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~ INTRODUCTION -

The following report summarizes research activities on the
| project for the period December 1, 1985 through November 31,
1986. Research efforts for the first year have proceeded

basically as outlined in the project proposal.
RESEARCH APPROACH

The preliminary work presented in the proposal had indicated
that there were fundamental differences in physical
properties of hydrated fly ash that were not evident from
ASTM C 618 chemlcal and physical test results.‘

As a first step in the project, data from ASTM C 618
‘testing was compiled for ashes from selected power plants.
These data were analyzed statistically. Additional phy51ca1
testing of fly ash pastes was conducted to confirm the
preliminary findings. B

Ashes from the Council Bluffs, Lansing,,Ottumwa,_and_Neal
4 power plants were selected to represent the range of ASTM“
Class C ashes available in Iowa. Operating details of these
plants are given on Table 1. All nlants burn low-sulfur coal
from the Powder River basin near Gillette, Wyoming.

Samples of these ashes, for testing and use onlthe.
project, were supplied through the cooperation of Mr. Lonnie
Zimmerman of Midwest Fly Ash and Materials,.lnc., Sioux City,

Iowa. The sampling procedure used is prescribed in




TABLE 1

Power Plant Details

‘Power Boiler Generating Annual Ash Precipitator Year Ash Silo Coal
~Plant Type Capacity Production Type on Storage. Source
(NET MW) (Tons/yr) Line Capacity
(Tons)
Council Babcock- 700 90,000 H—ESP- 1978 2,500 Wyoming
Bluffs #3 Wilcox (Na5CO3 added to (Eagle Butte &
aid precipitator) Bell Ayr mines)
Lansing #4 Rilley- 260 28,000 H-ESP 1977 200 Wyoming
Stoker (Eagle Butte &
Bell Ayr mines)
Ot tumwa Combustion 675 80,000 H-ESP 1981 3,500 Wyoming
Engineering (NayC03 added to (Sunedco-
aid precipitator) Cordero mines)
Port Neal Foster- 600 80,000 H-ESP 1979 5,000 Wyoming
#4 Wheeler (Na2C03 added to (Rawhide mine)
aid precipitator)
H-ESP = Hot side electrostatic precipitator.




ASTM C 311. Grab samples of each ash truck (approximately 20
tons) exiting the plant were taken. After 20 grab-samples
were taken they were combined to form a composite sample

representing about 400 tons of fly ash.
ASTM'PHYSICAL AND CHEMICAL TESTS

As a part of other research, the Materials Analysis and
Research Laboratory (MARL) has been establishing an on-going
data base of ASTM test resulfs for Iowa fly ashes [1]. Fly
ash testing for physical and chemical properties was
accomplished by using methods similar to those specified in
ASTM C 311. Quantitative x-ray fluorescence spectrometry
(QXRF) was used for elemental analysis. These data for 1983,
1984, and 1985, and the statistical analyses, are reproduced
in Tables I, II, and IIT in Appendix A.

Table I (Appendix A) summarizes the data obtained from the
fly ash samples subjected to chemical and physical analysis.
Table II summarizes the data obtained from the ﬁhysical testing
conducted on each 400 ton lot of fly ash. The data listed in
Tables I and II were obtained from fly ash samples collected
from the various power plants at unequal intervals from 1983 to
1985. The majority of the samples were obtained between April
and October of each year (i.e., the portland cement concrete
construction season). 1In Tables I and II, X refers to the

arithmetic mean, S refers to the standard deviation,




R refers to the arithmetic range and n refers to the number
of samples. In general, the analytical results listed in the

two tables have been reported to more significant figures

' than were actually obtained from the analyses. This was done

so that additioﬁal statistical quantities (i,e., coefficient
of variation, etc.) could be caléulated from the tables
without experiencing severe rounding errors. Table III 1ist$
the data for the Type I portland cements used for evaluating
the pozzolanic activity of the fly ash samples. Noté that
during 1984 and 1985 two different lots of cement were used
each year for evaluating ppézoianic activity.. Thevcements‘,
were from the same manufacﬁurer but they were obtéined:at
different times, and consequently represent different lots.
The compressive strength values listed in Table III are tﬁe
averages of the control samples for that year.

Figure 1 illustrates typigal X~ray diffractdgramsAof fly
ashes obtained from the four different power plants. The
crystalline compounds present in all ofvthé fly ashes were:
alpha quartz, anhydrite, caléium oxide, magnesium oxide and é
mineral similar to tricalcium aluminate. The fly ashes may
also contain small amounté'of a cbmpound siﬁilar to
tetraéalcium trialuminate sﬁlfate. The major type of glass
found in all of the fly ashes‘had an amorphous scattefingh
Hﬁmp aBove 30 deg:ees.Z-theta (Cu K-alpha radiation). The

fly ashes exhibit similar mineralogies, the differences being
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Figure 1. Typical x-ray diffractograms of fly ash from the four power plants.
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due mostly to concentration rather than mineral structuré.
The evaluation of the foregoing data is briefly

summarized as follows.

Chemical Tests

Overall, thé variation of theé mean chemical compositioﬁ for
each individual power plant as a function of time is not very
large. The coefficiént of Variation‘for'thé major elements
(Si, Al and Ca - ekpressed as oxides) was typically about 10
percent during the three_years of monitoring. Sulfur, sodium .
. and phosphdfus'exhibitéd the largest coefficients of
variation of the 10 elements (expressed as oxides) measﬁred.
vThete appears to be a‘general trend which indicates an
increase in the concentration of sulfur ih most of the fly
ashes, from 1983 to 1985. Also, sulfur(exhibits a fairly
wide range of concentration at any given power plant.dufing'é
single year. The average concentrétion of sodium iS'fairly-
constant at eéch power plant over the three year monipofing
period. This can be‘attribuﬁed ;o the faét that three of. the
four power plants add‘sodium carbonate to the raw coal'to.
enhance the effiéiency'of.their electrostatic pregipitators.
The process, which appears to be cyclical, starts with thé
addition of small amounts (or none) of sodium carbdnéte to
the raw coal feéd when the prgcipitator.plates are clean and
highly efficient. As the precipitator plates become less

efficient, the amount of sodium carbonate added to the raw




coal feed is increased to enhance‘the pfecipitator's:
efficiency. When tﬁe upper limit of sodium carbonate -
addition is reached (i.e., boiler slagging bécomes excessive)
the precipitator plates are cleaned.and prodess starts again.

It appears that in_thevmajority-of the Ibwa power plants

of about 1.9 to 2.1 percent sodium oxide. Presently the
significance of the phosphorus éontent qf our highQCalcium
fly ashes is not clear. It is apparent froh.Table I
(Appendix A), that the céncentration of phosphorus varies
dramatically in the fly}éshes(gtudied; .Phosphorus pentoxide
is one of the glass netwprk»forming oxidesvand_it.is
speculated that it should contribute to the amorphous
(glassy) phase of a given fly ash. ‘ | )
‘The available'élkali testvresults'indicate that the fly
.ashes'contribute§ about 65 percent of their total alkali
- oxide concentration to the test pore solution during the 28
days of curing. The reshlts‘from séveral of the fiy-ashes
show. the same cyclical pattern.thgt was obsefved for .the
total sodium concentration. ‘Other;research at MARL [2]“:-.
indicafes that_for all four of ﬁhe.fly ashes being studied,
the alkalis in the fly ash arefétill contributing .
significantly to the alkalis measured in the poré solution at
-curing times of well over 100 days. Hence; the required 23

day curing périod is quite arbitrary and really does not

. N\
studied this results in a bulk annual (average) concentration



reflect the total amount of alkalis'that_tan be dissolved
from the fly ash into the nore solntion.

In summary, the variation in' the mean chemical
composition for each individual power plant was not very
large during the monitoring period. Suifnr,»sodium and
phosphorué, among the 10 elements studied, exhibited the

largest coefficients of variationm.

Physical Tests

Analysis of the ASTM physical test results [1] yielded the

following conclusions.

Moisture content and_loss‘on.ignition'teSt
exhibited stable mean values, but rather large
variability. The variability is not significant

from a practical standpoint.

Fineness tests consistently exhibited the largest
coefficients of variation for any of the physical'
test that produced significant results.A'Thé mean
fineness values, however, were fairly stable over

‘the monitoring period,

None of the fly ash samples tested during the 3

year monitoring period failed the autoclave test.




. The specific graVity df fly ééh'samples obtained
from a single powéf plant hnve stable means and
small coefficients of variation during any single

~year. Specific gravity of a fly ash, however, may

change siénificantly'from year to year.

'Pozzolanic activify tests (both 7 and 28 days)
" indicate that mortars containing the various fly
‘ashes reach about 90 percent of the strength of the

portland_cement'controlrsamples.

Mortars containing 35 percent (by .volume)
replacement of fly ash for cement éhowed feduced
mixing water requirements when comnared to the
portland cement control mortars. The'redugtion‘in

mixing water was typically 5 percent to 10 percent.
The results of this work confirm the proposal hypothesis
little variation in physical and chemical properties is

observed for fly ash from a given generating station, as

measured by ASTM tests.
EXPERIMENTAL PROGRAM

In order to verify the proposal hypothesis and to- provide
data for a potential characterization method, additional

' testing was initiated on fly'aSH paste samples from the

that




selected power plants. Thé_physicai testing conducted on fly

ash paste mixes ié shown on Figure 2. All fly ash pastes

were prepafed at a water/fly ash ratio of 0.27 and the

followiﬁg tests condﬁcted.

1.

Compressive strengthé were measured on one inch cube
samples teéted at 4 hours, and 1, 3, 7, 14, and 28 days

of moist curing.

Shrinkage/expansion characteristics were measured from

. one by one by eleven inch prisms. Two specimens were

cast from each mix. One sample was moist cured, the,

- other was cured under ambient room conditions of

temperature and humidity. Length measurements were taken

periodically in accordance with ASTM method C 490.

Setting prppefties were evaluated using a soillpocket_
penetrometer. Test sample container size was about 4
inches in diameter by 1 inch in depth. Penetrométér.
readings in tons per square foot wére:takénfaS”éifuhbtion
of time. Initial set was defined as the first
discontinuity'in-the pressuréfversus time curve. Final
set was arBitrarily defined as 4.5 tons per square foot”

penetrometer béaring préssure}

10
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g }*}&. ll

MC SG A. Exp. Lsﬁﬁfﬁ. J l | l |

TT

* LOMPRESSIVE | YOLUME | SETTING | HEAT
LOI STRENGTH STABILITY - TIME EYOLUTION
HUMID ’ A
4 HR. INITIAL T
. CURE
1 A : ] ]
AMBIENT TIME TO
1 DAY
' CURE FINAL PEAK
Al
3 DAY
]
7 DAY
]
14 DAY
|
28 DAY

Figure 2. Physical testing program for fly ash pastes.




4. Calorimetric properties of hydrating fly ash/water slurry
systems (10 gm fly ash to 28.5 gﬁ wéter) were eveluated
using a sealed DeWar flask and a temperature recording
system. The heat evolution was defined as the
:temperature‘differential{between the start of the test

and the maximum temperature measured during the test.

Fly ash from the Ottumwa generating station is heavily used -

during the construction season; therefore, more samples and '

test results were generated from that source. The‘following
discussion will be based on the Ottumwa data with reference
'to trends displayed by the ashes from othef‘plants. ‘Since
the Neal 4 plant was shutdown this year, it was drepped from

the monitoring schedule.

Physical Tests

The results of 28 day compressive strength development of one
inch cube samples fof the Ottumwa ash are shown on;Figufe 3.
The trends for the 4 hour, and the 1, 3, 7, and 14 day tests
were similar and are given in‘Appendix B. It is evident from
Figure 3 that exﬁreme variations in streﬁgth development (by
a factor of 6 times) can and dd'occur. This variation
appeers to be cyclical around the summer period, with a base
level of approximately 1000 psi from samples obtained during
spring, fall~end winter. Data for ashes from the Lansing and

Council Bluffs sources are indicating similar trends as

12
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Figure 3. Compressive strength development of paste cubes, Ottumwa fly ash.




~shown on Figure 4. Additional test results currently being
obtained for 1986 production: samples appear to be confirming
the cyclical trend and extreme strength development
variation; We cﬁrrehtly believe this variation méy'be a
funcfion of tﬁe plant maintenance schedules and sodium
carbonate coal treatment 1e§els and loading rafes. This will
be invgstigated in detail dufing the second year of
monitoring. |
IDOT routinely rumns fly ash mortar.cﬁbe_tests using Lowa -

teé# metﬁod No. 212. Data 6n these test results were
supplied to the_projgct by\Jeff:Nash. Figures 5 and 6
present the 1 and 7 day test results using Ottumwa fly ash
from 1983 through 1986, Again,(extreme‘variations ére
'evidenf, and they appear tp:be;qyclical.; The mortar cube
strength.variations are.oBviously_being caused, in the most.
part, by the percent replacement fly ash ih the mortar mixes.
IDOT mortar cube test results for the Council Bluffs;
Laﬁsing, and Neal 4 planfs are given in Appendix C aﬁd
confirm similar cyclical trends for ashes from cher plants.

| Data obtained to déte from the Ottumwa ash paste tesfs
and ASTM. C 311 tests were'sﬁmmgrized and combined for
.énalysis.’ Results are given_iﬁ,Tables 2 and 3 where X refers
té the‘arithﬁeticimeaﬁ,‘s refers to the standard deviation, R

- refers to the range, and n denotes the number of samples.

14
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Table 2

Summary of statistics obtained for Ottumwa pastes

—

Test X S , R
Compressive strength (psi) | »
4 hour . 354 114 . 531
1 day . ' 718 471 2189
3 day : 1240 915 3597
7 day ' 1571 1145 4407
14 day : : 1796 1299 4773
28 day , 2083 1511 5571
Volume stability (% expan81on) |
Air cured -0.04 0.03 0.06
Humid cured ' - 0.00 0.03 0.14
Setting time (minutes) A
Initial set ‘ 21 8 28

Final set , .. 34 15 95

Temperature rise
T (°C) ~ 5.4 1.2 5.5

Time to reach peak temp. (min.)
. 45 15 - 62

52

I:i

51
56

57
56

52

33

55

56

52

Table 3

Summary of statistics obtained from ASTM C 311 tests

Ottumwa Power Plant
Year - 1985 -- n=85

Test - X S R
Moisture content (%; 0.03 0.02 "0.10
- Loss on ignition (% 0.24 0.06 0.24
Fineness % , 9.83  0.81 3.90
7 day Pozzolan (%) ' : 93.80 5.60 32.00
 Autoclave Exp. (%) - 0.06 0.02 . 0.07
Specific Gravity . 2,65 0.03 0.16

18




In reviewing the average, standard deviation and range of
test results in Table 2, the variability exhibited for most
of the properties is so large that the mean and standard
deviation probably cannot be used in design or specification
guidelineé. By cOntrast,:the data shown in Table 3 for the
ASTM C 311 physical properties does not show a large
variation. This is further evidence that the ASTM physical
tests do not reflect, or give any indication of, the high |
variability in physical properties of fly ash péstes,
Statistical analyses were conducted in an attempt to find a
correlation between the data in Table 2 (paste tests) to the
data in Table 3 (ASTM physical tests). No correlation
coefficients greater than 0.5 were observed from this data.
~.Correlation coefficients were developed for the fly |

ash/water'paste variables given in Table 2 and are presented

» in Table 4.

Compressive strengths of fly ash pastes cured for short
periods of time (i.e., one to seven days) correlated well
with compressive strengths observed for the samples cured for
‘both 14 and 28 days. The best correlation observed for the
compressive strength data was between the 7 day and the 28
day strength of the fly ash pastes, which had a correlation
coefficient of 0.947. The correlation of the 1 day test to
the 28 day test was 0.782. These results indicate that a

reasonable estimate characterizing 28 day strength

19




Table 4

Pearson correlation coeﬁficiehts for variables listed in Table 2

“Test Variable

Test variable - Compressive Strength

4 hour 1 day 3 day 7 day 14 day 28 day
Exp. (humid cure) -0.152 0.637 0.786 0.731 0.751 0.817
Exp. (air cure) -0.132 -0.389 -0.464 -0.442 -0.465 =-0,474
Initial set -0.130 0.022 0,090 . 0.104 0.041 =-0.045
Final set -0.258 -0.226 -0.,227 -0.291 -0.300 -0.326
AT 0.640 0.370 0.307 -0.229 0.246 0,211
Time to peak 0.196 -0.111  -0.242 -0.229 -0,341 -0.321
Compressive strength
4 hour 1.0 »
1 day 0.321 1.0 . symmetric
3 day 0.143 0.904 1.0
7 day 0.109 0.800 .0.909 1.0
14 day 0.131 0.767 0.816 0.881 1.0 - '
.28 day 0.076 - 0.782 0.910 0.947 0.912 1.0
development may be possible from early age strength tests on . °

§mé11 paste

‘dévelopméhf

samples. Figure 7lillustrates fypiqal_sfrength;

and'volumetric stability curvesffdr paste mixes.,

From Figure 7 it is seen that:sﬁrength‘development is

initially quite rapid, but that after about 14 days of moist

curing there is little gain in compressive strength.

Volume stability of the hﬁmid-cured'flyhash pastes

correlates fairly well to édhpressive‘strength (see Table 4, .

"maximum R = 0.817). Figure 8 depicts results of

\

expansion/shrinkage values versus 28 day strength for the   -

7 Ottumwa fly ash pastes.. Results for the Lansing-and Council

Bluffs,pastes exhibited similar trends. In general, the test

specimens with moderate to high compressive strengths

20
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exhibited a slight expansion during the 28 day curing period.
Specimens that.had low compréssive strengths displayed a
negligible expansion or slight shrinkage. The exbansion of
the air-cured specimens did not show a étrong correlation to
‘compressive strength. 1In fact, the air-éured speciﬁens
showed a slight ﬁegative correlation to compressive strength.
- Typically, the specimens that had the 1argést expansion when
subjected to humid-curing also displayed the greatest drying
shrinkage when subjected to air curing. This may suggest
that fly ash pastes could be susceptible to severe volume
changés during wetting-drying c?cles. Many of the air-cured
specimens demonstrated modest»to;severe effLorescence
tendencies during the first week of curing. The white powder
was carefully.scraped from several of the specimens. X-ray
diffraction aﬁalysis indicated that the powder was sodium
'sulféte.

Time of set data was highly variable. The average values
are Very poor estimates of the initial and final set times
for a given sample of the Ottumwa fly ash. Several of the
.éamples had a tendency to flash‘set. In such mixtures final
set occurred in less than 15 minutes from the time that water
was added to the fly ash. Oﬁher samﬁles had final set times
of nearly 120 minutes. This large sample to sample variation
of sgtting time makes field utilization of the fly ash

difficult. The setting times, however, were:quite fapid and

- 23




- could easiiy be monitoted in the field on a lot by lot besis;
if,needed,_usingvinexpensive equipmeﬁt. Also, initial set
showed a modest correlation to fina1 set (R = 0.675) so the
pastes May only need to be monitofed until initial set
occurs. Only poor (if any) correletions'existed between‘

setting time and the other variables studied in this

- research.

The temperature rise (AT) data showed a correlation to

the 4 hour compressive strength data. This correlation may

be real, but the temperature rise test should also be

dependent on both the‘Specific>surface area and the chemical

composition of the fly ash. Figure 9 shows the results of 4
hour strength,to,temperature-fise,for the Ottumwa, Lansing

and Council Bluffs ashes. This data indicates the

i

correlation may hold for ash nbt'only from a given plant;_but'

. between ashes from different plants. Further work ie
continuing in this aree to determine if thié data can be-osed
as a characterizetion means.

In summary, the fly ash paste testing conducted to date,
u51ng ashes from the Ottumwa, Lans1ng and Coun011 Bluffs
power plants, has proven that there is a 51gn1f1cant
varlatlon in phy51ca1 propertles of hydrated pastes that 1s
not ev1denced in any form from current ASTM chemical and
-'thSlGal testing. These variations appear to'be_cycllcalrand

- may Be_a function of  (l)Jplant maintenance schedules,

24




2400 -

' 2100

—WNT N ITHAOZMI~HM ICOTLT »

2700 A

4

4

1800 |

4 HOUR STRENGTH VS. CHANGE IN TEMP.

frr3y oy e e e e e s e T T e T T T .

0 | 5 10 15 20

CHANGE IN TEMP. / DEG. CENT.

*° OTTUMWA FLYASH
¢ COUNCIL BLUFFS FLYASH
A LANSING FLYASH

A-Figure 9. Four hour paste strength versus temperature rise.

25



(2) plant operating levels, or (3) sodium carbonate coal
treatment processes (time and amount), or a combination of
these. Research efforts next year will address these

factors.

Quantitative X-ray Fluorescence

Quantitative x;ray fluorescence (QXRF) studies were initiated
in order td provide a basis for understanding the
relationship between the chemical comp0siti6n ot a fly ash
and the highly variable physical nroperties exhibited by the
fly ash/water pastes. QXRF analysis was performed on 22
samples of the Ottumwa fiy’aéh. The samples were selected to
represent a cross section of lew strength to high strength
pastes (see Figure 3). Table 5 summarizesvthe test results.
This.data reVeals a very interesting trend with regard to
bnik Na20 content. Figure. 10 depicts the results of Na2
content of samples of the Ottumwa ash tested and plotted on
‘the same graph as 7 day paste strength Tt can be seen that
the percent Na,0 curve is nearly a mirror 1mage of the |
strength curve, and also exhibits a cycllcal trend. ThlS may
be related to the use of sodlum carbonate treatment of the
raw coal and w1ll be further investigated during the next
year. The NazO‘content is very important because the.total
alkali content will domlnate the pore solution equ111br1a in
fly ash/water pastes. As.the sodlum,lon_concentrat;on

increases in the pore solution it-would_be expected that the

26




LT

“QXRF Results for Ottumwa Fly Ash - 1985

Table 5

Oxide (wt %)

-Al,03 Fey05 SO3

OTTO080185

" 4.57

0.71

Sample Day SiO2 MnO Ca0 MgO K20‘ NaZO .TiO2 P205 ~Ba0- Sr0 |
OTT011385 13 | 34.3 18.8 5.94 2,39 0.03 23.3 4.21 0.39 2.34 1.13 1.50 0.70 0.45
'0TT022085 51 |32.0 18.6 5.38 2.74 0.03 24.5 4.71 0.36 2.42 1.10 1.10 0.63 0.42
0TTO31585 74 |32.0 18.8 5.36 2.75 0.03 24.0 4.52° 0.40 2,70 1.12 1.19 0.64 0.42"
O0TTO032685 85 {32.0 '18.7 5.21 2.44 0.02 23.1 4.47 0.43 2,67 1.11 2.15 0.84 0.52
OTTO040385 92 |30.6 17.5 5.0 2.90 - 24.4 4.95 0.40 3.12 1.32 2,58 - -
OTTO41085 99 | 29.4 17.8 4.9 2.97 - 24,5 4.83 0.39 3.12 1.35 1.93 - -
OTTO41685- 105 | 32.2 17.6 5.0 4.01 - 24,0 4.78 0.41 2.96 1.35 1.84 - -
OTT050185 120 |33.8 -18.2 5.0 2,00 - 23.7 4.72 0.44 1,99 1.36 . 1.83 - -
OTT050285 - 121 | 34.2 -18.2 5.2 .1.67 = 23.8 4.62 0.44 1.77 1.39 1.80 - -

|OTTO50385 122 | 34,0 -18.4 5.2 1.83 . - 23.8 4.76 0.44 1.86 1.39 1.82 - -
10TTO50785 127 |32.2 -18.6 6.53 "2.37 .0.03 ' 25.0 -4.36 0.33 1.75 1.12 1.40 0.66 0.45
1OTTO50885 128 [ 34.4 -18.4 6.1 2.36 - 25.4 4.93 0.37 2.08 1.48 1.50 - -
OTTO051485 134 |33.3 18.3 6.0 2,50 - 25.6 4.85 0.34 2.16 1.48 1.72 - -
OTTO51685 136 {31.1 18.6 6.51 2.30 0.04 25.6 4.35 0.30 1.72 1.10 1.77 0.70
OTT051985 139 |31.2 18.9 .6.60 2.48 0.04 25.8 4.33 0.32 1.84 1.11 1.43 0.67 0.45
OTT052085 140 {31.7 ‘18.1 6.0 2.16 - 25.7 4.84 0.33 1.94 1.43 1.95 - -
OTTO052385 143 |29.2 17.8 6.0 2.34 - -26.3 4.88 0.31 1.89 1.39 2,23 - -
|OTT052885 148 {30.6 17.9 6.0 2.31 - -. 26,0 4.96 0.33 1.89 1.42 2.06 x »
|6TTO61085 161 |33.2 -19.0 6.16 .2.07 0.03 23.2 4.23 0.36 1.64 1.06 2,00 0.79 0.58
{0TTO71985 200 |31.4 19.1 6.15 2.66 0.03 24.5 4.28 0.37 2.21 1.10 1.17 0.64 0.42
.|0TTO72685 207 |30.6 19.4 6.33 2.55 0.04 25.2 4.37 0.36 2,06 1.12 1.07 0.62 0.42
213 1 30.8 18.9 5.96 2.46 0.03 25.0 0.37 2.05 1.09 1.44

0.46(

0.48{
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Figure 10. Ottumwa fly ash paste 7 day strength comparison to raw fly ash Na,0 content.
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calcium ion coneentration Qould deereeserdue teithe commoﬁ
ion effect. As the calcium ion concentratien decreaSes,‘it
would be expeeted that'the stability of ettringite formation
would be increased because the equivalent sulphate to calc1um

ion ratio would increase drastlcally. It is premature to

“conclude that only the Na20 content influences the strength

behavior, howe&er, it may be a principal contributor.

| It is also noted from the date in Table 5 that there are
relatively-lerge concentrations of-Barium and strontium. in
the O;tumwa ash. These two eleﬁents can also influence,the
pore solution eeuilibria_of fly ash paStesfbecauee both can
form nearly insoluble sulfates. These sulfates ere then‘not'
ava11ab1e for the formation of strength producing | |
cementltlous reaction products' therefore, the amount of.
analytical S04 measured in bulk fly ‘ash . must be reduced to
account for the 1nsolub1e compounds produced. For the
Ottumwa ash thlS correction would_amount_to a_reductipﬁ.of

about 0.7 percenteqf the bulk analytical’SO3icontent.

Quantitative X-ray Diffraction ~

Sixteen of the raw Ot tumwa fly ash samples were analyzed by

x4ray diffracrion. ‘Samples were selécted to represent the
range of low to highjpasteVStrengthsnotedrbn Figure 3.
These-analyees:were'condUCted in an attempt to identify the
various compounds present in the ashes and/or—éhanges'iﬁv.

their relative amounts. - These data might help to explain the




high variabilit& in'pﬁysical_propeftiéé.¢f thé_pastes.-

| A Siemens D 500 x-ray diffractometer was used for all
énalyses. This unit is fully automated.by'a PDP 11/23
ébmputer systém.A Samples were side loaded into plexiglass
holders, and scannéq from 2 to_7Q dégrées 2-theta at a rate
of about 1 degree»per'migute.

In general, all of the samples contéinéd'quartz,-
anhydrite,'lim;, éeficlaselahd a mineral similar to .
tricaléium_aluﬁinate. _Sbme‘of the samples also contained
mullite énd tetracalcium~tfia1uminate sulphate.

Quant1tat1ve x-ray. d1ffract10n (QXRD) ana1y31s of fly ash’
is a complex problem due to (1) small amounts of the
(compounds prgsent, (2) numerous compounds in the ash with
peak overlapping, (3) the presence of the glassy phase, and
(4) iéomorphous‘subétitutiop. As of this writing
quantitative evaluétion of-the.amounts of-cOmpouhds present
are, at best, estimafes only; _neyertheless, it is necessary
to define the cause(s) of the pgsté variatiogs,andlto_p:dvide:
inpu;:to a rational characteriia;ipnAmethod, Table 6
summarizes the results ovaXRD:pn 10 raw Ottumwa fly ash
samples; again, traversingvfhé'low to high strength paste
region shown on Figdre 3. The values shown on Tabie‘6 are
expreésed rélative to the'concentrations of thé various
¢ompoupds present in the OTTO51685 sample. From this daﬁa;

it is noted that the variation in'relative_amount of
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- Table 6

QXRD results for Ottumwa fly ash

Concentrations (wt %) relative to
OTT051686 compounds _

Sample ~ Day - SlOsz _CaSO4 Ca0  MgO | CLA*

3
.0TT011385 13-+ 1.23 1.10. 0.71 0.75 . 0.49
- 0TT022085 51  0.58 1.19 1.39 0.95 0.57
0TT031585 74 0.75- "~ 1.13 1.40 0.81 0.71
"~ O0TTO032685 85 . 0.79 1.01 0.82 0.79 .0.58

OTT050785 127 0.85 1.05 1.17 0.83 0.91
0TT051685 136 1.00 1.00 1,00  1.00° 1.00
0TT061085 161 0.85 '0.83 . 0.86 1.01 0.71
0TT071985 200 0.95 1.32 1.31 1.03 0.66
0TTO072685 207 1.18 1.12 0.94 0.94 0.69
0TT080185 213 0.86 0.88 - 0.89 ° 0.88

*ratios based on peak height only

tricalcium alumlnate (C3A) roughly corresponds to varlatlon
in paste»compres51ve strength shown on Flgure 3. Obv1ously
‘the cause of the var1at10n 1n paste properties is ‘more
compllcated tban 31mply C3A content. As’ prev1ously noted
the Na,0 and S0, contents of the ashes are also believed to
be influencing the systembbehavior. Further work is

continuing in this area.

Differential Thermal Analysis

It had been thought that differential thermal analysis (DTA)
data might provide some additional insight on the properties
~of the compounds and the glasSy phase present in fly ash.

Several DTA scans were conducted on the raw Ottumwa fly ash
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up to a tempereture of 1150 degrees eentlgrade. ‘Therelwere
no 31gn1f1cant transitions unt11 an exothermic peak was
‘observed at'about;910 degrees centigrade. This was probably
the recrystallization ofrgehlenitevfrom the glassy phase. An.
endothermie peek dnsettinglet about 1050 degrees centigrade
“was probably indicative of partial meltlng. Further work in
th1s area willrbe d1rected at higher operatlng temperatures

u51ng platinum cruc1b1es and DTA testing of fractionated fly

ash samples.
SUMMARY AND CONCLUSTION

~ The results of the first years researchﬁeffort, directed
toward development of.a,rationaljcharacterizatiqn_method for

Iowa fly ashes, are briefly_summerized as. follows.

1. The results of ASTM C 618 phy31ca1 and chemlcal testlng
‘f'(to classify and characterize fly ash for use in
concrete) show little variation with time, 1rrespeCtive

- of ash source.

2. .There is no significant'eOrrelatioﬁ efrASTM C 618
pﬁysicel end”ehemical test.resuits;to the'highlyrvariable
physical properties.(i;eg,\compressive‘strength
.development, volumetrie’stability3 heat,e?p}ution'or
settiﬁg time) exhibited by paste‘mixes‘of ashes from

. various sources.
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The variation in paste phys1ca1 properties appears to

" be c¢yclical, on a yearly ba51s, w1th the greatest

variation and increased strength observed during peak

summer.loadﬁng periods. The Variation may be linked to

‘plant maintenance schedules and to the timing and amount

of sodium carbonate coal treatments. This will be

investigated thoroughly during the next year.

Chemical and phy31ca1 testlng indicates that Na20 SO4

and C3A contents of the ashes could be causing pore

solution equilibria changes that are 1nf1uen01ng cemen-

titious reaction product development. This could in turn
cause significant var1ab111ty in the phys1ca1 propertles

of the pastes. Research is continuing in this area.

Fly ash paste mixes exhibited significant differences
in shrinkage/expansion;characteristios depending on
curing.method (air or humid). This could indicate a

potential volumetrio‘stability'probiem in field use of-

the ashes. ‘It isvbeing investigated in moreadepth.'

The current method of grab sampling each 20 ton truck-
load of fly ash and combining 20 of»these to form a
‘composite sample'representing 400 tons of fly ash could

be masking larger daily variations in ash paste

properties. The sampling program for the next year w111

address this potent1a1 problem.
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It is evident from thié years research that the variability
of paste properties exhibited by ashes from all the sources
is high and can occur over a short span of time. It ap?ears
that a charaCterization method must, therefore, be capable of
quickly (one day or less) assessing the physical properties
in the field. Fﬁrther research and method development will,

be directed toward this objective.
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Summary of Results of ASTM C 618 Testing of Fly Ashes from 1983 to 1986.

Council Bluffs

Year =+

Test

Moisture content
Loss on Ignition
Fineness

7 Day Pozzolan
Autoclave Exp.
Specific Gravity
éS-Day Pozzolan
Ho0 Required
Si0j

Al1204

Fe203

.503 |

Ca0l

.MgO

P205

K20

Nag0

TiO2

“Avail., Alk.

Power Plant

1983
n=x4
X S R

0.07 0.02 0.03
0.32  0.13 0.29
10.82 3.20 6.86

Not Determined
0.14 0.01 0.03
2.71  0.03 0.06 .
98.8 4.0 9.0
91.5 5.3 10.0
31.48 0.65 1.51
16.90 0.26  0.55
5.15 0.16 0.33
3.06 0.30 0.64
27.90 0.56 1.36
6.65 0.16 0.35
0.87 0.14 0.78"
0.33 0.04 0.08
1.78 0.08 0.19
1.36 0.04 0.08%
1.31  0.09 0.22

1984
n=17

X S R
0.06 0.03 0.07
0.45 0.08 0.22
11.73  2.05 6.77

89.7 6.4 19.0
0.06 0.01 0.04
2.65 0.05 0.11.

100.9 8.3  24.0

90.3  0.76 2.0
33.64 1.67 5.24
17.15  0.57 1.67
5.06 0.24 0.77
2.77 0.30 0.81
26.83 0.86 2.19
5.67 0.21 0.60
1.24 0.18 0.54
0.34 0.04 0.13
1.98  0.16 0.44
1.33  0.07 0.22
1.28 0.52

0.16

1985
n=29
X S R
0.09 0.06 0.20
0.47 0.14 0.42
13.30  3.13  9.90
86.7 4.6 12.0
0.11 0.03 0.09
2.71 0.03 0.10
87.9 3.7 10.0
88.8 1.4 5.0
30.81  1.64  4.50
15.82 0.62 1.80
5.40  0.45 1.37
3.78 0.50 1.29
28.12  0.42 1.10
5.80 0.49  1.45
1.00 0.18 0.65
0.28 0.04 0.11
1.91 0.16 0.49
1.24  0.14 0.41
1.34 0.15 0.42

%
Denotes n = 3



LAV LCT L \GWUileaiucuy

Lansing Power Plant

Year - - 1983 1984 ‘ L 1985
' n=54 n=:a ‘ . n = 7
Test X S R X 'S R X S R

Moisture Content : 0.04 - 0.03 0.06 - 0.04 0.04 0.07 ~0.05 0.05 0.l4
-Loss on Ignition 0.44 0.27 0.56 ' 0.29 0.05 0.11 0.47 0.18 0.56 .
Fineness . 12.95 2.35 5.23 - . 11.17 . 2.82 6.18 12.77 1.92° 6.80
7-Day Pozzolan . Not Required 90.3. 2.2 5.0 - 90.0 5.1 13.0

. Autoclave Exp. 0.11  0.02 - 0.04 A 0.07 0.01 0.02 ' 0.10 0.03 -0.08
Specific Gravity 2,77 0.04 0.09 2.78 0.02 0.05 2.79 0.02 0.07
28-Day Pozzolan ~ 85.8 7.7 18.0 - - 91.2 8.0 19.0 86.9 5.1 16.0
Hy0 Required =~ ... 95,5 5.4 12.0 -~ . 90.0 -~ 0.0 0.0 : 89.4 1.0. 3.0
Si02 | . 35,72 3.68 7.70 © . 34.32 3.19 7.37 ©31.50  1.41  4.00
Al,03 | . 16.72 0.66 1.60 ~© 15.58  0.17 0.38 ©15.53  0.46  1.40
Fép03 5.54 0.22 0.52 ~ 5.68 0.42 0.97 5.94 0.38 1.20
504 3.66 0.68 1.63 - 4,29 0.70 1.52 | 4.35 0.36 1.03
Ca0 : - ©26.72  0.68 . 1l.44 26.82 1.07 2.39 ©27.66  0.64  1.60
Mg . 6.63 0.51 1.16 6.06 0.37 0.87 5.77  0.30  0.89
P205 , 1.00  0.30  0.57% 0.84 0.08 0.19 0.86 0.19  0.64.
K90 | 0.38 0.02 0.04 ~0.40. 0.12  0.27 0.29 0.04 0.10
Nay0 : . 2.05 0.20 0.45 © . 1.88 0.05 0.10 . 2.060 0.24 0.71
Tioy . - _ ©1.29  0.03  0.06 1.20 0.04 0.07 ~1.20 0.10 0.33

Avail. Alk. L2 011 0,25 .. 1.33 0.1 0.24 1.4 0,22 0.57

*
Denotes n = 3




Table I (Continued)

Neal #4 Power Plant

Year -+

Test

Moisture Content

Loss on Ignition

Fineness

7-Day Pozzolan

‘Autoclave Exp.

Specific Gravity

28-Day Pozzdlan

. H20 Required

Si03

Al203

Feg03 -

S03.
Ca0
Mgo
P,05
K50
Na»0
Ti0s

Avail.

Alk.

1983
n=4
X S R
0.02- 0.01 0.03
0.17 0.0l 0.03
7.49 2.56 5,79
Not. Required
0.08 0.01 0.02
2.69. 0.02 0.04
104.2 8.8 19.0
88.2 0.5 1.0
35.20  0.97  2.19
15.68 0.25 0.58
. 6.20  0.13  0.24
3.33  0.28 0.60
25.89  0.41 0.90
6.04 0.22 0.50
0.76  0.05 0.09%
0.29 0.05 0.12
2,08 0.12 0.29
1.02  0.02 0.04
1.46  0.08 - 0.18*

1984
n==ae
X S R
0.03 0.03 0.07
0.31 0.06 0.14
~11.57  0.69  2.06
88.4° 6.1 16.0
0.06 - 0.02 0.05
2.66 0.04 0.11
90.3 5.2 14.0
91.8 4.0 10.0
33.63  1.00 2.74
15.69 0.55 1.61
5.83 0.26 0.68
3.82  0.60 1.36
.25.88 0.57 1.71
5.81 0.22 0.52
0.97 0.20 0.51
0.30 0.03 0.08
2,54 0.19  0.43
1.04  0.06 0.16
1.57 0.16 0.39"

n =15
X s R
0.03 0.02 0.06
0.31 ° 0.04 0.14
11.42  2.20 7.10
92.7 5.1  20.0
0.07 0.02 0.07
2.59 0.08 0.28
95.3 6.8 25.0
88.5 1.0 4.0
35.23  2.52  9.98 -
16.24 0.91 3.11
5.59  0.50 1.67
3.25 0.74 2.56°
25.45 1.62  4.89
5.65  0.41 1.34
0.99 0.19 0.74
0.32  0.07 - 0.22
2.20 - 0.23 0.78
1.06 0.07 0.11
1.39  0.27  0.89

a, . .
Denotes that two different coal sources were used in 1985.

.l‘

'Denotes-n'=;3




Ottumwa Power Plant

Year -

Test

Moisture® Content
Loss on Ignition
Fineness

7-Day Pozzolan

Autoclave Exp.

- . .Specific Gravity

2 -Day Pozzolan
‘H20 Required

. $10 |
Al,703

Fe, 03

S03

- Ca0

MgO
P20s5
K0
Nas0
Ti0,
Avail.. Alk.

0.59 e 1.54

1983 1984
n=8 =17

X s. R X S R
0.04 0.02 0.05 ©0.03 0.01 0.05
0.24 0.05 0.14 ©0.26 0.05 0.21
10.22  0.32 0.94 . 10.41  0.75  2.74

Not Required : '90.2 6.3 23.0
0.05 0.02 -0.06 ©0.03 0.01 0.04
2.61 0.02 0.06 2.60 0.03 0.12

103.1 10.6 30.0 97.6 5.7 20.0

89.1 3.4 . 10.0 - 90.2 0.8 3.0
34,48  1.49  4.86 . 35.33  1.42  5.05
119.98  0.41  1.20 ' 18.36 0.35 1.60
5.23  0.14 0.44 5.19 0.16 0.63
1.67  0.22  0.65 2,16  0.37 . 1.32
2472 0.68 '1.89 - 23,77 0.70 2.17
4.94 0.19 0.57 4.63 0.16 0.57
C1.41.0.30 0.92% - 1.80 0.23 0.84
0.40 0.03 0.09 . 0.40  0.04 0.12
1.96  0.24 - 0.67 . 2.58 0.16 0,55
1.47 0.05 .0,16* 1.37  0.05 0.16
1.41  0.18 0.30 0.84

1985
=17

X S R
0.03 0.02 0.06
0.25 0.06 0.21
9.99 .0.69 2.50

91.9 4.0 16.0
0.06 0.02 0.05
2.65 0.03 0.11

' 94.2 6.3 23.0

' 86.8 1.9 9.0
32.23  1.64  6.48
18.33  0.34° 1.29
5.44 0.40 1.28
2.56 0.44 1.76
25.11 0.54 2.03
4.92  0.13 0.54
1.59 0.38 1.20
0.38 0.03 0.09
2.13  0.52 1.95
1.42 0.04 0.13
1.54  0.33

S 1.32

*
Denotes n = 7




" Table II

-Summary of Physical Testing of Fly Ash

Council Bluffs Power Plant

0.03 0.09

0.03

Year - 1984 1985
n = 27 n =24
Test X s R - X S R
MoistureAContent 0.05 0.05° 0.22 0.13 0.14 0.59
Loss on Ignition 0.46 0.12 0.45 . 0.48 0.29 1.35
Fineness " 12.56  1.46 5.91 12.55  2.37 10.50
7-Day Pozzolan 91.5° 6.8 29.0 88.6 5.2 .22.0 -
Autoclave Exp. 0.07 .0.02 0.07 0.10 . 0.02 0.08
Specific’ Gravity 2.65  0.05 0.19 2.71  0.03 0.14
Lanéing Power Plant ‘
. Year - 1984 1985
- n=13 n =15
| Test X S R X S R
Moisture Content 0.06 0.04 0.14 0.05 0.03 0.14
Loss on Ignitfon 0.27 0.08 0.29 © 0.48  0.14 0.50
Fineness 9.46 1.18 3.86 12.18  1.66 5.80
7-Day Pozzolan 87.5 5.9 19.0 86.8 4.2  15.0
 Autoclave Exp. . 0.07 0.02 0.06. 0.11 0.02 0.09
Specific Gravity 2.78 2.79 0.10




) .Tabple 11 (uvontlnued)

Neal #4 Power Plant.. .

Year - 1984 | | 1985*
' n =14 n = 54
Test - X S R X S R
Moisture Content 0.03 0.02 0.08 ' 0.04 0.03 0.16
Loss on Ignition - 0.30 0.06 0.20 0.31  0.07 0.31
Fineness“ - 11.30. 1.56 4.97 11.32 - 2.14 8.30
7-Day Pozzolan ~ 87.6 5.0 20.0 92.2 6.2 _25.0
Autoclave Exp. - 0.07 0.01 0.04 0.07 0.02 0.08

. Specific Gravity 2.64. 0.03 0.11 | ~2.59  0.08 0.34

Ottumwa Power Plant

Year - - 1983 . 1984 - 1985
) n = 39 - n=78 n = 85
Test . X 'S R X S R X S R
Moisture Content "~ 0.06 0.03 0.11 | 0.02 0.01 0.05 0.03 0.02 0.10
Loss on Ignition | 0.23  0.08 0.44 0.24 0.06 0.31 ° 0.24 0.06 0.24
Fineness - . 10.39  0.95 3.80 . 10.53 1,07 5.06 9.83 0.81 3.90
- 7-Day Pozzolan | . "Not Required 92.1 ~ 7.9 55.0 93.8 5.6 32.0
‘Autoclave Exp. 0.05 0.02  0.08 0.03 0.01 0.05 0.06 0.02 0.07

- Specific Gravity ~ 2.61 0.04 0.17 2.59  0.04 0.21 | 2.65 0.03 0.16

* . ,
Two different coal sources were used in 1985.




Table I1I1

Type I Portland Cements used for pozzolanic activity testing

Year

Oxide

Ca0
Sio
Al B
2°3
Feao3
SO
Mga
K, 0

198

wt%

63.
21.

COO NN WE

3

0
3

.29
.01
.65
.32
.57
.16
.22

1984
wt%

A B AVG.,
62.8 62.4 62.6
21.9 22.2 22.0

4.03 4.32 4.18
. 2.97 1.62 2.29
2.317 2.71 2.54
2.58 2.23 2.40
0.42 0.57 0.50
0.26 0.36 0.31
0.24 0.23 0.24

Bogde Composition (calculated from ASTM C 150) -

54
20
6
9

- N/A

550

0

49
26
7
7

4700
6000

Average Compressive Strength (psi)

1985
wt%
A B AVG:
63.9 . . 63.3 63.6
- 21.7 22.3 22.0
4.32 4.50 4.41
1.64 -1.70 1.67
2.57 2.69 2.63
3.03 2.63 2.83
0.48 0.59 0.54
0.28 0.26 0.27
0.23 0.24 0.24
52
24
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