analysis is currently being performed on the acid 

insoluble residue. However, it is apparent that the glass scattering halos 

(see Figure 18) have shifted back to about 23 degrees 2-theta (Cu K-alpha 

BaO 
%Acid Soluble 

0.7 
74 

0.6 
67 

0.8 
73 





radiation) for of the fly ashes. This scattering halo is more indicative of 

a Class F (low-calcium) fly ash [20, 211. Hence, we appear to have made 

Class F fly ashes out of the three Class C fly ashes by a simple acid 

extraction. 

Flame photometry analysis of the acid soluble portion of the fly 
- 

ashes indicated that about 60% of the Na, 50% of the K and 50% of the Ca 

had been extracted from a given bulk fly ash. These numbers should be 

regarded as only qualitative at this time because of possible (unexpected) 

interferences in the flame photometry method. 

Particle size separation (via a sonic sifter) was also very helpful in 

enhancing our ability to identify the minor crystalline compounds and 

different glasses present in the bulk fly ashes. Diffractograms of the 

various particle size fractions of fly ashes from Lansing and Council Bluffs 

power pIants are shown in Figures 19 and 20, respectively. The fly ash 

from Ottumwa power plant exhibited particle size-mineralogy trends 

similar to the other two and, for brevity, will not be presented here. 

The fly ash obtained from Lansing power plant showed minor 

changes in mineralogy when comparing the coarse fraction (>45 microns) 

to the smaller size fractions. One apparent trend indicated that alpha- 

quartz tended to accumulate in the larger (i.e., >45 and >20 micron) particle 

size fractions. The remaining two size fractions investigated (i.e., the > I0  

and < I 0  micron fractions) appeared to become enriched in lime, periclase 

and both calcium aluminates and sulfates. The glass scattering halos in 

these two size fractions appeared different from the halos observed in the 

larger size fractions. All of these observations are, of course, only 

qualitative. 
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The fly ash obtained from the Council Bluffs power plant shows a 

rather distinct mineralogy for each of the different size fractions. Again, 

the mineralogy of the coarse size fractions (i.e., >45 and >20 micron sizes) 

tended to be dominated by silicate type minerals such as alpha-quartz, a 

mineral similar to gehlenite (a melilite structural group) and a small 

amount of mullite. The major peaks for tricalcium aluminate, anhydrite, 

periclase and lime were still evident in the diffractograms but were of low 

intensity. The glass scattering halos for the >45 and >20 micron size 

fractions were distinctly different from two smaller size fractions. The 

mineralogy of the smallest size fraction ( e l 0  micron particles) was 

especially interesting because it did not contain alpha-quartz. The major 

minerals in the < l o  micron size fraction were anhydrite, lime, periclase and 

a mineral similar to tricalcium aluminate. 

Table VIII summarizes the results of chemical analysis of the 

various particle size fractions of the Council Bluffs fly ash. The analyses 

were performed using XRF and a loose powder technique described 

elsewhere [7]. We consider the values as semi-quantitative at this time, 

because both mineralogical and particle size effects were ignored during 

the analyses (however, interelement corrections were performed). Trends 

were, however, quite distinct and did tend to agree with both the XRD 

results and with results reported by other researchers [22]. We 

acknowledge that Hemmings and Berry (221 did not find distinct 

differences in mineralogy between the various size fractions of the fly ash 

that they studied but they did find a relationship between mineralogy and 

density fraction. This discrepancy could be due to the rather low 

concentration of calcium present in their fly ash (i.e., 10% CaO versus >25% 

for this study). In general, the chemical analyses of the various particle 



size fractions of the Council Bluffs fly ash (see Table VIII) indicated that 

the alkaline earth elements (Mg, Ca, Sr, Ba) tended to accumulate in the 

smaller size fractions at the expense of Si. 

The glass halo present in the <10 micron particle size fraction, 

strongly indicated the presence of a calcium aluminum silicate glass (as 

previously hypothesized by Diamond and Mehta [20, 211). Since no silicate 

bearing minerals were identified in the diffractogram of the el0 micron 

size fraction, we must conclude that the glass contains about 20% Si02. 

TABLE VIII 
Composition of various particle size fractions of Council Bluffs 

fly ash (all values in weight percent). 

Decreasing particle size* 
Oxide 
SiO2 

A1203 
Fe203 

Sum 
so3 
ChO 

MgO 
Na20 
K20 

Quantitative estimates were made of several of the crystalline 

compounds present in fly ash from Ottumwa power plant. Ottumwa fly 

ash was chosen for analysis because it had the largest variability in 

physical (paste) properties of all the power plants studied. Hence, these 



analyses were conducted in an attempt to help explain the high variability 

in physical properties of the pastes. 

Quantitative x-ray diffraction (QXRD) analysis of fly ash is a 

complex problem due to (1) small amounts of the compounds present, (2) 

numerous compounds in the ash with overlapping peaks, (3) the presence 

of the glassy phase, and (4) isomorphous substitution. As of this writing 

quantitative evaluation of the amounts of compounds present are, at best, 

estimates only; nevertheless, it is necessary to define the cause(s) of the 

paste variations and to provide input to a rational characterization method. 

Table IX summarizes the results of QXRD on 10 raw Ottumwa fly ash 

samples; again, traversing the low to high strength paste region shown on 

Figure 7. The values shown on Table IX are expressed relative to the 

concentrations of the various compounds present in the OTTO51685 

sample. From this data, i t  is noted that the variation in relative amount of 

tricalcium aluminate (C3A) roughly corresponds to variation in paste 

compressive strength shown on Figure 7. Obviously the cause of the 

variation in paste properties is more complicated than simply C3A content. 

However, the Ottumwa fly ash does not normally contain much free lime or 

tetracalcium trialuminate sulfate, so one may speculate that a tricalcium 

aluminate-anhydrite reaction should control the early setting and 

hardening relationships in these fly ash pastes. If this is so, then the early 

pore solution chemistry may be dominating the formation of hydration 

products, and hence, the physical properties of Ottumwa fly ash pastes. 



TABLE IX 
QXRD results for  Ottumwa fly ash 

Concentrations (wt%) relative to OTTO51686 

S a m p l e  Day from SiO2 CaS04  CaO MgO C3A* 

* ratios based on peak height only 
** actual composition determined by QXRD before normalization 

Fly ash hydration products 

Iowa high-calcium fly ashes are very reactive with water, this fact 

has been emphasized in both an earlier report [ I ]  and also in the paste 

section of this report. The major hydration reactions appear to occur 

between tricalcium aluminate and the sulfate bearing compounds 

(anhydrite and tetracalcium trialuminate sulfate) present in a fly ash. 

Also, one must consider the minor components such as lime, periclase 

(although this compound may be hard-burnt) and the alkalis (sodium and 

potassium) present in the fly ash. Obviously, composition and 

microstructure of the hydration products will influence the physical 

properties of the fly ash pastes. 



microstructure of the hydration products will influence the physical 

properties of the fly ash pastes. 

In our previous progress report [23], we proposed the relationship 

between fly ash hydration products and compressive strength that is 

shown in Figure 21. However, we were premature in making this 

proposition, the actual relationship appears to be more complex. The 

diffractograms shown in Figure 22 clearly indicate that we oversimplified 

the relationship between hydration products and compressive strength. 

The major hydration products shown in the diffractograms are ettringite, 

monosulfoaluminate and straetlingite. Thermal analysis methods (DTA and 

TGA) were used to confirm the results of x-ray diffraction analysis. Hence, 

a more accurate model describing the physical properties of Class C fly ash 

must include the relative amounts of these three compounds plus some 

type of factor to account for the potential substitution of various cations or 

anions into their crystal structures. Such a model is still well beyond our 

grasp. 

The long-term stability of these three hydrates in fly ash pastes 

appears to be reasonably good. X-ray analysis of paste specimens that had 

been cured in sealed plastic vials for the past three years indicated that all 

major phases were still present. Some of the ettringite appeared to have 

decomposed into monosulfoaluminate during the three year time period 

but other changes were minimal. 
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7-day strength =350 psi - 

I 
- 

0 
0 

3 . 0 0  8'.75 1h.50 lh. 25 20.00 
17.659 10.098 7.075 5.450 4.436 

TWO - THETA -- d SPACING 

Figure 22. X-ray diffractogram of Iowa fly ash paste hydration 
products. 



The purpose of this section of the report is to compare fly ash 

sampled from two very similar power plants before and after a routine 

maintenance shutdown. Louisa and Ottumwa generating stations (LGS and 

OGS, respectively) were chosen for this phase of the study because they 

burn coal from the same mine, they are similar in size, and they were built 

and came on line in the early 1980's (see Tables I and I1 for additional 

details). The major difference between the two power plants is that OGS 

dopes its coal with sodium carbonate while LGS does not (although LGS 

may have to begin sodium carbonate doping to avoid EPA fines). Hence, 

we can directly compare fly ash produced from Cordero mine coal with and 

without sodium carbonate treatment. 

The sampling and testing schemes used in this study were 

described earlier. However, it is pertinent to add that LGS samples were 

obtained from an autosampler. The LGS autosampler is located between 

the electrostatic precipitator ash hoppers and the fly ash silo. It samples 

the ash stream at specific time intervals and produces a composite sample 

daily. OGS ash samples were taken from ash trucks while loading from a 

3000 ton capacity silo. Hence, one must consider the possibility of silo 

mixing in the OGS fly ash samples. The OGS fly ash silo was completely 

emptied during the maintenance outage so  fly ash samples taken 

immediately after start up should reflect transient conditions at the power 

plant. 

Background 

The bulk of the Materials Analysis and Research Laboratory fly 
- 

ash data base consists of information about samples obtained from 



Ottumwa Generating Station (OGS). Also, OGS personnel have been very 

receptive to providing power plant operating conditions and maintenance 

schedules to Iowa State researchers. Hence, the current state of knowledge 

about the fly ash produced at OGS is well ahead of the other Iowa power 

plants. 

OGS produces about 80,000 tons per year of high-calcium fly ash 

having a nominal analytical CaO content of about 25%. The power plant 

burns low sulfur, sub-bituminous coal from the Powder River Basin near 

Gillette, Wyoming. Sodium carbonate is routinely added to the raw coal 

feed to enhance the performance of the power plants hot-side electrostatic 

precipitators. 

As mentioned earlier, the compressive strength of Ottumwa fly 

ash pastes change drastically as a function of sampling date. A plot of the 

7-day compressive strength of OGS fly ash pastes versus sampling date is 

shown in Figure 23. It is evident that the major fluctuations in 

compressive strength occur during the late spring or late fall months of the 

calendar year. These fluctuations in compressive strength correspond 

roughly to the OGS maintenance schedule (note the bars near the x-axis). 

The lower half of Figure 23 shows the sodium carbonate feed rate, 

expressed in pounds per ton of coal, that was added to the raw coal to 

enhance the performance of the electrostatic precipitators. It is apparent 

that the power plant operating parameters (both sodium carbonate feed 

rate and routine maintenance periods) influence the strength properties of 

the OGS fly ash pastes. It must be mentioned that the maintenance cycle is 

not independent of the sodium carbonate feed rate. In fact, the two are 

directly related because the sodium carbonate doping is utilized to increase 

the length of time that the power plant can operate within EPA air quality 



57 

7 day strength, (psi) 



specifications. Hence, the sodium carbonate feed rate is normally cycled 

during the generating year. After a maintenance shutdown, during which 

the electrostatic precipitators are washed out, the power plant needs little 

(or no) sodium carbonate doping to meet EPA specifications. However, 

when the power plant is approaching a maintenance shutdown, a high 

sodium carbonate feed rate is  normally needed to  stay within EPA 

guidelines. When the sodium carbonate feed rate gets large enough to 

cause excessive boiler slagging (typically between 3 and 4 pounds of 

sodium carbonate per ton of raw coal) the power plant will shutdown for 

cleaning. A plot of the bulk fly ash sodium oxide content versus sampling 

time is shown in the top portion of Figure 24. The sodium carbonate feed 

rate is shown in the lower half of Figure 24. As one would expect, the 

sodium carbonate feed rate used at the power plant directly influences the 

amount of sodium oxide present in the fly ash. The sulfur trioxide content 

of the fly ash also exhibited a similar trend, however, it did not correspond 

to the sodium carbonate feed rate as well as sodium oxide did. The 

remaining elements monitored in this study (Si, Al, Fe, Mg, Ca, P and Ti) 

did not indicate any consistent trends with power plant operating 

conditions. Figure 25 shows the net output factor (monthly average 

values) of OGS versus time from January 1, 1985. The power plant shows 

a trend of slowly increasing net output factor which may help explain the 

slow rise in the sodium oxide content of the Ottumwa fly ash over the past 

several years. 

OGS versus LGS 

Both OGS and LGS fly ashes were sampled about 3 to 4 times per 

week from early July, 1987 until their scheduled fall maintenance 
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shutdown (actual outages were 9/18/87 through 1012187 for OGS, and 

9/27/87 through 10/25/87 for LGS). While OGS was off line, samples of 

fly ash were obtained 3 times per week until the fly ash silo was empty. 

No ash samples were available while LGS was off line because its 

autosampler does not function during a shutdown. After start up, ash 

samples were again obtained from both power plants about 3 or 4 times 

per week for about 2 weeks. All of the ash samples taken immediately 

before and after a maintenance shutdown were subjected to chemical 

analysis, x-ray diffraction analysis and the paste testing scheme. Many of 

these specimens were also subjected to Blaine fineness testing to monitor 

the specific surface of the fly ash samples. A sub-group of samples were 

selected from the remaining ash samples to represent the "background" 

level of fly ash characteristics that existed before the maintenance 

shutdown. This sub-group of samples was subjected to  the same testing 

scheme that was described above. 

The results of the paste testing program are summarized in 

Table X. In general, the LGS specimens consistently performed better 

than the OGS specimens in the paste tests. A plot of compressive strength 

(7-day) versus sampling date is shown in Figure 26. It is interesting to 

note that the OGS compressive strength tends to increase immediately 

after start up, this is consistent with the trend reported earlier in this 

report (see Figures 7 and 23). The LGS specimens showed no clear trend, 

although the compressive strength values were down slightly after start 

up. Blaine fineness tests indicated only a relatively small change (less than 

f 6% from the mean value) in the specific surface of ash samples taken 

from either power plant. Hence, the fineness of the fly ash does not 



TABLE X 
Results of the OGS - LGS paste tests 

OGS (n=21) LGS (n=18) - - 
T e s t  X S MAX MIN X S MAX MIN 

Volume Stability (% Expansion @ 28 Days)* 
Air cured -0.05 
Humid cured 0.00 

Setting time (minutes) 

*This statistical summary does not include data from OGS091887 or 
OGS091687. 

Initial set 2 6 

Heat Evolution 

0.02 
0.01 

Time to peak 3 2 
(min) 

AT ('C) 4 

2 5 

-0.03 
0.01 

1 3  

2 

Final set 4 3 
9 7 

5 0  

5 6 

7 

-0.19 
0.00 

-0.08 
-0.02 

11.5 3 1 9  6 1 198 
9 

1 4  

1 2  

0.3 

-0.12 
0.07 
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2 9 
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0.05 
0.04 
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0.15 
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appear to  be playing a major role in determining the bulk physical 

properties of these fly ash pastes. 

Several OGS samples obtained immediately before shutdown and 

after start up exhibited very anomalous physical properties. None of these 

samples failed to meet the chemical specifications listed in ASTM c 618. 

Two of the samples obtained before shutdown (OTTO91687 and 

OTT091887), had severe expansive tendencies when they were removed 

from the autoclave bar molds. The expansive properties of OGS091687 are 

illustrated in Figure 27. Please note that the time axis represents the time 

& the specimen was removed from the mold. The specimen was 1 hour 

old when it was removed from the mold. The OGS091887 specimen had 

similar tendencies although they were not as severe (about 0.7% expansion 

in 4 hours). Both samples had rather high S o 3  contents (4.5% and 3.6% for 

OGS091687 and OGS091887, respectively) and mineralogical studies 

indicated that the SO3 appeared to be present in the fly ash as anhydrite 

( C a S 0 4 ) ,  only small concentrations of tetracalcium trialuminate sulfate 

were observed. In fact, these two specimens had the highest 

concentrations of anhydrite that were observed in the OGS samples during 

this study. Also, the first two specimens obtained after start up 

(OGS100687 and OGS100787), had very odd setting and hardening 

characteristics. Both specimens had final set times of about 3 hours and 

had a negligible temperature rise in the conduction calorimeter test. 

Chemical analysis indicated that the two samples were deficient in 

analytical CaO and enriched in P 2 0 5  (both samples had over 2.2% (by 

weight) of P 2 0 5 ) .  Mineralogical studies were in agreement with the 

chemical studies. XRD indicated that both OGS100687 and OGS100787 





were deficient in tricalcium aluminate and free lime. No phosphorous 

bearing mineral(s) could be identified in the XRD diffractograms. 

Chemical and mineralogical studies of the LGS samples indicated 

trends similar to those that were observed for the OGS samples. In 

general, the SO3 content increased sharply as the power plant neared the 

maintenance shutdown period (see Figure 28). Mineralogically speaking, 

this corresponded to an abrupt increase in the amount of anhydrite 

present in the samples. Again, the concentration of tetracalcium 

trialuminate sulfate appeared to be nearly constant throughout the study. 

None of the LGS physical test paste specimens behaved anomalously, 

however, it is pertinent to add that the two specimens nearest to both 

shutdown and start up were of such limited quantity that physical tests 

could be performed. The sample taken just before shutdown 

(LGS092787) had a SO3 content of 6.1%, this sample fails to meet SO3 

criteria in ASTM C 618 specifications. The sample taken immediately after 

start up (LGSlO2787) had milo in it. Milo is a grain that is commonly used 

in place of sand to blast the residue off of the electrostatic precipitator 

plates during clean out operations. Obviously, the sample containing milo 

would not meet ASTM C 618 specifications. The ASTM composite sampling 

procedure would have probably missed rejecting both of these samples 

because they would have been diluted with four other samples before 

testing was initiated. 

Again, the bulk sodium oxide content of the fly ash appeared to 

play an important role in the strength development of fly ash pastes. 

Figure 29 illustrates this fact for the LGS and OGS samples. Eight data 

points from Lansing fly ash paste tests were included in the figure to help 

expand the scale of the vertical axis. The trend line indicated on the 
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figure, was drawn by hand and it does not represent a least-squares fit. In 

general, when the sodium oxide content of the bulk fly ash exceeds about 

2.5% the compressive strength of the paste is reduced. However, one must 

be very cautious when interpreting Figure 29 because OGS fly ash is the 

only ash with sodium oxide contents above 2.5%. Also, as we explained 

earlier, the manner in which the sodium is contained in the fly ash is of 

extreme importance because different minerals (andlor glasses) contribute 

different amounts of sodium to the pore solution. A detailed investigation 

of the pore solution present in the fly ash paste specimens is needed 

before one can deduce firm conclusions about the influence of alkalis on fly 

ash pastes. 



SUMMARY AND CONCLUSIONS 

In summary, a detailed investigation has been made of the 

physical, chemical and mineralogical characteristics of Iowa high-calcium 

(Class C) fly ashes. Samples from five Iowa power plants were monitored, 

as a function of sampling date, to assess the variability of the different ash 

sources. Fly ash samples obtained during "normal" and "upset" power 

plant operating conditions were investigated during this study. 

ASTM C 311 test methods (with minor modifications) were used to 

characterize the physical properties (i.e., moisture content, loss on ignition, 

soundness, fineness, pozzolanic activity and specific gravity) and chemical- 

physical properties (i.e., bulk chemistry, available alkalis plus the physical 

tests mentioned earlier) of over 800 fly ash samples; 685 of the ash 

samples were subjected to physical testing while 189 samples (mostly 

composite samples) were subjected to chemical-physical testing. About 

250 of the physical test samples were also subjected to a paste testing 

program. The paste tests were used to assess the cementitious 

characteristics of the various fly ash sources. The paste testing program 

was also used to identify which of the fly ash samples would be subjected 

to detailed chemical and mineralogical studies. The results of this research 

effort, directed toward the development of a rational characterization 

method for Iowa fly ashes, can be summarized as foilows. 

1 - The results of ASTM physical and chemical testing, which are 
commonly used to classify fly ash for use as a mineral 
admixture in portland cement concrete, show little variation 
with time, irrespective of ash source. However, part of the 
reason for the lack of variability in the chemical testing phase 
of this project can be directly attributed to the ASTM composite 
sampling scheme. None of the fly ash samples tested during 
this research project failed to meet ASTM C 618 specifications 



(this statement ignores two ash samples that were obtained 
from Louisa Generating Station during shutdown and start up 
operations). 

2 - The available alkali test (described in ASTM C 311) tends to 
underestimate the amount of alkalis that can be released from 
Iowa high-calcium fly ashes. 

3 - The results of the paste testing program indicated that the 
physical properties of fly ash pastes can change dramatically 
(by a factor of 5 to 10 in some instances) in short periods of 
time. The program also linked the power plant maintenance 
schedule and sodium carbonate coal pre-treatment at Ottumwa 
generating station, to cyclical trends in fly ash paste strength 
properties. Fly ash properties (both chemical and physical) 
generally change drastically immediately before or after a 
maintenance outage. 

4 - There were no significant correlations observed between the 
ASTM tests and the fly ash paste testing program. 

5 - Strong correlations were observed between several of the 
variables studied in the fly ash paste testing program. The 
most obvious correlations were between 7-day and 28-day 
compressive strengths, between compressive strength and 
temperature rise, and between initial and final set. 

6 - Fly ash paste mixes exhibited significant differences in volume 
stability characteristics depending on the mode of curing (i.e., 
air curing or humid curing). However, in most instances the 
shrinkage/expansive tendencies of the fly ash pastes were not 
severe. 

7 - X-ray diffraction analysis indicated that all of the fly ashes 
contained the same major crystalline compounds plus a 
significant portion of glassy material. The crystalline 
compounds identified in the fly ashes were: lime, periclase, 
alpha-quartz, anhydrite and a mineral very similar to 
tricalcium aluminate. Many of the fly ashes also contained 
tetracalcium trialuminate sulfate and a ferrite spinel. The 
concentrations of these crystalline compounds changed 
significantly in ashes sampled from the various power plants, 
they also changed in samples taken from a single power plant 
at different sampling times. Hence, mineralogy appears to play 



a very important role in determining the physical properties of 
fly ash pastes. Two different types of glass were found in the 
various fly ashes. The major glass type appears to consist 
mostly of calcium, aluminum and silicon; this glass was soluble 
in hydrochloric acid. The minor glass type found in the fly 
ashes was nearly insoluble in hydrochloric acid; this glass was 
very similar to those that are commonly found in Class F fly 
ashes (i.e.. more siliceous in character). 

8 - Both bulk mineralogy and bulk chemistry were found to 
depend heavily on the particle size fraction of a given fly ash 
that was being investigated. Typically, the alkaline earth 
elements (Ca, Mg, Sr and Ba) tended to accumulate in the 
smaller particle size fractions at  the expense of Si. 
Mineralogically, anhydrite and the calcium aluminate silicate 
glass phase were enriched in the smaller particle size fractions 
at the expense of alpha-quartz. 

9 - Chemical, mineralogical and physical testing indicated that 
sodium, the sulfate bearing minerals (or bulk SO3), lime and 
tricalcium aluminate contents of the fly ashes all appeared to 
play important roles in the development of hydration products 
in the paste specimens. All of the fly ash paste specimens 
studied in this research project contained similar reaction 
(hydration) products. The fly ash pastes that exhibited high 
compressive strengths normally contained monosulfoaluminate 
and straetlingite as the major hydration products, along with 
minor amounts of ettringite. The weak fly ash pastes always 
contained ettringite as a major (often only) constituent. The 
weak pastes occasionally contained lesser amounts of 
monosulfoaluminate and straetlingite. The exact link between 
chemistry, mineralogy and the physical properties of fly ash 
pastes have not been exactly defined by this research project. 



RECOMMENDATIONS 

I. Flv Ash Certification Testing 

We strongly recommend consideration be given to the following 

changes in the fly ash testing program that is currently used to 

certify Iowa Class C fly ash sources for use in portland cement 

concrete. 

e The available alkali test should be removed from the fly ash 
chemical testing scheme. It could be replaced with either a 
total alkali test or a soluble alkali test. At present, we would 
suggest a total alkali test since we already have a good data 
base containing total alkali information for most Iowa fly ashes. 

e The moisture content test should be removed from both the 
physical and chemical-physical test requirements for Class C fly 
ashes. Class C fly ashes generally do not contain free water 
because they quickly form hydration products with water. 
Hence, a bulk loss on ignition test at 750 C much like the one 
that is currently used to assay portiand cement is suggested. 
Chemical assays could be reported on an as-received basis, 
which for practical purposes is identical to reporting the fly ash 
assays on a dry basis. 

e A decision must be made concerning the method that will be 
used to obtain chemical-physical test samples. Currently the 
composite sampling scheme defined by ASTM C 311 is being 
used. However, the results of this research has shown that the 
composite sampling method rends to smooth out variability in 
the test results. We therefore suggest the adoption of a simple 
grab sample technique for obtaining chemical-physical test 
samples. The grab sample could be chosen at random from 
each group of five physical test specimens (the same group of 
samples that we presently combine in equal portions to make a 
composite sample). This procedure would also eliminate the 
repetition of the six basic tests (moisture content, loss on 



ignition, soundness, fineness, specific gravity, and gozzolanic 
activity) that are currently performed on both physical and 
chemical-physical samples. 

11. Flv Ash Construction Utthzat~on . .  . 

We strongly recommend caution be exercised in utilizing ash 

produced immediately prior to shutdown and after start up from any 

power plant. Results of this study indicate that these ashes 

have a high concentration of sulfate bearing minerals. Alkalis 

(mainly sodium) also tend to be quite high immediately before 

shutdown in power plants that use sodium carbonate doping. 

For portland cement concrete, use of these ashes ~ o u l d  
potentially: lead to efflorescence problems (sodium sulfate) or 
increase the potential of future sulfate attack for applications 
where this is of concern. 

For soil or base stabilization where high application rates of fly 
ash might be used, highly expansive reactions & potentiallv 
occur. 

It is recommended that consideration be given to increasing the 

intensity of sampling and testing of fly ash during these periods. 

111. Flv Ash Characterizatioq 

As has been shown in this study, fly ash is a highly complex material 

both chemically and mineralogically. This makes the development of 

simple and rapid characterization methods and tests extremely 

difficult, if not impossible, at our current level of knowledge. From a 



practical engineering standpoint and as interim methods, we 

recommend the following. 

Portland Cement Concrete Utilization 

For fly ash use in p.c. concrete applications, it is our opinion 
that characterization be accomplished by rapid (1 hour 
procedure) x-ray fluorescence and diffraction analyses. These 
results can be quickly compared to the data base presented in 
this report. Although this is not a field procedure, it is 
currently our most reliable indicator of ash properties. 

e Soil and Base Stabilization 

For stabilization use, strength and setting properties of the ash 
are of primary importance. 

Strength One inch by one inch paste cubes can be easily made 
in the field, and tested using a simple hydraulic loading device. 
The 28 day strength can be estimated from 4 hour strength 
(R=0.73), 1 day strength (R=0.83) or 7 day strength (R=0.93). 
The 28 day strength is approximately equal to 1.3 times the 7 
day strength. 

Settine Propertieg Setting characteristics can be evaluated 
from fly ash pastes using a soil hand penetrometer to estimate 
initial set. Final set can be estimated from initial set data ( FS = 
1.6 x IS, R = 0.91). 

IV. Future Research 

We recommend that an investigation be made concerning the pore 

solution chemistry of Iowa Class C fly ashes. Such a study would 

definitely enhance the information produced in this project, and it 



would lead to a better description of the physical-chemical behavior 

of Iowa Class C fly ashes, which at present must be classified as 

unpredictable. These fly ashes are truly expansive cements, and 

their properties have yet to be exploited fully. Only continuing 

research will lead to a higher utilization of our fly ash resources. 



The cooperation and assistance of Mr. Lon Zimmerman and Midwest 

Fly Ash and Materials, Inc., Sioux City, Iowa, in Providing fly ash samples 

has been essential to the project. Also, the personnel at both Ottumwa 

Generating Station, and Louisa Generating Station, have been essential to 

the development of relationships between physical test data and power 

plant operating parameters. And finally, we would like to acknowledge 

the efforts of researchers at the MARL, both graduate and undergraduate 

students, who helped generate reams of data concerning fly ash over the 

past several years. We thank all of these people for their contributions to 

this research project. 
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GENERAL INFORMATION (Fiscal year 1988) 

A.) Power Plant Information 

Name of power plant: council sluffs 113 

L0~ation: Council  luffs , Iowa 

utility C0mpany (owner): Iowa Power & Light 

Year power plant came on l i e :  1978 

Net (maximum) generating capacity (MW 1: 700 

Actual output for 1984 (MW): 3679264.2 ~ * l h  

Boiler type tor manufacturer): Babcock - Wilcox PC 
Precipitator type: ESP ( H O ~  side) 
a.) Is an additive used to enhance the precipitators 

performance? Yes, NaC03 
(If yes, what is the additive and its approximate dosage (Ib/W 
d): 1 ib. /ton 

9.) Tentative maintenance schedule for 1988: sept . 4 weeks 

10.) Name and phone number af a person who is employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

Name: W.S. Waldron phone #: 366-5304 

Title: Operations Supt . 

11.) Start up fuel (assuming plant was totally shutdown): 

# 2  fuel oil & pulverized coal 
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B.) Coal Information 

1 .) Coal Source (geographical ~OGItion): Powder River, Gil let te  Wyo. 

2.) Name of Mine(S):~a~le B u t t e  - Belle Ayr 

3.) Namels) of mining company(s): AMAX 

4.) Duration of coal amtract (or date when current contract expires): 

Expires Dec. 31, 1997 

5.) Is anything other than coal burnt at the power plant? (If yes, 
then how much is burnt per pound of coal). coal only  

C. Fly Ash Information 

1 .) Annual ash production (Tons/year): loo ,000 

2.) Storage capacity of silo (tons): 4000 

3.) Method of loading trucks 0.e. pneumatic, auger, etc.): gravity - chute 

- one 4.) Number of loading stations at silo. 

5 .  Approximate amount of fly ash sold per year (Tons): 14,000-20,000 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): pond 

a.) Where is the location of the disposal site?: 
adjacent t o  p l a n t  

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling, etc.)?: 
grab samples from t ruck  



GENERAL INFORMATION (Fiscal year 1988) 

A.) Power Plant Information 

Name of power plant: Lansing (WL) 

L ~ t i o n :  R.R. 1, Lansing, IA 

Utility Company (owner): Interstate Power co . 
Year power plant came on line: 1977 

Net (maximum) generating capacity (MW): 260 

Actual output for 1987 (MW): 1,059,763 Mvh 

Boiler type (or manufacturer): Riley Stoker - Turbo 
Precipitator type: ESP (hot side) 
a.) Is an additive used to enhance the precipitators 

performance? NO 
(If yes, what is the additive and its approximate dosage (Ib/tod 
coal): 

9.) Tentative maintenance schedule for 1988: 
Mtce. Outages: Feb. 28- Mar. 5 

May 29 - June 1 1  
Aug. 28- Sept. 3 
Nov. 27- Uec. 10 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

Name:~ave Espersen Phone #: 319-538-4717 

Title: plant Superintendent 

I I . )  Start up fuel (assuming plant was totally shutdown): 
i l2 fuel oil 



Page 2, LAN i14 

B.) Coal Information 

1 .) Coal Source (geographical location): Wyoming 

2.) Name Of Mine(s): Eagle Butte / Be1 Ayr 

3.) Name(s) of mining company(s): Mx 

4.) Duration of coal contract (or date when current contract expires): 
approx. 1996 

5.1 Is anything other than coal burnt at the power plant? (If yes, 
then how much is burnt per pound of coal). 
No, other than 12 fuel oil. 

C. Fly Ash Infor mation 

1 .) Annual ash produclion (Tons/year): approx. 25,000 tonslyr. 

2.) Storage capacity of silo (tons): 150 tons (permanent silo) 
150 tons (temporary silo-Midwest Fly Ash's) 

3.) Method of loading trucks 0.e. pneumatic. auger. etc.): 
gravity / pneumatic 

4.) Number of loading stations at silo: one 

5.) Approximate amount of fly ash sold per year (Tons): 10~000 tons 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.1: landfill 

a.) Where is the location of the disposal site?: 
Winneshiek County Landfill - Prankville, IA 

7.) How ate fly ash samples obtained from the power plant (i.e.. grab 
samples from trucks, composite sampling, etc.)?: 
grab samples from trucks 



GENERAL INFORMATION (Fiscal year 1987) 

A.) Power Plan1 Information 

Name of power plant: Louisa Generating Station 

Location: Louisa County 

Utility Company (owner): ~wa-11linois a s  and Electric canpany 

Year power plant came on line: 1983 

Net (maximum) generating capacity (MW): 650 

Actual output for 1986 (MW): 650 

Boiler type (or manufacturer): ~aboock & wi lcax  

Precipitator type: M o t  side - Weighted wire/Opzel Plate 

a,) Is an additive used to enhance the precipitators 
performance? 
(If yes, what is the additive and its approximate dosage (Ib/lb 
coal): 

9.) Tentative maintenance schedule for 1987: 

Turbine/Gene,rator inspection 
mid Septanber through October 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

Name: Lance Nicholson Phone #: (319) 262-8020 

Title: operation mgineer 

I 1.) Start up fuel (assuming plant was totally shutdown): 

Natural gas o r  fuel o i l  



0.1 Coal Information 

I.) Coal Source (geographical location): Pwder River Basin, Gillette, YIcming 

2,) Name of Mineb): cordero 

3.) Name(s) of mining company(s): Sun- hem Developnent ccmpany 
(Sunedco) 

4.) Duration of coal contract (or date when current contract expires): 
Deoanber 31, 2002 

5.) Is anything other than coal burnt at the power plant? (If yes, 
then how mueh is burnt per pound of coal). . 

NO 

C. Fly Ash Information 

1.) Annual ash production (Tons/year): 71,760 (1986) 

2.) Storage capacity of siIo (Ions): 3,500 

3.) Method of loading trucks (i.e. pneumatic, auger, etc.): tmm s w t  with 
pneumatic valves 

4 ' Number of loading stations at silo: one 

5.) Approximate amount of fly ash sold per year (Tons): 100% 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): all f lyash is sold. 

a.) Where is the location of the disposal site?: 

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling, etc.)?: 
AutaMtic mnposite sampling of flyash entering the silo. 



GENERAL INFORMATION (Fiscal year 1988) 

A.) Power Plant information 

1 .) Name of power plant: Ottumwa Generating Station 

2.) Location: R.R.4, Chillicothe, I A  52548 (physical location/truck address) 
P.O. Box 219, Ottumwa,IA 52501 (mailing address) 

3.) Utility Company (owner): I O V ~  Southern Utilities, Inc. 

4.) Year power plant came on h e :  1981 

5.) ~ e t  (maximum) generating capacity (MW): 675 MWN 

bwh ~ + j J h  6.) Actual output for 1987 (MW): 3,550,720 gross; 3,334,684 net 

7.) Boiler type (or mmufacturer): Combustion Engineering - controlled circulation 

8.) h e ~ i ~ i t a t w  type: JOY Western - hot side 
a.) Is an additive used to enhance the precipitators 

performance? Yes, sodium carbonate 

(If yes, what is the additive and its approximate dosage (lbfbd 
1 to 3 lbs/tons of coal 

9.) Tentative maintenance schedule for 1988: 
4/1/88 through 4/22/88 
also 
2 weeks scheduled October 1988 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable of mswering 
questions regarding the design and operation of the power plant. 

Name: Rick Grubb/Jay Dixson phone #: 515-935-4302 

Title: Superintendent/Supervisor of Operations 

1 1.) Start up fuel (assuming plant was totally shutdown): Fuel oil 112 
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Coal Information 

1 .) Cod Source (geographical locittion): Powder River Basin Wyoming 

2.)  Name of Mine(s): Cordero 

3.) Namets) of mining company(s): sunedco 

4.) Duration of coal contract (or date when current contract expires): 

20 year contract ends around 200.0 

5.)  Is anything other than coal burnt at the power plant? (If yes, 
then how much is burnt per pound of coal). NO 

Fly Ash Information 

1.) Annual ash production (Tons/year): 83,000,1987 

2.) Storage capacity of silo (tons): 3,500 tons 

3.) Method of loading trucks (i.e. pneumatic, auger, etc.): gravity feed 

4.) Number of loading stations at silo: 2 

5.) Approximate amount of fly ash sold per year (Tons): 35,635,1987 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): strip mine reclamation 

a.) Where is the location of the disposal site?: 5 miles north of the plant 

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling. etc.)?: grab samples 



GENERAL INFORMATION (Fiscal year 1988) 

A.) Power Plant Information 

Name of power plant: Por t  Neal 1/4 

Location: 13 miles  south of Sioux C i ty ,  Iowa 

Utility Company (owner): Iowa Publ ic  Serv ice  CO. 

Year power plant came on line: 1979 

Net (maximum) generating capacity (MW): 600 

Actual Output f~ 1987 (MW): 2,969,615 ~ \ h / b  
type (or manufacturer): pulverized Coal, Fos ter  Wheeler 

kecipitatortype: hot  s i d e  ESP, converted t o  cold s i d e  a f t e r  12/1/88 

a.) Is an additive used to enhance the precipitators 
performance? Yes 

(If yes, what is the additive and its approximate dosage (Ib/twJ 
cod): Na2C03 on coa l  p r i o r  t o  combustion (through 12/1/88) 

9.) Tentative mainMnance schedule for 1988: 
1 week outage June 3 - June 10 
12 week outage Sept 4 - Nov. 25 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable d answering 
questions regarding the design and operation of the power plant. 

Name: s t e v e  Adamson Phone #: (712) 277-7972 

Title: Chemical Engineer 

1 1.) Start up fuel (assuming plant was totally shutdown): 

Fuel  o i l  i g n i t o r s  
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B.) Coal Information 

1.) Coal SOU~W (geographical ~OCati~n): Powder River Basin, Northeastern Wyoming 

2.) Name of Mineb): Caballo 

3.) Name(s) of mining company(s): 

Car t e r  Mining Co. ( d i v i s i o n  of Exxon Coal USA, Inc.  ) 

4.) Duration of coal contract (or date when current contract expires): 
through Dec. 31, 1998 

5.)  Is anything other than coal burnt at the power plant? (If yes. 
then how much is burnt per pound of coal). 
No 

C. Fly Ash Information 

1.) Annual ash production (Tons/year): (1987) loo, 183 

2.) Storage capacity of silo (tons): 2 @ approx. 2,700 tons  each 

3.) Method of loading trucks (i.e. pneumatic, auger, etC.1: dry g r a v i t y  f i l l  

4.) Number of loading stations at silo: 

5 .  Approximate amount af fly ash sold per year (Tons): (1987) 36,168 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): dry l a n d f i l l  

a.) Where is the location of the disposal site?: 
Southeast  corner  of p l an t  s i t e  

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling, etc.)? 
grab samples from t rucks  



GENERAL INFORMATION (Fiscal year 1987) 

A.) Power Plant Information 

1.) Nameofpowerplant: Muscatine Power and Water Unit 9 

2.) Location: Muscatine, Iowa 

3.) Utility Company (owner): Muscatine Power and Water 

4.) Year power plant came on line: 1983 

5.) Net (maximum) generating capacity (MW): 157 mw 

6.) Actual output for 1986 (MW): 892,869,200 Gross mw: 
814,420,800 Net mw: 

7.) Boiler type (or manufacturer): Combustion Engineering - Pulverized coal 
8.) Precipitatortype: Research Cottrell - cold side 

a.) Is an additive used to enhance the precipitators 
performance? NO 

(If yes. what is h e  additive and its approximate dosage (Ib/lb 
coal): 

9.) Tentative maintenance schedule for 1987: 
Scheduled outage 

3/8/87 - 4/5/87 (actual) 

10/25/87 - 11/22/87 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

Name: Ray Danz Phone': 319/263-2631 Ext. 395 

Title: Operations ~upt. 

1 I .) Start up fuel (assuming plant was totally shutdown): Fuel oil 



B.) Coal Information 

1.) Coal Source (geographical location): West-Central Illinois 
(50-60 miles east of Quincyl Illinois) 

2.) Name of Mine(s): Industry Mine 

3.) Name(s) of mining ~0mpany(s): Freeman United 

4.) Duration of coat contract (or date when current contract expiresl: lgg8 

5.) Is anything other than coal burnt at the power plant? (If yes. 
then how much is burnt per pound of coat). NO 

C Fly Ash Information 

1 .I Annual ash production (Tons/year): 14,ooo tons/year 

2.) Storage capacity of silo (tons): 3,200 

3.) Method of loading trucks (i.e. pneumatic, auger, etc.): Dry fly ash can 
only be loaded pneumatically 

4.) Number of loading stations at silo: One 

5.) Approximate amount of fly ash sold per year (Tons): o 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): MP&W owned h operated landfill 

a.) Where is the location of the disposal site?: Approximately 12 miles 
southwest'of power plant 

7.) How are fly ash samples obtained from the power plant (i.e.. grab 
samples from trucks. composite sampling. etc.)?: Grab samples from 

bottom of precipitator hoppers or pneumatic unloading 
system at fly ash silo. 



GENERAL INFORMATION (Fiscai year 1988) 

A.) Power Plant Information 

Name of power plant: port Neal # 2  

L~Cation: 1 2  mi. south of Sioux City, IA 

Utility hmpmy (owner): Iowa Public Service CO. 

Year power plant came on line: 1972 

Net (maximum) generating capacity (MW): 290 Net 

Actual output for 1987 (MW): 756,269 fl\PJl-, 

Boiler type (or manufacturer): pulverized Fuel, Foster Wheeler 

Precipitator type: ESP (cold side) 

a.) Is an additive used to enhance the precipitators 
performance? yes 

(If yes, what is the additive and its approximate dosage (Ib/bd 
coal): SO3 

9.)  Tentative maintenance schedule for 1988: 

Outage April 15-May 29 

10.) Name and phone number of a person who is employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

~ ~ m ~ :  Steve Adamson phone #: (712) 277-7972 

Title: Chemical Engineer 

I I . I  Start up fuel (assuming plant was totally shutdown): 

Natural gas ignitors 
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B.) Coal Information 

1 .) Coal Source (geographical location): Hanna Basin, South Central Wyoming 

2.) Name of Mine(s): seminoe Ir 

3.) Name(s) of mining company(s): 

Energy Development Co. (subsidiary of Arch Mineral) 

4.) Duration of coal contract (or date when current contract expires): 

through Jan. 31, 1993 

5. )  Is anything other than coal burnt at the power plant? (If yes, 
then how much is burnt per pound of coal). 

C. Fly Ash Information 

I .) Annual ash production (Tons/year): (19871 38,209 

2.) Storage capacity of silo (tons): @ @pprox. 2,000 

3.) Method of loading trucks (i.e. pneumatic, auger, etc.): dry gravity 

4.) Number of loading stations at silo: 1 

5.) Approlimate amount of fly ash sold per year (Tons): (1987) 1,646 

6.) Most common method used to dispose of the unused fly ash 
(landfill, s!uice pond, etc.): mostly dry landfill, some to pond 

a.) Where is the location of the disposal site?: 
southern portion of plant site 

7.) How are fly ash samples obtained from the power plant tie., grab 
samples from trucks, composite sampling, etc.)?: 
grab samples from trucks 



GENERAL INFORMATION (Fiscal year 1988) 

A,) Power Plant Information 

Name of power plant: port Neal il3 

Location: 12  miles south of Sioux City, Iowa 

Utility Company (owner): Iowa Public Service Co. 

Year power plant came on line: 1975 

Net (maximum) generating capacity (MW): 515 

Actual output for 1987(MW): 1,627,356 &!dh 

Boiler type (or manufacturer): pulverized coal, Foster Wheeler 

Precipitator lype: ESP (cold side) 

a.) Is an additive used to enhance the precipitatws 
performance? NO 

(If yes, what is the additive and its approximate dosage (Ib/tarJ 
coal 1: 

9.) Tentative maintenance schedule for 1988: 

No outage scheduled 

10.) Name and phone number of a person who is employed at the 
power plant and who is technicdy capable of answering 
questions regarding the design and operation of the power plant. 

Name: steve Adamson Phone #: (712) 277-7972 

Title: Chemical Engineer 

I 1 .) Start up fuel (assuming plant was totally shutdown): 

Either natural gas or oil ignitors 



B.) Coal Information 

1.) Coal Source (geographical location): Hanna Basin, south Central Wyoming 

2.) Name of Mineb): Rosebud 

3.) Name(s) of mining company(s): 

Rosebud Coal Sales Co. (subsidiary of Peter Kewitland Sons) 

4.) Duration of coal contract (or date when current contract expires): 

through Dec. 31, 1988 

5.1 Is anything other than coal burnt at the power plant? (If yes, 
then how much is burnt per pound of coal). 

No /' 

C. Fly Ash Information 

1 .) Annual ash production (Tons/year): (1987) 66,486 

2.) Storage capacity of silo (tons): 1 @ a,pro,. 2,000 tons 

3.) Method of loading trucks (i.e. pneumatic, auger, etc.): dry gravity fill 

4.) Number of loading stations at silo: 1 

5 .) Approximate amount of fly ash sold per year (Tons): (1987) 2,605 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.1: mostly dry landfill, some to pond 

a.) Where is the location of the disposal site?: 
southern portion of plant site 

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling, etc.)?: 
grab sample from trucks 



GENERAL INFORMATION (Fiscal year 1987) 

A.) Power Plant Information 

Name of power plant: M. L. Kapp Station 

Location: 2001 Beaver Channel Parkway, Clinton, IA 52732 

Utility Company (owner): Interstate Power Company 

Year power plant came on line: 1967 

Net (maximum) generating capacity (MW): 210 

Actual output for 1986 (MW): 1,010,297 MwL\ 

Boiler type (or manufacturer): Combustion Engineering 

&'edpitatot type: Electrostatic Precipitator by Joy (Western Precip) 

a.) Is an additive used to enhance the precipitators 
performance? NO 

(If yes, what i s  the additive and its approximate dosage (IbNb 
coal 1: 

9.) Tentative maintenance schedule for 1987: 

April 19 - May 23 1987 

10.) Name and phone number of a person who is  employed at the 
power plant and who is technically capable of answering 
questions regarding the design and operation of the power plant. 

Name: wm. C. T O ~ ~ Z  Phone *: (319)243-2611 

Title: Plant ~upt. 

I 1.) Start up fuel (assuming plant was totally shutdown): 
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B.) Coal Information 

1.) Coal SourfX? (geographical location): Southern Illinois 

2.) Name of Mine(s): Spartan Mine 
Burning Star t3 

3.1 Name($) of mining company(s): 

Ziegler/Consolidation 

4.) Duration of coal contract (or date when current contract expires): 

Consolidation - December 31, 1987 
Ziegler - December 31, 1992 

5.) Is anything other than coal burnt at the power plant? (If yes. 
then how much is burnt per pound of coal). 

Natural gas for start up and shut down 

C. Fly Ash Information 

1 .) Annual ash production (Tondyeark approx. 51,000 tons 

2.) Storage capacity of silo (tons): 300 tons 

3.) Method of loading trucks lie. pneumatic. auger, etc.): auger and gravity 

4.) Number of loading stations at silo: , 
5.) Approximate amount of fly ash sold per year (Tons): approx. 6,000 tons 

6.) Most common method used to dispose of the unused fly ash 
(landfill, sluice pond, etc.): Sluiced to pond, then dug out & hauled to landfill 

a.) Where is the location of the disposal site?: 
R.R. ij1 Clinton, IA 

7.) How are fly ash samples obtained from the power plant (i.e., grab 
samples from trucks, composite sampling, etc.)?: 

From bottom of silo 





Verification of physical testing methods 

The first task undertaken during the second year of the project was to 

verify the repeatability of the testing methods for fly ash pastes. The 

repeatability of the paste testing methods was evaluated by making mixes 

on three different days using two different fly ashes. The two fly ashes that 

were chosen for the repeatability tests exhibited physical properties that 

encompassed the properties observed for most of the fly ash pastes studied 

so far. The two fly ash samples chosen for testing were from Ottumwa 

generating station (sampling date 2/25/85), and Lansing power plant 

(sampling date 3/29/85). The influence of water/fly ash ratio and mode of 

curing on the physical properties of fly ash pastes have also been studied. 



In general, the repeatability tests indicated that the methods used for 

characterizing the physical properties of the fly ash pastes were adequate 

(see Tables 1 and 11, Appendix B). Typically, the coefficients of variation for 

the compressive strength tests were about 10 to 20%. Hence, the tests are 

not precise enough to compare samples whose strengths differ by less than 

about 40%. It is pertinent to mention, however, that in this study, strength 

variations of greater than a factor of 5 (i.e., 500%) have been observed in a 

single power plant (Ottumwa Generating Station). Strength variations 

between power plants can also vary by about a factor of five. Thus, the tests 

were adequate for studying trends in the compressive strength of fly ash 

pastes. 

Results of the remaining tests (i.e., volume stability, setting time and 

temperature rise) are also summarized in Tables I and I 1  (Appendix B). In ' 

general, the results are reproducible on a day to day basis. In fact, the 

results agree reasonably well with tests performed on the same fly ash 

samples two years earlier (see Table 111 in Appendix B). There were modest 

discrepancies between the air cured expansion values, setting time values 

(both initial and final set) and the AT values obtained over the two year time 

span, but these may be attributed to changing laboratory conditions or aging 

of the bulk fly ash samples. 

The influence of three different methods of curing on compressive 

strength of fly ash pastes was also investigated during the second year of the 

project. The three methods investigated were: i I )  air curing (i.e., ambient 

humidity about 30 to 60% RH), (2) curing in plastic bags (i.e., moist curing, 

denoted as "normal" curing), and (3) curing in lime saturated water. Ambient 

temperatures 70 + 5 ' F (2 1 + 3 "C) were utilized throughout the study. The 

results of the study are illustrated in Figures 1 and 2 (Appendix B). The 



results indicated that the moist curing methods (curing in plastic bags or 

under water) were needed to ensure that no long-term strength retrogression 

occurred. At curing times of less than about 7 days, all three curing methods 

produced similar results. The underlying cause of the strength retrogression 

in the air cured fly ash pastes is still being studied. 

The results of varying the water/fly ash ratio of pastes made with the 

Lansing fly ash are summarized in Table IV (Appendix B). In general, the 

results were similar to those observed for portland cement specimens 

because the decrease in compressive strength was inversely proportional to 

the water/fly ash ratio. This is in accordance with Abram's law, a limiting 

case of Feret's law, which is commonly applied to cement materials 131. A 

plot of 7 day compressive strength versus water/fly ash ratio is shown in 

Figure 3 (Appendix B). Similar results were obtained with specimens cured 

for other periods of time. 

Air cured expansion (i.e.. drying shrinkage) of the paste specimens 

tended to increase with water/fly ash ratio. The results of the humid cured 

expansion test tended to decrease with increasing water/fly ash ratio. 

Setting time of the fly ash paste specimens (both initial and final set) 

appeared to be independent of water/fly ash ratio for the range of values 

studied in this investigation (w/fa - 0.27 to 0.55). This may be important to 

the field utilization of fly ash grouts or slurries because it indicates that 

some type of retarder must be used to delay the flash setting characteristics 

of the mixtures. Increasing the water content will increase the fluidity of 

the mixture but it may not significantly alter the setting time for some fly 

ashes. 



Table I, Appendix B 

Repeatability test on Lansing Fly Ash. 
sampling date: 3/29/85. 

DAY I I DAY 2 I DAY 3 I OVERALL 

std I std. I Std I Std. 
Mean M E A N ~ M e a n ~  

COMPRESSIVE STRENGTH (PSI ) 

VOLUME STABILITY (X  exp. a 28-days) 

Air Cured -0.068 ---- -0.062 --- -0.084 --- -0.071 0.01 1 
Humid Cured --- ---- 0.125 --- 0.121 --- 0.123 --- 

SET TIME (min.) 

Initial 10.0 
9'5 --- I 11.5 

10.0 0.5 
Final 12.0 --- --- --- - -  I 11.7 0.3 

TEMPERATURE RISE 

AT ('C) 14.5 --- 
Peak Temp. (%I 40.5 --- 
Time to Peak(minl23 --- 



Table 11; Appendix B 

Repeatability test on Ottumwa Ply Ash. 
sampling date: 2/25/85. 

DAY 1 I DAY 2 1 DAY 3 1 OVBPALL 

Std. I Std. I Std. I Std. 
W leer, klEAE MEANDEL I& 

COMPRESSIVE STRENGTH (PSI 

VOLUME STABILITY (X  exp. e 28-days) 

Air Cured -0.035 ---- 1-0.037 --- 1-0.046 --- -0.039 0.006 
Humid Cured 0.002 ---- -0.001 --- 0.016 --- 1 0.006 0.009 

SET TIME (min.) 

Initial 16 18 18 17.3 1.2 
Final 25 1:: Iz7 ::I Iz9 Iz7 2.0 

TEMPERATURE RISE 

AT ("C) 4.3 --- 
Peak Temp. ('C) 30.3 --- 
Time to Peaktmin) 56 --- 

6.9 --- 
29.9 --- 
53 --- 



Table 111. Appendix B 

Prior Results of Testing for Lansing (3/29/85) 
and Ottumva (2/25/87) Ply Ash 

LANSING PLY ASH (3/29/85), Testing Date: 7/1/85 

COMPRESS1 VE STRENGTH (PSI 1 

VOLUME STABILITY (% exp. e 28-days) 

Air Cured -0.009 --- 
Humid Cured 0.170 --- 

SET TIME (min.) 

Initial 8 --- 
Final 10 --- 

TEMPERATURE RISE 

AT ("C) 16.6 --- 
Peak Temp. ("C) 40.6 --- 
Time to Peak(min1 18.5 --- 



Table I11 (continued). Appendix B 

OTTUMWA PLY ASH (2/25/85). Testing Date: 7/1/85 

COMPRESS1 VE STRENGTH (PSI) 

VOLUME STABILITY (% exp. a 28-days) 

Air Cured Broke 
Humid Cured 0.0 

SET TIME (min.1 

Initial 12 
Final 18.5 

TEMPERATURE RISE 

AT (*C) 7.3 
Peak Temp. ('C) 29.8 
Time to Peak(min1 57 







Table 1V 

Physical properties for Lansing fly ash pastes at diffwent 
waterlfly ash ratios. 

LANSING FLY ASH (3/29/85) 

Water/fly ash Ratio 

STRENGTH (PSI) 0.27 0.35 0.45 0.55 

VOLUME STABILITY (% expansion, 28-days curing) 

AQ Cured -0.07 -0.1 1 -0.12 -0.16 
Humid Cured 0.12 0.19 0.15 0.12 

SET TIME (min.) 

Initial 10.0 8.5 10.0 11.0 
Final 12.0 9.5 11.0 13.0 
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Table I (Appendix C), continued 

Council Bluffs Power Plant 

Year 1986 1987 - n = 7  - n = 10 
Test - x - R  --- X S R 

Moisture Content 0.08 0.05 0.17 0.07 0.07 0.21 

Loss on Ignition 0.43 0.12 0.39 0.32 0.14 0.36 

Fineness 9.97 0.85 2.3 11.30 0.95 3.6 

7 Day Pozz. 91.9 3.8 9 87.0 4.4 1 3  

Autoclave Exp. 0.10 0.04 0.10 0.12 0.02 0.07 

Specific Gravity 2.71 0.02 0.07 2.73 0.02 0.07 

28 Day Pozz. 90.6 6.1 1 5  91.0 6.1 2 1  

H 2 0  Required 90.1 2.5 7 91.0 1.2 4 

so3 
Cao 

MgO 

p205 

K20 

Na20 

Avail Alk. 
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Table I (Appendix C), continued 

Lansing Power Plant 

Year 

Test 
Moisture Content 

Loss of Ignition 

Fineness 

7 Day Pozz. 

Autoclave Exp. 

Specific Grav. 

28 Day Pozz. 

H 2 0  Required 

SiO, 

*'2'3 

SO3 

Cao 

MgO 

P2°5 

K20 

NazO 

Avail Alk. 
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Table I (Appendix C), continued 

Neal 4 Power Plant 

Year 1986 1987 

- n = 9  - n = 12 
Test - X & R X S R  

Moisture Content 0.05 0.10 0.03 0.04 0.02 0.06 

Loss of Ignition 0.35 0.08 0.27 0.26 0.05 0.22 

Fineness 11.81 0.66 2.2 12.9 1.3 4.0 

7 Day Pozz. 86.9 3.1 9 92.0 5.0 1 6  

Autoclave Exp. 0.06 0.03 0.09 0.07 0.01 0.03 

Specific Grav. 2.68 0.04 0.12 2.53 0.03 0.09 

28 Day Pozz 91.9 5.4 19  99.0 6.0 23 

H20 Required 89.8 1.4 4 92.0 1.0 3 

Na20 

Avail Alk. 
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Table I (Appendix C), continued 

Ottumwa Power Plant 

Year 1986  1 9 8 7  - n = 16 - n = 17 
Test & & A  --- X S R 

Moisture Content 0 .04  0 .02  0 .08  0 .04  0 .02  0 .07 

Loss of Ignition 

Fineness 

7-Day Pozz 

Autoclave Exp. 

Specific Grav. 

28-Day Pozz. 

H20  Required 

Si02 

*'z03 

so3 
c a o  

MgO 

p205 

K20 

Na20 

Avail Alk. 



TABLE 11 (Appendix C) 
Summary of ASTM C 311 physical testing statistics 

for 1983 

Ottumwa power plant 
Year 1983 

n=39 
- 

Test  X S R* 
Moisture Content 0.06 0.03 0.1 1 
Loss on Ignition 0.23 0.08 0.44 
Fineness 10.39 0.95 3.80 
7-Day Pozzofan Not required 
Autoclave Exp. 0.05 0.02 0.08 
Specific Gravity 2.61 0.04 0.17 



TABLE 11 (Appendix C), continued 
Summary of ASTM C 311 physical testing statistics 

for 1984 

Council Bluffs power plant Neal 4 
Year 

Fineness  
7-Day Pozzolan 91.5 
Autoclave Exp. 0.07 

Lansing power plant Ottumwa 
Year 

Loss on Ignition 0.27 
Fineness  
7-Day Pozzolan 87.5 



TABLE I1 (Appendix C), continued 
Summary of ASTM C 311 physical testing statistics 

for 1985 

Council Bluffs power plant Neal 4 
Year 1985 

n=54 

Fineness 12.55 2.37 10.50 
7-Day Pozzolan 88.6 
Autoclave Exp. 0.10 

Lansing power plant Ottumwa 
Year 1985 

n=15 n=85 

Loss on Ignition 0.48 
Fineness 
7-Day Pozzotan 86.8 





TABLE I1 (Appendix C), continued 
Summary of ASTM C 311 physical testing statistics 

for 1987 

Council Bluffs power plant Neal 4 
Year 

n=29 n=54 

Fineness 
7-Day Pozzolan 88.0 
Autoclave Exp. 0.13 

Lansing power plant Ottumwa 
Year 1987 

n=14 n=83 

Loss on Ignition 0.44 
Fineness 
7-Day Pozzolan 90.0 5.75.0 18.0 
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Table 111, Appendix C (continued) 
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Table 111, Appendix C (continued) 
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Table 111, Appendix C (continued) 
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TABLE IV (APPENDIX C) 
Type I Portland Cements used for pozzolanic activity, 

autoclave expansion testing 

Year-r 1 9 8 3  
Oxide wt% 

Average compressive strength (psi) 
7-day Not available I 4800 
28-day 5500 4700 6000 1 6100 

Autoclave Expansion 

Year-r 
Oxide 

A 
Cao 63.8 
Si02 21.9 
A1203 4.71 
Fe203 2.34 
so3 2.58 
M@ 1.93 
K20 0.84 
Na2O 0.08 
Ti02 0.24 

Average compressive strength (psi) 
7-day 5110 5290 5100 5200 4900 
28-day 5700 6040 6340 6000 1 5700 

Autoclave Expansion 
% expansion 0.04 
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