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Introduction

Recent construction of new generation power plants burning'westernﬁrf
coal has w;thin Iowa resulted in fly ash production on the‘ order of f?
760,060 tons ahnually; " Although fly ash has long been acceptea as d}i;
valuabie replacement for portiand cement in concrete, most experience }€
has been with fly ash generated from eastern bituminous coals. A few o
yeérs 'aéo, fly ash in Iowa was not a significant factor becauaé_.;
production was small and economics dictated disposal as the betterﬁ

“alternative thanlconstruction use. Today, the economic climate, coupled .
with abundance of the material, makes const;uctive use.in conc;ete‘
feasible. The‘pfoblem is, however, f£fly ash produced £rom ﬂew~powe:¥;;
plants is differént than that for which information was available. Itt-f
seems fly ash types have outgrown existing standards. -

" The objég;ive of this study was to develop fuﬁdamental infofméfioni
about fly .égggs availaﬁle to construction in Iowa such"that"itgﬂk{
advantages dﬁ& limitations as replacemeht to portland cément can béf;i
defined. Evaluative technigues used in this work involve sophisticated f;
labdratory equipment, not readily available to potential fly ash.users{ “
so 'a second goal was preliminary devélopment of rapid diagnostic tests
founded on fundamental information. Lastly, Iowa Department of
Transportation research indicated an interesting interdégendgncy among
coarse aggregate type, fly ash and concrete's resistance to freezgfthaw.
action. Thus a third charge of this research project was.to verify and

determine the cause for the phenomena.
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Techniques for Fly Ash Evaluation

One objective of this project was‘to determine propefties of'Iowéag
fly ashes and evaluate their relevance to use of the material as é@?;
admixture of portland cement cpncrgfe} This phase of the researéhfe
involved two approachés. The first involved the development of a rapiéif
method for.deﬁermining guantitative elemental compdsitionlwhile théf&
second was aimed at both qualitative and quantitative determination oﬁaé

compounds.

Elemental Analysis

X-ray fluorescence techniques were adapted for raéid determinatiéﬁ ;
of eleméntal composition of fly ash. The analysis waé-perfcrmed using_af
Sieméns-sa~200 séduentiall X-ray spectrometer controlled by a PDP-il—O;lf
minocqmpgte;. . The spectrometer was equipped with a ten sample specimeﬁ;-
chamber  éﬁd:%fbur interchangeable ahalyzing ' crystals. Unfil£ére§.i
excitationlféé%atiqn was generated using a chrpmium-tube at 50 KV and 43;;
ma.  Programs for the spectrometer were developed by the Siemens
Corporation. |

A sample of Lansing £ly ash was selected to develop thg.:
fluorescence techniqd;s where a qualitative determination of elements
present was performed by determining chafacteristic wavelengths of;j
fluorescent radiation. Qﬁantitative determination of elements in fly
‘ash was then accomplished by using the Siemens software. The software -

consists of interactive programs for the automatic dperatioﬁ of_\the:
'spectfomeier data collection and analysis. Programs for Calibration and

measurement of unknown concentrations are based on a multiple regression



(either quadratic or linear) of thé characteristic radiation intensity
on concentration. Methodology in the programs also takes into account
absorption, enhancement and radiation overlaps as multiple variants and

‘requires use of calibration standards.

To provide dependable results, the range of elemental composition

‘for__standards_were selected to cover the expected concentrations of

”_"elements in unknown sémples. Twenty standards prépared by blending six

fly ashes of known elemental composition served as a basis for the
_,ﬁalibration. The calibration was then checked against a National Bureau

of Standards (NBS) fly ash standard and comparative results are ghown in

Jéiuoreéenée and conventional chemical analysis fot_thg Lansing fly ash.
';iIn_ both cases it can be seen that the x-ray fluéféscence techniqye
Eiéfférs an accurate asﬁgsSment of elemental fly ash composiiion. T}e
“:Hevelopment of the fluoresence technique has not only made‘pcssible éhe
study of variability ané-fly ash properties for ﬁhis project, but ﬁas

“made possible the timely assessment of fly ash used in construction. X-

1

ray fluorescence is now routinely being used to monitor most of Iowd's

B fly ash ﬁroduction. |

Quantitative Component Analysis

~in . development of quantitative techniques for determinatién-‘of

"~ ¢rystalline components (minerals) presént in fly ash. | *he

Table 1. Table 2 is a comparison of elemental analysis by X-ray -

A Siemens D-500 computer controlled #x-ray diffractometer was uéed_ kff

diffractometer was equipped with a graphite'ionochromator. A phl%e*

‘height analyzer for efficient monochromatization and monochromatic ®

#;ppper Kq radiation were used for all analyses. The diffractometer was



Table 1. Fluorescence Analysis of NBS Fly Ash Standard

i, Measured - - Known, %

Mg ) .46 .46 + 01 -

Na 18 1 + .01

Fe 9.38 940 + .10
| Ti | .77 .80
st 2173 22.80 + .80

ca .98 1.11 + .01

AL 14,06 | 1

K 1.87 . 1.88 + .06

Table 2. Comparisoﬁ of Elemental Com~-
position of Lansing Fly Ash

Elemental Oxide Percentage? Percentageb
510, 30.0 32,12
A1203 19.7 : : -18.06
Fe,0, . 5.9 5.34.
Na,0 o ‘ . 1.8 o 1.77
K,0 | 0.4 0.36
Cca0 - 31.1 o -
Mgo 6 . 2 . -

%gy x-ray fluorescence

b

ASTM C-311 chemical analysis provided by Iowa DOT




- ‘controlled with a PDP-11-03 microcomputer. Operating software for the
':diffractﬁméter was déVEloped by the Siemens Corporation.
The first step in developing a methodology for guantitative

' . assessment of crystalline compounds {minerals) present in fly ash was to

g IQQalitatively define mineral composition. This task was accomplished b&

performing conventional =x-ray diffraction analyses on £ly ashes fro&

iJ§iﬁ£‘Coﬁmittee_ on Powder Diffraction Standards (JCPDS)  files. The
ffirst eight compounds listed in Table 3 are the crystalline componenﬁs
;;égﬁtified in all of the fly ashes and the top chart in Fig. 1 is
‘{ﬁybiéélrof the x?ray analysis from the Lansing source.
. Tﬁe methodology for duantitative analysis of crystalline components
Tlvas adapted from that.indgpendently developed byrchgné {1) and Demirel

?kia); This metheod invdifes development of a set of standard specimens

}ﬂ;ﬁdhsisting of compounds |present in fly ash along with a reference
 n9f can it react with the host compounds. By mixing known quantities éf
ﬁ;fthe reference compound with a fly ash being -analyzed and determiniég

integrated x-ray intensities of selected diffraction peaks of the

" the compound, W'., in the fly ash can be computed from:

(T /1) W LA
S " PP — 1
Ve sl G C) (1)

std. ¥ unk.

S " : : S ; |
seven Iowa sources and comparing d-spacings with those listed in the-

i | O
~compound.  The reference compound cannot be a constitutent of fly ash

. reference compound and the compound of interest. The weight fraction of




Table 3. Legend for Figures 1 and 2

Compeonent Abbreviation
Quartz Q
($102)
Calcium Oxide
(Ca0) C
Magnesium Gxide.-‘ .
(Mg0) Mgo
ﬂagnetite ;
(F6304) | M
Anhydrite
(03804) A
Tricalcium Aluminate
(ca3o‘..o.1206) (c A) CA
Calcium Aluminum Sulfate
(3Ca0. 3;&*1203 CaS{}h) (CAA 8) CAS
Mullite
(A1 312013) Ml_r
Ettringite g
(6Ca0. Al 403+ 3so .32H 0) ((:6 3 32) E’
Hondsulfoaluminate . N
(Ca,A1,0,.€a80,.13H,0) (C/A sn13) MSA
Gypsum : | ‘
(CaS0,,.28,0) - 6
Calcite '
(caco,) ct.
Calcium Aluminum Silicate Hydrate
(Ca 28107 .84 0) CASH
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where

(r /1) = ratio of integrated intensities of the selected
¢ T unk. diffraction pesks of the compound of interest,
and the reference compound measured from fly ash-
- yeference compound mixture. '

{1 /Ir) = ratio of integrated intensities of the selected
std, diffraction peaks of the compound of iInterest and
' the reference compound measured from the standard
sanple of known compositiom.

W = knowm weight fraction of the compound of interest contained ﬁ‘f
' in the standard sample. . ‘

W_ = knowm welght fraction of the reference compound contained_‘.A"
in the standard sample,

W' = known weight of reference material added to the fly ash
being investigated.
In concept, the application of Equation 1 is relatively simple. A
calibration matrix for the x-ray intensity raties of the standard ish'

established by mixing known quantities of individual compounds known to

be present in £ly ash with a known quant
measuring integrated intensities of selected diffraction peaks. :wiihi{:
such a callbratlon matrxx established, quantities of compounds can be}ﬁh
determlned by ‘adding a known amount of reference compound to the fly ashiti
being evaluated and measuring integrated intensities of the selectgd;i 
diffraction peaks established during' the calibration. | |
One task requisite to application of this apﬁrogch to quantitativéi
_ evaluation of fly " ash is finding pure forms of all the constituent
compqunds requifed to develop the calibration. A second réquisite‘is
finding a reference compound which has no peak overlaps. ~Assuming the
principle of superposition is applicable to peék overlaps, Equatipn i
can be used for overlap corrections by making use of integrated
intensities of other diffraction peaks. However, such adjustﬁents tend

to be cumbersome when interferences occur for several compounds. Among



several compounds tried sodium' chloride was found to be the most

:,.suitable reference 'compound. for fly ash analysis. Samples for

2 diffraqtion ahalysis were prepared‘by combining measured amounts of
:  ,sodium chloride with fly ash and then.thorougﬁly mixing and grinding.

‘ Samples Were'pressed inte plexiglas sample rings and t6 reduce the
measurements were taken thrae times

.. influence of crystal orientation,

Jiféith the samples being rotated by 120 degrees. Integrated intensities

were obtained for selected peaks using Siemen's Peak Integration program
if{Z). Results of three determinations were averaged and the integrated

. intensities thus obtained were used in Equation 1 to compute

_¢oncentrations,
To provide a check on the validity of this method of analysis two

gynthetic standards were prepared and analyzed. The results of the

‘quantitative analysis are given in Table 4. Larger differences between

" ‘known and measured guantities are thought to be due to crystal

“orientation which can cause an inaccurate intensity measurement, and it

BT suspected that this error can be reduced through use of the sample

1Hspinner which has recently been installed. ¥-ray diffraction charts of

" the synthetic standard No. 2 and the obsidian used in preparation are in

.'?ig. 2 while the code for compound identification is the same as that

‘.pre#iously presented.
~ Results of a gquantitative compositional analysis of the Lansing fly

: ash are presented in Table 5., (One explanation for the self-cementing

properties of this particular fiy ash is the fact that it contains a

combined 7.5 percent of tricalcium aluminate and calcium aluminum

. sulfate, both of which are hydraulic cements. A second feature is that

crystalline compounds comprise more than 26 percent of this fly ash-

———



Table 4. Results of quantitative component analysis of synthetic standards.

Component .

Actual weight

Weight percentage

‘ percentage from x~ray analysis

Std. No. 1  Std, No. 2 Std. No. 1 Std. No. 2
Txicalciﬁm.aluminéte ‘ B
'(3Ca0.A1203) ‘(CSA) 16.0 - 3.3 10.3 2.8 + 0.6
Calcium aluminum sulfate
(3C30;?A1203.Caso4) | | _
CC4A3S) 15.0 5.0 14.8 8.0 + 0.4
Quartz .
Mullite : R ' _ :
(A16812013) 10.0 3.3 . 9.5 2.5 + 1.2_.
Magnetite ‘
(Fe304) 10.0 3.3 10.5 4.8 + 0,93
Mégnesium oxide : : _
(Mg0) 15.0 5.0 15.5 5.0 + 0.5

" Calcium sulfate ' , _

(CaSO4) ' 5.0 | 0.0 - 4.90 0.06+0.08
Calcium oxide .
(Ca0) 5.0 0.0 5.07 0.2 +0.03
Gla_ssa 67.0 §5b

aObsiQian from Mt, St. Helens.

bBy difference
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Table 5. Crystalline Composition'of Lansing Fly Ash

Coonnedt o Percent

Tricalcium aluminate
'(C3A) : : 5.2

‘ , Caleium aluminum sulfate o :
Pl R ' _ (CAA3S) 2.3

Calcium sulfate
(CaSO&), (Anhydrite) 1.7

Calcium oxide

(Ca0) B 2.1

| Quartz :
(810,) ©10.1
‘Mulljte
(AL51,0, ) 0.9
Magnétite .
(Fe304) : 1.0

Magnegium Oxide
" (Mg0), (Pexiclase) 2.8

Amorphous Contribution
(glass)?@ | 73.9

Estimated by subtracting sum of crystalline compo-
nents from the total.
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vhich could have & significant impact on pozzolanic reactions frequently

considered to be the essence of fly ash reactions when used as a

portland cement additive or in lime-fly ash stabilization of soils. An

appreciable amount‘of this fly ash should'contributelnothing to positive
or defrimental reactions because about 12 percent of this fly ash are
relatively stable compounds such as quartz, mullité,‘énd magnetite. It
is interesting to note that this "high-lime" fly ash ba&ing.an elemental
calcium‘ composition expressed as oxide on the order of 30 percent
contains only 2.1 percent free calcium oxide. In ‘fﬁct, the total
calcium combined in. crystalliﬁe‘compounds accounts for about one-éixth‘
of that'méasured as.elementai calcium. The remaining poftions should be
includedrih the amorphous phase. Depending on their nature, both free
calcium and magnesium oxides.could‘play & role in soundness of portland

cement~-fly ash concretes.

Hydration Reactions

To provide additional wverification of composition and chemical

properties of the constitutents of a cementitious‘fly ash, the hydration
mechénism of the Lansing fly ash was monitored using the oscillacion

capacity of the x-ray diffractometer. The oscillation feature allows

rapid wmonitoring of crystalline compound growth and consumption by -

automatic repetitious scanning of the relevant portions of a diffraction

pattern with time, This investigation consisted of preparing fly ash

_pastes at a 0.26 water/fly ash ratio, placing specimens inte x-ray
diffraction sample holders and starting the oscillating x-ray

diffraction analysis. Extensive analysis was performed on fly ash

pastes during the périod from two minutes after the ash was mixed with
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water until ninety minutes after mixing. Diffraction peaks selected for .
analysis of each compound are presented in Table 6. To providef'

information about the behavior of the aluminate compounds, three perceﬁt :

gypsum was added to some samples and to evaluate the behavior of ééo;;
moist air and moist CO, free curing environments were used. The Cé;;i
free curing condition was'achieved in a desiccator contaiﬁing a _éé:f
percent solution of NaOH. -
The lower two diffraction patterns in Fig. 1 are for Lansing‘flgﬁﬁ
asﬁ after three days curing in both environments and typical segmentSj§f 
oscillation diffraction patterns are in Fig. 3. Table 7 is a summary”qf"f
the rgactions and their status at various times, For each'compound;:¥ét
reiative intensity of 100 is assigned to the highest intensity obtéihéé-
during the period of analysis. a relative intensity of 100 correspéhds.
to the largest amount of the'compound presen£ during the peripd_‘qﬁﬁ
analysis. All other intensities of that compound are relative tdkibé
and correspond tblits abundances during the hydration procesé, |
05cillation‘#~ray diffraction of the Lansing fly ash-water §a$§§ 
showed that calcium oxide was consumed during the pefiod 7 to 38 mihu€é$;
to a relative intensity of about 60% and then consumpticn levgled_of#;‘
(Period_refers to the time interval aftér the addition of water’tb ély‘
ash;) ﬁiffraction showed no calciuﬁ hydroxide formation during_ ;he
period 2 to 90 minutes. Calcite formed in the period of 7 to 77 minﬁtes_
and ;hen leveied off. This. data suggests that part of the.calcite'was
formed fromr diréct conversion of calcium oxide to caicité without'qp
intermedite hydroxide stage. The atmosphere seemed to ‘be a like;ﬁ
sourcé of carbon dioxide for direct carbonation and proved to _bé S0,

This was determined when several samples which were cured in a carbon
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Diffraction Peaks for Oscillating

X~-ray Anélysis_with Cu~Ko Radiation.

.Céﬁ#bnént Peak selected. Oscillation
i for analysis range, 20 (degrees)
1 Gypsum | 100%, d=7.56 8.5 ~ 13.5
. . (casoy. 2u;0) |
Calglum . 100%, d=2,63 33 - 35
Hydroxide '
(Ca(oH): 2) |
Q_Calcﬂte 100%, d=3.035 27 - 32
(03003) ' : :
'Calc‘:u‘qm‘ 100%, d=2.405 36.5 - 38.5
Oxide.: - :
@D
Anydrlte 100%, d=3.49 24.5 - 26.5
_ (CaSOQ)
Cdlcium looz, d=3c 74 22.5 - 2“-5
Aluminum ‘
Sulfate
. (3€a0:
3A1203-
100%, d=9.67 8.5 ~ ;3.5.
100%, d=8.92 8.5 - 13.5
d=12.5 6.5 - 8.5

PR —

——
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“Qééiiiéﬁiﬁéix‘ri?;Difffé&fibpit yuﬁégs;ﬁffﬁéﬁéﬁng;Fly;Ash;u

Duration of reactiom, min, “Relétive amoﬁnts, Z
Reaction Without added gypsum | With 3% gypsmn.add'édi Without added gypsum | With 3% gypsum added

Start End - Start End Start End Start End
Removal of C a4
caleium oxide 7 38 11 46 - 100 60 100 38
Removal of " o
anhydrite 10 61 14 64 100 12 100 20
Removal of o ,
calcium aluminum 12 88 a8 87 100 38 100 19
sulfate ' '
Formation or -
removal of gypsum none none 7 58 0 3] 100 0
Formation of o
calcite 7 77 16 >90 0 100 0 100
Formation of- _ -
Ettringite 4 22 i3 533 0 100 0 100
‘Formation of mono _ :
sulfo-aluminate 12 58. none none 0 100 0 0

a ) .. .
With sample in

002 free atmosphere

still 100%.

91
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dioxide free environment showed no calcite formation and approximateig
100% calcium oxide retention for up to 20 hours. These results aié§ﬁ 
indicgte that even after long curing periods a gpod deal of calciﬁ@:
oxide remains unreacted. o

It appears that calcium oxidé might regct to form a thin sheli sf?
calcite on the outer surface of .the diffraction sample in ahbiéﬁfg
conditions. 1In order to check this hypothesis several inner. portlons ofi
hydrated fly .ash samples were analyzed. These portions had not beenf
directiy exposed to the atmosphere and showed no calcite formation. gnﬁ
explégation derived from this data is that free, crystalline Ca0 exisgéf
in some fly ashes in a hard burned form.- The exatt reasen for hafé:
burned behav1or is not thoroughly understood but some belleve that it 155
.due to glassy coatlngs formed on Cad partlcles. However | 1f thms were'
so, carbonatmon should also be hlndered. Durxng thls study some?
evxdence has been obtalned which suggests that a thxn carbonate coatlng:
on Ca0 partlcles mgy be the cause for the hindered hydratxon. Sucqgai
coating could .férm in the CO, rich atmosphere prevaleﬁf‘ in cdmbustiéﬁ;
gases. Hard burned lime is known to be a critical compoheﬁt.ﬂin
performance of portland cement and may be equally detrimental for somé_
fly ash applications. Under normal condzt;ons the hydration of hard
burned lime proceeds at a very slow rate due to a high diffusion energy
barrier and may if present in sufficient qugntity produce detriﬁentai
expansion in portland cement concrete. |

During the oscillation analysis, it was observed that the magnesiﬁh
oxide in thewLansing fly ash did not hydrate as 1is évidénced by the
diffraction patterns in Eig. i. :

Aluminate hydrates appear to be the key reaction products in the
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-case of the Lansing fly ash. Oscillation diffraction analysis showed
formation of ettringite in the pericd 4 to 22 minutes,
:mohosﬁlfoélﬁminate formation in the period of 12 to 58 minutes, and
énhydriﬁe reméval in ﬁﬁe period of 10 to 61 minutes. This seems to
represent a good example of portland cement éhemistry an& can be
'rationalizgd ag follows, Tricaicium aiﬁminate is preseﬁt_in the fly ésh

» (5.2% by weight) and is very readtivg with water. Also present is an

1  interna1 source of calcium sulfate in the form of anhYdrite." When -
-hydration beging the free calcium sulfate content of;thé paste is high
and ettringite begihs to form. As the sulfate content decreases, due to

-“consumption by ettringite formation, 'monosulfoaiumihate_bégins to form

1. "and continues to form, at the expense of ettringite formation, until the

" anhydrite is nearly exhausted. Ettringite formed from 4 to 22 minutes,

" monosulfoaluminate from 12 to 58 minutes anfil anhydrite consumption

.'gbecﬁfred. from 10 to 61 minutes. This squgsts that the hydration
V:H?&éehanism discussed aﬁove‘ is possible. The b?nsumption of tricalcium
héluminété is quite important to this mechani%m but has not yet been
HE  deiermined due t§ diffraction peak interference caused by formation of
o etf?ingite. The precise ‘reaction mechanism ﬁight also be cémplicated
a‘éﬁe to'£he'fact that the fly ash containad 2.3% calcium éluminum sulfate
 which might hydrate directly to ettringite.
| Oscillation diffraction analysis was.‘ also pérforméd during
%'ﬁydration on. the fly ash.mixed with 3% gypsﬁm by weight as given in
Table 7. The consumption trends of calcium oxide, anhYdrite, énd

gdlcium aluminum sulfate were quite similar.:to those of the fly ash

'3ﬂ?  without gypsum. The hajor difference caused by the addition of gypsum

“oiw: was in the formation of the aluminate hydrates. Ettringite formed in

e
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the period 13 to 55 minutes while no monosulfoaluminate was forﬁéé1
within the 90 minute analysis period. The added gypsum was completelyi'

consumed in the perlod 7 to 58 minutes, Relatlvely twice as muc”:

ettrlnglte was formed in the gypsum treated ash compared to the ashf
without added gypsum, These findings appear to parallel tricélciﬁﬁfa
aluminate reactions observed in portland cement hydration and can be?i
'explamned by the fact that gypsum greatly increased the calcium sulfateii

content of the paste which promoted ettringite formation.
Evaluation of Some Iowa Fly Ashes .

- Many Towa fly ashes are produced from western subbituminous coals
or lignites and if they are consistent with the ~observations of_qtheféif
could cover a broad spectrum of chemical composition. Thus the Claéé ¢"
. family ofrfly {a$hgs has prompted concern among concrete users. 'Sé;pﬁi
fly ashes, _reprééeﬁtinq significant sources for the Iéwé constrgétign ;
industry, were provided by the Iowa Department_of 'Transportatioﬂzfgrf‘
this phase of the.project. Table 8 is a list of the powér plants a16n§ 
with the associated coal source. To aliow for qlassification of thé fif'
ashes, elemental oxide composition was determined by x-ray‘spectrcmetff
according to the techniqﬁe‘previously described and is presented in
Table 9. Wigh the exception of the Clinton power plant, all of the fly
ashes used in this study were derived from wYoming'lignite/subbituminous

coals and the ASTM € 618-80 classifications which. aré'aiso given in
Table 8 suggest that the coal type is not necessarily consistent with

the existing classification scheme.
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' Table 8. Coal Sources and Fly Ash Classification

: z;?"?oﬁer Plant
. (Fly 'Ash Source)

]

~ Coal Source?

ASTM C 618-80

Classificationb

f??Néal?#B

1
;o
1
|

U Neal| #4

Hanna Soutn, Rosebud, and |
Medicine Bow Mine, Wyoming

Rawhide Ranch Mine, Wyominé

|

Belle Ayr and Eagle Butte | C
Mines, Wyoming §
; ébuﬁcil Bluffs Belle Ayr and Eagle Butte c
EO - ‘Mines, Wyoming
‘g'ﬁébxggka City Caballo Mine, Wyoming c
* North Omaha - Rosebud Mine, Wyoming F
I1linois-Montana Blend . F
aaiﬁformatibﬁ from reference 4
ilkéfe:ence 5
:




" 'Table 9. Flement Composition, % by Weight

5104
Fly Ash Mgo Nazo Fe203 '1‘:{,02 8102 Ca0 A1203 K20 A1203 :
+
F8203
Clinton . _ o _ . :
Class F* 1.3 0.6 18.1 0.8 55.8 4.3 19.2 2.14 793.1
North Omaha ' o _
Class F* 1.4 0.5 14.6 0.6 50.0 1.5 27.7 0.2 92.3
Neal #3 . ' '
Class F 3.1 0.5 7.9 0.7 50.5 13.6 18.1 1.2 76.5
Nebraska City - |
Class c* 508 1.8 5-5 1.4 3!’01 3013 2}..1 0-3 60-7
Eeal'#é . . :
Class C* 7.7 2.2 5.8 1.2 32.1 29.5 19.7 0.3 57.6
Council Bluffs " - '
Class C¥ 5.8 1.8 “5.1 1.4 29.7 31.5 20.3 0.3 55,1
Lansing ' & b omtg o A T . : e :,1

. *ASTH Classification C 618-80

17
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wowo Variability in Elemental Composition

- The rapid measurement capability of the x-fay spectrometer made it
"possible to monitor fhe elemental compositién of fly ash sampies over a

| period'of several weeks. Approsimately thirty samples were collected.at
.‘weekly intervals from three of the seven.power plants included in this

' ﬁtudy. The elemental oxide composition was determined, and sample meaﬁs
‘iﬂGTn:and standard deviations for each oxide were computed. To facilitate

”quomparison among the different oxides, coefficients of wvariation,

:fdefined as:the sample standard deviation divided bf the mean, are
.{presented along with the means in Table 10. Data for the statistical
;‘§h31ysis.are in Appendix A. |

| On the average, the ASTM C-618 classifications for the three fly
;!;Sh sources used in the variability analysis are cohsistent with the
::éihgle Speéimen analysis given in Table 9, and the .variability.

‘.'ésséssment includes one Class F and two Class C fly ashes. When the
- the major constituents by averaging coefficienté of variation for $i0,,

the Neal 3 product the most variable, and the Neal Qlfly ash is an
;"intermediate. In terms of minor constituents (i.e;, Mg0, Na,0, K,0, and
lATioa),,,the Neal 3 and 4 fly ashes displayed agout the same variébility
which was approximately three times that for khe Council Bluffs plant
i énd a similar pattern held when all elements were considered.

An obvious pattern illustrated :in Tablg 10 is that elemental
?;riability for these f;&‘ash sources bears 1i§tle or no relation to the
class of fly ash being éroduced. The least variable seurce is a Ciasslc

fly ash while the most variable sources are both € and F materials,

: pro&uct‘of these three planfs is vieved in the context of variation for

.‘Aléoa, Fe,0, and Ca0; the Council Bluffs fly aéh is the least variable,

e



Table 10. = Summary of Fly Ash Chemical Variability-

Source
Neal #3 Neal #4 Council;_a
(26)% (34)* Bluffs  (28)
Class F ~ Class C Class C
Oxide Mean weight, Mean weilght, b ‘Mean weight, b
percentage, CVb, )4 percentage, cve, % percentage, cve, %
z 4
sio, 46,9 6.8 34.0 9.0 30.6 5.3
Al,04 17.4 9.4 19.8 1.8 20.8 2.3
| Fey04 9.0 10.3 6.6 7.9 5.3 5.2
Ca0 16.0 18.4 26.0 . 14.6 - 31.1 4.5
CV, Major :
Constituents e 11.2 — 8.3 — 4.3
Mg0 3.7 21,0 6.8 18.5 6.0 10.7
Nazo 0.4 :37.9 0.9 '23.9 1.8 6.5
K,0 1.3 18.0 0.4 58.8 0.4 12.2
"Tiﬁz 0.7 23.8 1.2 10.1 1.5 7.3
CV, Minor - L
. Constituents - 25.2 —— 27.8. - 9.2 .
Cv, All .
Constituents — 18.2 i8.1 5.8

& Number of samples included in the anélysis

b Coefficient of variation-

1 %4
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Additionally, ‘Table 10 data shows that of the three fly ashes the

greatest degree of variability occurs among the miner compounds.
Significance of the magnitude .of the variability rgsulting' from
this stu&y is difficult to assess becauée knowledge ab&ut the importance
of individual compounds to various applications is not yet cleafly
éstablished. However, to provide a comparison, elemental composition
resﬁlting from twelve Type I portland cements from different producgrs
ié‘presenteé in Table 11. For the major constituents the'vafiabilify
fér the Council Bluffs fly ash is equivalent to that of the portlaﬁd
- /cements, and where minor consitutents are involved, ail of the fly éshés
diéplay significantly less variability than for the portland cements.
It should be recognized.that data in.Table 11 represents a sample of tbe
cement industry as it existed several vyears ago and advances in quali%y

control may have reduced this variability. However, the data availabﬁe

thus far suggests that all three power plants operate within limits of -

" overall elemental composition for Type I portland cement production as

it once existed.
‘ : i
Since fly ash is a by-product, it has been conceived as being a

highly variable or rahdom material. However; when viewed in terms of

objectives of power generation, it is not surprising that elemental
 variability in fly ashes from a single source can have variabili}y

similar to that of portland cement. Feed composition whether it be fbr

aot ‘.5.-.::.3' . R N N {' .
" manufacture of cement or efficient operation of a power generating unit

~should be the primary spurce of variability.. In an attempt to realiFe
maximum power output , power units are designed and operated for

consistency and optimum wubtilization of combustible materials which

unintentionally governs the composition of ash products under normal

[S—

i

[



25

Tablé 11. Variability in Portland Cementsd

Oxide Mean cvb; %
'Sioél 21.31 | | 2.6
A1,0, 5.39 10;0
Ca0 63.94 - 1.5
Fe0 ' No pata No Data
CV Major

Constituents - 4.7
MgO 2.18 45.5
Na,0 0.16  S&T

ko 0.43 723
TiOé  0.25 11.7
cv Miﬁor

Constituents ———— ‘4670
CV All

Constituents - 28.3

a
‘From reference 6

pCoefficient of variation



26 -

.dpération conditions. Major changes in feed, sﬁch as coal source and
precipitation additives, ' could certainly result in short .term
Variability differences. ‘However, with constént ' monitoriﬁg of
operational changes and rapid tests for compbsition, variations in

elemental compééition should not be a significant problem.

. Crystalline Compoéition

Variability analysis of = elemental composition in itself cannot

rfﬁhe use of flf ash because such factors as the amount of the elements
pfesent and the form that they take could-easil& _be predominant factos
 £0 the behavior of fly ash;in its warious applicatigng. For example, it
.Eﬂag been shown that in thézLansing fly ash caleium ;ﬁd aluminum combine

R ' - I . . o aa . o
- to form a cementitious phase, calcium exists in limited quantities as a

?HEKYStalline oxide, and a portion of the magnesium also exists as
; fﬂ%ericlase. Based on exﬁ?rience with portlénd cemenﬁ, all of these
1  fiéompounds could easiiy beégignificant, To allow for evaluation of the
'ljcrystalline composifion, E the seven fly asheg listed in Table 8 were

ij_'e{raluated by x-ray"diffréction and the results are in Table 12. The

amorphous fractions of the seven fly ashes were computed from the

erystalline component per%entages from one hundred.

These results appearsto represent the first definitive measurement
: qf the gquantitative phase?composition of fly ashes and also illustrates
 '¥he potential for refiniﬁ% the existing ASTM classification scheme which

:is based largely on elemental composition. Neal 4, Lansing, and Council

Bluffs fly ashes contain significant amounts of tricalcium aluminate and

E;totally address the pbtential for good or poor phenomena resulting from

q . ‘
« - complete crystalline coméonent analysis by subtracting the sum of the




~Table12, Crystalline Components in Fly. Ashes.-

Source and weight pé%éentage

tion (glass)
By difference

Component " . .
'  Neal #3 Neal #4 Lansing Council | Nebraska North Clinton
" % * «Bluffs . Clty , Omaha *
Class F Class C ‘Class C ‘Class C Class C Class F €lass F
Tricalcium Aluminate | 0.0 4.9 5.2 6.0 0.5 0.0 0.1
Tetracalcium Aluminate :
Sulfate (04538) 0.1 1.1 2.3 0.2 0.0 0.0 0.1
Calcium Sulfate
{CaSO&), (Anhydrite) - 0.3 1.3 1.7 0.9 0.1 .3 0.2
| Calcium Oxide
{Ca0) 2.3 0.8 2.1 1.4 0.1 0.2 .2
Quartz .
(Sioz) 7.0 8.0 10.1 5.3 7.1 9.9 8.2
" Mullite ‘ _
,(516812013) Q;O 2.3 _ 0.9 .O.D 2.9 3.6 3.0
,'(FeéOA) g 07 8.0 1.0 . 0.2 0.0} 10,0 7.4
Magnesium Oxide
(Mg0), (Periclase) 1.0 3.2 2.8 2.0 0.4 0.0 1.3
Amorphous Contribu~ SR S Y B -'_*” :"fﬁ3ﬂ"~  SUTTEEN S ,
88.56 78.4 73.9 84.0 T B8.9 76.0 - 79.6

%4
ASTM classification C 618-~78

Lz
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tgtra~éalciuh trialuminate sulfate phases and are reactive with water in
that they exhibit high heats of reaction épd set within a few minutes.
By ASTM standards these three fly ashes are categorized as Class C.
On-the-other-hand, the Nofth Omaha and clintén £ly ashes are
relatively inert because they contain small amounts of the cementitious
?}_coﬁpounds and rightfully fall into another category, which in this caée
‘is ASTHM Class F. The problem is with‘the Nebraska City ‘ash which also
 contains negligible amounts of the cemént: compounds and in terms of
‘reaction with water is re}atively inert, The Nebraska City fly ésh is
?;Cmayginally designated as g Class ¢C asﬁ, yet its'coméound.composition is

. more akin to that of the Class F ashes. Thus a loqical scheme to guide -

future research and possibly field application would be_classification ‘

" dceording to reactivity with water which could then be used to make

inferences about the presence, type and ‘amount of cementitious

¥ compounds.

The data in Tableé 12 also serves to illustrate two additional

points. The high heat of hydration of some fly ashes was thought to be -

due to hydration of lime. At least for thé three reactive fly ashes
.T'used in this study, Ca0 is only a minor conéﬂituentland reaction heats
‘Shouid be largely due to hydration of the cementitious compounds° Also
fﬁhe ability to quantify amorphous &ontributions which contribute to
_pozﬁolanic reécti&ns wiég lime, either addeégdire&tly or derived from
_tﬁydrétion of portland cément, suggests that for the seven fly ashes
i-?tested, the pozzolanic potential based on quanﬁity alone should he about
the same. Tests which are‘now used to assess %ozzolanic activity should
for three of the fly ashes investigated result in misleading informaﬁion

by incorporating the effects of strength due to cement hydration and the
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pozzolanic reactions themselves. Lastly, these fly ashes display &ﬁ?)
considerable range of inert compounds such as quartz , mullite and f'

- magnetite which should contribute little, either positively or{i3:

negatively, to performance. The lowest combination of relatively inert!fAﬁ

materials was 5.5 percent in the case of Council Bluffs ash while thej:~ﬁ

highest was 23.5 percent for North Omaha. The reactive composition,‘?"V

whether it be cementitious compounds or amorphous materials, should have -

a signifiqant influence on strength and possibly void structure throughi
devélopmént of delayed pozzolanigc reaction produ&ts.

Since the amorphous fraction is the most prominent portion of thé:{i;
fly ashes evaluated for this phése of the research,‘ an estimate of thé‘
glass compoéition is also ugeful to characterization. Data in Tables §5 §
and 12 can be used toc compute amorphous composition by sdbtracting ffdﬁy

the total elemental composition, those elements identified in compouhds@;

[
s

hese computations ar
North Oméha, the glass phase of all of the fly ashes evaluated héafﬁ*
alumina contents near twenty percent. A major difference was founé igf }
relative amounts of silica and calcium oxide with a pronounced tendéné?ﬁjh
for high caicium glass corresponding to Class C fly ashes and hig$'5:
silica glasées for Class ¥ fly ashes. The Neal 3 ash represénté.éﬁfi
intermediate,

Lime Eontents in the glass phase of the North Omaha and Clinton‘fly‘
ashes are.consistent with traditional concepts for pozzolanic reactions.
in that an external source of calcium is required to initiéfe réactions‘
resulting in formation of cementitious calcium—silicéte hydraﬁes.
Calcium hydroxide, a product of portland cement 'hfd;ation,‘ is the:-

.calcium source for normal pozzolanic reactions ocecurring in portland
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Table 13. Composition of Amorphdus Phase

c.{fSoﬁrce _ _ Weight Percentage Based on Amorphous Contribution
§10, AL Fe. O Ca0 MgO Others
S 2 273 23 (K, Na, Ti, $0,)
.. ‘Neal #3 . 49.1 20,4 8.4 12.6 2.4 7.1
,:}C@ass F ' '
29.9 20.0 7.6 28.1 5.7 8.9
|
26.6 21.6 7.1 32,8 4.6 1.3
U YGounedl Bluffs 29.1 21L& 5.9 30.9 4.5 8.2
© - Class C | .
Nebraska City 29.5 21,3 6.2 33.6 6.1 3.3
“iClass C : '
ooy f |
51.5 33.1 10.4 1.6 1.8 1.6 é

55,0  21.3  16.5 4.9 0.0 2.3 -
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cement-fly ash concrete. The manner in which high'calcium glass can

interact with hydrating or hydrated portland' cement is not yet"¥i7”

understood. = However, high early strengths and optimum fly ash contents

for maximum strengths, which will be discussed later, may be tied to ;1"

high calcium amorphous fraction of some Iows fly ashes.

Soundness of Fly Ash Concrete

PR W

Crystalline forms of calcium and magnesium oxide discovered in -

nearly all of the Iowa fly ashes (see Table 12) raised concerns about‘_" '

the potential for problems resulting in delayed hydration and the{i_z
expansiveness of hydrates. In this phase of the investigation, three  .

samples of‘ Iowa fly ashes and one Type I portland cement. were usedg
.Substitution of fly ash for cement ranged Ffrom 20% (as reguired in ASTHz '7
¢ 311) to 50% by weight keeping the research construction oriented. B |

All test .specimens were autoclaved in a Cenco autoclave which

complied with all’ specifications listed in ASTM C 151. Lengthrf

measurements were made with a Soil Test extensometer {model No. CT384)f?fi
which qompliea with calibration requirements described in ASTM C.4§0;; '
Elemental analysis of these materials is summarized in Tébles 14 and i5§ 

"Fly ashes were analyzed By QXRD and QXRF using the Siemens
eéuipment described earlier. The details of the calibration, operatidn..
and sample preparation were also described earlier.

The Type I portland cement wés obtained from the 1IDOT and it
consisted of a blend of cements from the various cement p;anté in Iowa.
The IDOT also performed elemental analysis ‘and some physical tests on
thelblended cement the results of which are listed in Table 14. The

elemental analysis results are in good agreement with those obtained by

QXRF.
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Table 14. Type_a T portland cement.

U;O‘xide . Wet chemistry QX.RF analysis
L ' analysis?® (average of 2 samples)
wt. % wt. ¥
CaO 66.97 a 63,68
| ..'f_.=_A_12_()3 4.52 .37
Crem 2w | 2
:‘]'{."‘sjiqz S R o 22,09
S0, 2,48 - 2,67
0.61 | 0,64
e . 0.24
3.12 3 62
0.19 0.23
_____ - 0.11
Total = 100.13
Free "‘Céo: Phy’siﬁal properties:?

Specific surface: 3550 szlg (Blaine)
Insoluble residue: 0.357%
Jgnition loss: 1.16%
Autoclave expansion: 0.06%

K aObtained from Towa Department of Transportation Material laboratory. *

bFrom Bogue'seqﬁétions ag listed in ASTM C 150;
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Table 15. Characteristics of the three fly ashes used in this study. =y
Elements _ a b _ la
converted to Neal 37 (¥F) Neal 4° (C) Omaha North (F)
oxides .
QXRF resulfs
$io, 50.54 32.09 49.95
Al,04 18.13 19.71 24,12
F0203 7.87 5.79 18.19
CaQ 13.61 29.47 -1.98
Mg0 3.14 7.74 1.31
- Tioz' 0.66 1.17 0.65
Na,0 0.51 2.23 0.56
K,0 .24 _0.30 _1.06
Total . 95.70 98.51 97.82
Compound Neal 3% Neal 4° Omaha North®.
QXRD resultsg |
€a0 2.3 1.1 0.2
Mg0 1.0 3.0 o
3Ca0‘A1203 0 3.9 0
810, 7.0 4.6 9.9
Fe304 0.8 1.5 10.0
3A1203'25i02 0 0.2 3.6
3(CaO-A1203)CaSO4 0.2 0.5 0
CaSOA 0.3 1.8

0‘3

a
Denotes the average of 3 tests, otherwise

bLetters denote ASTM C 618 classification.

2 tests were averaged.

cIndica;es data taken from Progress Report #2 IDOT HR - 225,
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.Two methods were used to measure the free calcium oxide content of
the cement while qnly one method was used to determine the free
magnesium oxide content. The tricalcium aluminate content of the cement
wés célculated by using Bogue's equations as defined in ASTM C 150.

All autoclave samples were made, cured, and tested in accordance
witﬁ ASTH C 151. Distilled water vas used throughout the experimént,

B To investigate the influence of chemical composition on autoclave
expansion, the total composition of a given mixture can be coﬁputed as a
. weighted average using the results of the chemical analysis for the
porﬁlana cement and fly ashes. For example, thé;percent of "A" in a

given mixture can be expressed as:

WT(FA)(% Agy) + WT(PC)(Z Ap.?l
W

X Am (2)

T

which reduces to

o % A= PACL AL) + PC(XALD)

- where: A is the total amount of "A" in a mix

W, is the total dry weight of a mix

FA is the weight fraction of fly ash in a mix

PC is the weight fraction of portiand cement in a mix
% Agy is the percent of "A" measured in the fly ash

% Aﬁc is the percent of "A" measured in the portland cement

Fifty-two specimens were molded and subjected to autoclavingf

Included in the fifty-two samples were eight control samples composed-
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only of portland cement, Appendix B lists the autoclave expansion andffj'

chemical composition obtained for every cement-fly ash mixture :

investigated.

a1l of the expansion data for the cement-fly ash mixtures was . : ©

divided by the average expansion observed for the control-specimens,_ﬂu'

this normalization will be called the relative expansion (RE) which is~
simply the expansion observed for a given cement-fly ash 'mixtureiQ'f
relative to the average expansion of portland cement. The Statistical .

Analysis System (SAS) was used for investigating possible relationshipsﬂﬁ :

'

between the relative expansion and the chemical composition of the-;"

| cement~fly ash mixtures (5).
| Regression épalysis indicates that free calcium oxide has by f$r u
the most significant influence on the relative expansion of the cement—ﬁ
fly ash pastes. In fact, it was the only single variable that
correlated weliﬂwith'relative expansion, all the other variables iisted'_
in Appendix B did poorly. Figure 4 shows a plot of the aipansion daté'i
versus the free calcium oxide of a given mixture.
For practical purposes the data in Figure 4 can be split into twp;} :
distinct parts.  One part would consist of the nearly' linear, lowér¥ 
portion while the other part would consist of the steeply inélinedk=.
poftion of the curve. _Engineérs who wish to design on the conservativé'
side would always desire to be on the lower portion of thé_curvé where
expansion is fairly predictable., Regression of the data from the lower
portion of the curve indicates that two variables (free calcium oxide
and calcium alumipate) play a role in the auotclave expansion of the
different‘mixtures. The resulfing model generated with thg help of

statistics is as follows:.
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RE = 3.46 (% Ca0) + 0.38 (% C3A) - 2.66, R® = 0.90 (3)

On the other hand the upper right hand portion of the figure is .

dominated entirely by the free calcium oxide content of the mixture, for _'f

which a relationship can be expressed as follows:
RE = 722.05 (% Ca0) - 665.08 for Ca0 70.85%, R® = 0.96 ‘(4).lw‘f

In summary the significance of this evaluation is that the

detrimental expansions caused by the compounds in fly ash are due to‘ft :

free Ca0 alone as indicated by equation 4.

Lime Pozzolanic Activity

During the conduct of this research, a question arose about the 4"“

validity ofl the pozzolanic activity test,specified by ASTM C-618 and;j
described in ASTM C-311. The intent of this test is to provide a rapidfﬁ.
(seven-day) assessment of the pozzolanic character of £fly ash through?;‘;
accelerated, high temperature curing of fly ash-lime mixtures witﬁf}g

success being expressed as a minimum 800 psi compressive strength, .

regardless of fly ash class. It was found that most high-lime fly asheS]IT'

which’ produced superior results with portland cement consistently failed:

1ime-p§zzolan tests while  low-lime fly ashes passed the ASTM standafd;
Also, it was found that results for ISU tests én higﬁ-lime fly ashes
were not consistent with those,from another laboratory outside the
state. Isy 1ime-pozaolan‘ results were negative and  the other
laboratory's results always exceeded the standard.

Figure 5 summarizes the resuits of experiments dealing with the
pozzolanic activity test as defined in ASTM C-311. Three types of

hydrated lime were used in the experiment. Reagent grade indicated lime



\REASENT GRADE LIME

8¢

NE4

E— |

NEZ ‘ CBF

TYPE OF FLY ASH

. Figure 5. Lime Pozzolan Test Results

ot
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or pure calcium hydroxide as specified in ASTM C- 511 was obtalned from3
Fisher Scientific Co. Commercial lime was obtained from Snowflake and a;-
third lime was prepared by mixing 95% (by weight) of reagent grade 1xme;i

with 5% of reagent grade magnesium oxide. Four different fly ashes were;:

used in this study, three were classified as ASTM Class ¢ (Neal 4, ;?
Council Bluffs, and Ottumwa) while one (Neal 2) was designated as claggﬁf
?; Compressive strength cylinders were prepared‘and cured in accorﬁénﬁgf;
‘with ASTM C~311. After seven days of curing at 55 °C ﬁhg samples'wefg .
cooled to room temperature and tested in unconfined compréssion5 |

The differences between the three types of iime are quite dramatiE: 
If ASTM C-311 is followed to the 1etter and reagent grade lime is usedf
to mold the test spec1mens then all three Class C fly ashes fa11 the '
Itest. The élass~F fly ash passes the test by excee&ingrthg ‘BOO'ps;;
minimum. | | o |

When commercial lime is used all of thé'fly ashes easi1y pa§s tﬁ#f
test. Strength is enhanced by about a factor of tﬁree for éll ofzthé:
- specimens containing the Class C fly ashes. The strength of the 
speclmens containing the Class F fly ash 1ncrea§eﬁ only 23 an lncreasé;
that may not have statistical significance. The reason for the drastlé
increase in strength is not fully understood at thxs time but sm311 
amounts of lmpurltles in the commercial 11me appear to play an 1mportant

role.

One of the common 1mpur1t1es in lime is magnesium oxxde ‘and that.
waé- the rationale behind preparing the third type of lime which
.contained 95% calcium hydroxide and 5% magnesmum oxlde. The_addltlon of
magnesium oxide to‘the mixes_enhances 'the strength of the. spgciméns

containing the Class C fly ashes by a factor of two; the stren@th gain

i
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ﬁf the specimens'containing a Class F £ly ash is negligible.
It wa#_fbund that several iaboratories.routinely run lime-pozzolan
.tgsﬁs‘with éommeréﬁal grade lime because it pfoduces_ better results.
”-.The primafy issgés are, however, whether ;he'liﬁe-pozZolan test has
ﬁeéhing with régard to determihing suitability of fiy ashes for use with
a.i'pﬁttland ceﬁént and why minof additives such as magnesium'oxide and

- others probably present in commercial lime can have little or no

;influence.cn' the Class F fly ash and pronbunéed strength enhancement

_ with'the Class C ‘fly ashes. To address the first guestion, it is

fassociated with calcium hydroxide as simplistic  chemical models
. indicaté. - In reality, portland cement contains numérous trace elements
"(i.e. as crystalline substitutions, -~ in an amorphous phase, and as

-”lﬁ}&istinct com@bunds) along with as much as 5% magneéia ( 6). 1f fly

it is suspected that such

- Wi semiih LN )

" ashes perform well with

‘behavior is due at least in part to impurities in a commercial product.

;tést using an impufe commercial lime may also be of little value, mostly
‘Tbecéuse théfe is at present no means for insuring that iﬁpufities are
i_ feéfeseﬁﬁativé'of‘those from portlandlcement. Due to trace variations.in
.}?aw'cement feed, it seéms-possible that different sources of portland
. cement could behave differently with a given fly ash and the best
- recourse is to evaluate fiy ashes with-the-Cement proposed for use, that
 i§ until the problem {§ better defined. =klso, it seems entiraly
lﬁésaiblé that an accelerated version of the normal 28~day cement

.fpozzolan test is possible for the high-lime fly ashes.

. pecessary to reconsider the view that pozzolanic reactions are entirely

"1f such impurities are nonexistent in reagent grade lime, a test

involving such a material is of little practical value. A lime-pozzolan
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The second aspect of the lime-pozzolan study invdives_differen¢ési'

in behavior of fly ashes in conjunction with impurities in hydféiédéf
lime. The Class F fly ash, one typically noncementitious and contalnzngy“
low calcium glass, showed little difference in response regardless of;f
impurities. On the other hand, dimpurities from commercxal lime Qr;;
reagent grade calcium hydroxide with magnesium oxide improved strengtﬁégl
for the three cementitious, high calcium glass fly ashes. Af thiﬁi
p&int, an analysis must remain speculative because of the complexigiﬁgv
‘of the system. Although present knowledge of portland cement chemi#ﬁfy‘]
(7) does not suggest that impurities should have én influence.;dﬁﬂ
tricalcium aluminate reactiohs,.such a possibility cannot be elimina:ed;'
Even less is. kndwn about reactions associatéd with the high-caiéiﬁ@A.
amorphous. phase; however, Iowa DOT research being conduéted .unﬁér
project HR :260 shows the presence of trace compounds can cause the‘
dlssoc1atlon of such amorphous materials and tﬁe formatlon of calczumul
aluminate= 5111cate hydrates in the absence of calclum hydroxlde. e
Deflnztlon of impurities and the resultant reactlon products couldl
lead to more efficient use of £ly ash not only with portland cement*but.
as a cement itself. However, a hypothes;s can be prcposed to explaln
the influence of Mg0 on pozzolanlc activity of Type ¢ fly ashes. Tﬁe
glassy phase of a Type C fly ash rich in Ca0 ;esxsts the attack by
Ca(OH), because of sqturatién with Ca ions. MgO which forms ﬁg(OH)a;
brﬁcite, uﬁon hydration, is isqmérphous with-octaheéﬁaliy qufdiné;éd
A1(OH); (gibbsite stru;ture) present in the glassy phﬁse.l'Therefbre tbé
hydration product Mg(OH) cén pénetrate the glass in_thé form of solid
solution replacing lAl(OH)é 6ctahedra and breakiné the' g1ass struéture

rich in-Ca0. - The result then would be crystallization of cementitious
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"‘_yroducts consisted of silicates and aluminates of calcium. Type F fly
 ashes lean in Ca0 contents are vulnerable to the attack by Ca(OH), and

therefore less prone to the manifestation of the action of Mg(OH) ;.

Heat Evolution Test

Knowledgé that some Iowa fly ashes contain aluminous compounds

1.1eéds to.the nc#ion that a practicai method for diagnosing'the presenée.
f;?“d possibly the guantity of these compoundé could invoive evaluation of
?k#he heat gene;ated during hydration or more simpif correlation to
.%émpefature chéﬂge in an inexpensive célorimeter., Knowing the quantity
féf; éementitious compounds in fly ashes coﬁld have particular
f%ignificance‘when thése materials are used as soii‘gtabilizers thus a
{#%gi involving a dewar vacuﬁm flésk, a chromel-alumei therhopoﬁple and
.én electronic chart recorder was ‘devised. The prbcedure involves

;;;;placing twenty milliliters of tap water in a styrofoam cup, plaéing the

.. cup inside the dewar flask, and positioning the thermocouple junction in

‘.3the water. Thirty grams of fly ash are then sprinkled into the water
" and a cork is used to seal the dewar. The recorder and thermocouple

| system then produce a curve which shows temperature increase versus

.  rea¢tion gime during hydration. The heat evolution test was performed
on six_Iowa fly ashes and to evaluate the potential for rétérding Cza
__hydration the Lansing ash was mixed with,différent .percentages of
gypsum, It should be noted that a similar test was developed at the
: fexas Tranéportation Institﬁte in an attempt to find a quick method_cf
Lférrelating éleménial c&iﬁium content expresséd as oxide to temperature
‘?ise which occurs when.fly ash reacts with hydrochloric acid (8).

The results obtained from the heat evolution tests are presented in




43

Figures 6 and 7 and are summarized in Table 16. Peak temperature;3;_

- increases for fly ashes containing aluminous cements fell in the range . -

of 10-20°C. These fly ashes definitely belong tq Class C. Nonwreacti?gl;éf
a#hes showed a temperature increase of 1°C over a period ranging from 3§':ﬁf
" to 60 minutes. Two of these fly ashes, namély Clinton and North Omaha;?: 
are definitely'Type é ashes. However, the Nebraska City fly ash bgha§g§  *
similar fo Type F ash in all aspects except for sesquiéxides_plus siiié;?‘j
content which place it in the Class C category. -
The data oStainéd from the heat evolution test on 'Lahsing fly ash
are of. interest.because they show the influence of gypsum in dél&Yinéﬂ-

the time to peak temperature. The test run on the Lansing ash.without;3

gypsum showed a temperature increase over a period of 22.5 minutes with.

the peak temperature increase at 22.5 minutes being 20°C. ‘?hg‘anqiyéiﬁi'
of the -ash witﬁIB% gypsum showed a i9 °C temperature increase 6v¢r;éﬁ
extended period of 66.0 minutes. When the oscillation diffraction daﬁgj
in Table 7 arev'éoﬁpared to these‘results, an intefesting‘ trend can béi"i
éegn. The pgriods of ettringite formation or consumption of tricalciﬁm!
aluminate correspond to that of time to .peak temperat&re as Vshowp;iﬁ
Figure 8. |

Although the data available thus far are not adequate to support é“
predictive correlation, the trends show that there is potential for
déveloping & correlation between temperature rise and the amount éf
aiuminous:compounds if such pha;es are present alone in fly ash. Such_é.
test would involve nothing. ﬁore. than a styrofoaﬁ"container- and

thermometer.
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Figure 6. Heat evolution vesults for six fly ashes.
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Figure 7. Heat evolution with gypsum.
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Summary of Heat Evolution Tests

lr‘Fly ash

Maximum temperature
rise, AT, °C

Elapsed time, t, min.
for attainment of
maximum temperatures

Council Bluffs
ﬁéal'#a

'Lansing

:Lansing +°'1.0% gypsum

;Lansing + 1. 54 gypsum

| Lansing + 2% g‘ypsum

Lansing + 3Z gypsum

'Nebraska City

:ﬂ?#ﬁhCONaha

13.5
10.0 r
20.07
18.0
19.0
20.0‘
19.0
1.0
1.0

1.0.

38.3
70.0
22.5

. 32.5 .
36,0
43.5
 66.0
60.0
30.0
30.0
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‘ (:) Time to completion of
300" i

ettringite formation | ®

% Gypsum
o
=]
+
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Period of temperature increase, min.

Figure 8. Effect of Gyépum on the Rate of Hydration of Lansing Fly Ash.
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. Freeze-thaw Durability
- In Figure 9b durability factor, a relative measure of sonic modulus
before_and after a specimen has unéérgone freeze-thaw action, is plotted
“against percent fly ash for all the mixes listed in Appendix C.
‘Obvidusly, an extreme range in performance is possible for fly ash

| replacements up to 75 percent while at 100 percent fly ash, durability

: féfféctbfzplummeted to zero. To comfortably use fly ash as a replacement
,  ;Luf9r ‘ﬁortlahd cement, it is essential that causative. factors be
“fi?i §s£ablished. With guidance from knowledge of what factors can influence

3F.¥ freeze—fhaw durability, it is possible to use a computerbased sorting

'H“ff'rbutine to make sense of the available data. Iowa DOT research has

 H ;f§reviouSly established the importance of aggregate tybe on resistance to

4uilicyclic freezing (8) while the concrete literature ih&icates'that void
";;_cdmposition and water cement ratio are éignificant factors (lé).

One aspect of concrete void composition, entrained air, will be

used as a starting point for an evaluation of variables. Fiqures 10 and.

"~;a11 illustrate the influence of air entrainment on concretes made with

??'NEal 4 fly ash. These data are for concrete batches with 0, 25, and 50

:ﬁ;percent fly ash, and two aggregate types - Montour and Alden.
,T:ﬁeutralized Vinsol resin was used to entrain air at contents ranging
.;from 2.6 te 12 percent.. Air contents were measured byl the pressure

" méthod in accordance with ASTM C 231-82. . For the Alden aggregate,

;i‘ﬁ‘_durability factors exceeding 90 percent can be achieved for fly ash . 5.

) replacements up to 50 percent, that is if air content exceeds a critical
value on the order of STﬁércent. Critical -dir contents also exist. for
' : f

" the Montour aggregate, but ultimate dqrabilit; is also controlled by fly

©""ash content.

At 0 and 25 percent fly ash an ultimate durability factor
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of 90 percent was realized while at 50 percent fly ash a durability
factor of 60 percent was the upper limit.

1f data for air contents exceeding that required for ultimate
.duraﬁility‘are considered,  behavior relative to aggregate type can be
~evaluated. Figures 12 and 13 are results for durability tests on
concretes'made from Alden and Montour aggregates and Neal 4 fly ash

- replacements up to 100 percent. Water/cement ratio, based on cement and

{fj;-fly ash, was reduced with added fly ash content such that slump was

"~ maintained at less than six and more than two inches. Without fly ash,

"a five batch average durability factor was 92 percent. ‘At 25 percent

_i f1y ash, average durability ‘for both aggregates remained at the

ﬂ'"'untfeated level, but at 50 percent replacement a significant difference

f.was observed. Durability factor for the Montour aggregate held constant

?,td'?S percent replacement, and dropped to zero somewhere between 75 and

' ff?ibﬂ percent fly ash replacement. The Montour ‘aggregate however, showed

“Ufgja‘significant loss in durability beginning at 50 percent replacement.

A second series of data sufficient to support general observations

o on the influence of fly ash on durability factor was developed with

Hg3fGi1more City aggregate and fly ashes from'fivé ditrerent Iowa sources.

o The same sorting criteria were used for the déta in Figure 14 which in

:  this case shows a slight decrease in durabilfy factor at replacements
from 35 to 50 percent. ;

In & general sense, results presented in this section serve to
‘confirm those previously .discovered in Iowa DéT research (9), namely,
:1%hat‘ coarse aggregate type can have an‘ iﬁfluence on durability ° of
;7coﬁcrete made with fly ash. . Differences betéeen this and previous work

.;‘are that the aggregate~fly ash interaction phenomenon has been explored
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 for higher fly ash substitutions and that loss in durability for Alden
‘”»aggregate_ is somewhere beyond the 75 percent replacement level,
Durability reduction for the Montour aggregate occurs at much lower fly
ash replacements (i.e. Dbetween 25 and 50 percent). The Gilmore City
aggregate appears to be an intermediate material' where a slight

degeneration in durability with fly ash can be obserﬁed, at 1eaét up to

-~,ﬂ ‘the 50 perceht fly ash replacement level.

In as much that the ASTM C 666-80 durability tests are capable of

. predicting field performance of portland cement concrete, these results

suggest that for at least one aggregate (Alden) the introduction of fly

sh has little influence on resistance to frost action, even at fly ash

‘,Freplacements up to 75 percent. For a second aggrégate (Montour), these

'ff,iresults indicate a 25 percent fly ash replacement limitation. although

'iyiftraditionally, the Alden and Montour aggregates occupy different

‘f_positions in the Towa DOT durability classifi&étion scheme (11), samples

. used in these tests show very little difference in non-fly ash
goncretes. A significant question leading from these results is how

:;“ miéht differences in behavior of these and other aggregates be predicted

i _short of the lengthy, time consuming ASTM C 666 durability test. A

.+ necessary element to prediction is understanding the mechanism.

./ Durability and Pore Structure

For a given aggregate, pore structure of the mortar phase of

”°; ,hafdened concrete is widely accepted as a major contributor to the

freeze-thaw durability of concrete (10,12,13), The pore structure
“exclusive of entrained air is comprised of two distinct groups of pores,

jcapillary pores and gel pores. Capillary pores are voids that were
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originally water in the fresh paste, and as the water was consumed

during hydration of the cement compounds, these voids reméined. Inw
immature pastes, these voids are interconnected, | but as hydratio;?__
proceeds, hydration products may block or at least reduce the siée pf’f.
these pores {(13). It has also been shown that intreduction of fly ash,_
can further reduce capillary size through production of solid pozzolaﬂiétf
products (1C). Capillary pores determine porosity of concrete, can‘ac£5_
as'a feservdir'of unfrozen watef, and can thus play an important role:iﬁf
determiﬁing the concrete's durability against frost action (105. |

. B second somewhat arbitrarly defined group . of pores are called gei._
pores. These are the very small interconnected, interstitial sp$¢§si
between the.gel particles with an average diameter of 15-10 A (10,12};}

Both groups of these pores areé important to freeze-thaw durability, but

it is not just the total number of each group, or their combined volumé, ,

but‘.rathef- tﬁé: overall pore system distribution that determﬁhég;
durability. ‘

An impoftaht_ aspect of evaluating the influence of Capillarg'gﬁé{
gel pofes‘on freeze~thaw durability is the phenomenon of freezing pdiﬂé‘
depression in capillaries, Pore water freezes in capillariés-Iat

different temperatures based on the equation 5:

2vT, -
F = oNT ¥
'wﬁere
r = radius of capillary
Y = 29 ergé/cmz (surface energy)
1_= 80 calories/gram (heat of fusion of ice)
To.m 273°C (absqlute zero)
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Y

1 gram/cm3 (density of water)

AT tempérdture (°C) at which freezing occurs,

i

_‘which reduces to

o413
- AT

' - where r is in Angstroms (E).' (It must be remembered that this equation
is based on ideal properties and is therefore ‘an approximation.)
. "If the standard freeze-thaw durability test (ASTM C-666) is followed and.

- the temperature is reduced to 0 °F (-18 °C), then freezing would be

. initiated in all dapillaries larger than 26 radius. Thus, the water

31f1!wi11 not freeze in pores smaller than 26 A but they are still important

}ﬁtc the durability by being a source capable of feeding water to larger

' 'pores, where water can be frozen.

A third factor in concrete dur&bility is entrained air. - Entrained

.. .air is voids that are intentionally incorporated into the paste by means

The main function of entraihed air voids is believed to relieve the

. osmotic pressures caused when water starts freezing in the larger

‘:-f,Capillary pores and the freezing water moves toward bulk ice in the

° 1 ;freezing front to reach thermodynamic equilibrium (12). Thus, the

“actual controlling factor in determining the effectiveness of air

. entrained voids is the distance between adjacent entrained air voids

‘ﬂinterconnected by capillary pores or the spacing factor. The shorter
‘- the spacing factor, the easier and more quickly osmotic pressures can be
“relieved. It is generally accépted that for the wvoids to provide

7 "adequate protection, a spacing factor as measured by microscopical

w" determination (ASTM C 457-71) of approximately 0.20 mm or less is

T’réquired {14).

—
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Previoué research has shown that air bubble stability is influenﬁgd 
. by water-soluble alkali. present in portland cement (16) while - m¢§;;
receﬁt work suggests that alkalis in fly ash. can have a simiﬁéﬁ!f
influence (17). It was hypothesized that bubbles in a plastic fly asﬁ;£ 
concrete mortaf were less stable and coalesced, thus diminishing‘tﬁéfi
abundance of sméll bubbles and increasing the Qpaéing faCtér:i
Neutralized Vinsol resin (the standard for laboratory testing) was fo@ﬁa:
to be less stable in the presence of fly ash than neutralized salts §£ 
sulfonated hydrecarbons. These observations were further supportedlbyf
observing air content retained in plastic fly ash. concretes with tiﬁg{{
ASTM C 618 Class C fly ashes appeared to be more stable than 01355 ?i

ashes (17).
Pore Structure Evaluation

In an attempt to explain the fly ash-concrete durabilit? ﬁhenoménééf
for Nontour and Alden aggregates, three technigues were used to evaluégé‘.
pore composition of hardened concrete, Three groups of specimens ﬁg#é 
made from selected concrete batches for ranges in fly ash replaceﬁgﬁé
and frost durability performance. These specimen groups are definéd in.
Table 17. It should be emphasized that what is‘termed constant water-

‘cement ratio is in terms of water-portland cement ratio a variable. A&s

fly ash content increases, so does water-portland cement ratio.



62

Table 17. Pore structure evaluation groups

Grdup, . Description Appendix C
' Batch Number
i : Constant water—cementitious materials 3z, 34, 36,
(cement plus fly ash) = 0.43 41.1, 41.2
Slump = 2 1/2" to 8" 42 to 46

Fly ash content = 0, 25, 50, 75 & 100%
Alr content = 5.4 to 7%
Aggregate = Montour and Alden

JIT Constant slump = 2" + 1/2"

D Water-cement ratio = 0.42 to 0.30
Fly ash content = 0, 25, 50, 75 & 100%
Air content = 4.7 to 6.0%
Aggregate = Montour and Alden

% 5 Variable air = 2.6 to 12.5%
5 Slump = 2 1/2" to 6" .
Water-cement ratio = 0.43 to 0.38
Fly ash replacement = 0, 25 & 50%
Aggregate = Montour and Alden

37 through 41

.47 through 51

52 through 67
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Mercury Porosimetry

Mercury porosimetry (MP) is a fairly simple and versatile methodlsfﬂ”
investiéating the pore size distribution of porous materials, The bééig;i
principle is that mercury, a non-wetting liquid, is forced into poresl§§;
a gradually increasing pressure. The pressure applied can be converﬁééf

into the pore radius using the equation:

r = ;§X§§Q§§ : | (6;1.
where
r = vadius of the pore
v = surface tension of mercury (484 dynes/cm
0 = contact angle (117° for concrete paste)
P = preassure,

is equiéped with & microprocessdr° 'It measures the wvolume of méréqf§ 
intruded, and plots the cumulative volume of mercury versus the pressﬁ?é;
or radius and the first derivative of the volume-pressure funcfiéﬁz
{(dv/dp}. This function, when converted to change in valume with réé?éé;
to radius {dvfdr) and plotted versus r, represents the size disttibuﬁiﬁﬁ
~of pore volume. That is, the area under thedV/d:vefsus T curve for a
particular range of radii represents that. radii range of total pOre
volume ., Fof example, if the total area under the curve was 100 units
and the area under the curve from 20 i to 30 ﬁ was 2, then 2% of the
total pore volume would be comprised of pores with‘radii from 20 & to 30
%. : Thﬁs, the plot of dV/dr wversus r is a form of pore siée

distribution.

As porosimeter pressure is increased, mercury is intruded into



64

smaller and smaller pores, When the pressure is high enough to force
- -mercury into a small pore that is qonnected to a larger air void, the
-gir void is also filled with mercury. The porosimeter reads this volume
as if it belongs to the smaller pore radius whereas din reality much of
_that volume 1is air wvoids. This limitation is partially overcome by
- gradually reducing the pressure after the application of the maximum
pressure, This depressurization results in the extrusion of mercury

from the uniform pores intruded up to constrictions which connect

‘f“,uniform capillary pores to large voids. Therefore by gradually reducing

- the pressure an extrusion curve, showing the size distribution of

. iconstricting capillary pores is obtained. A second intrusion may also

'iiibg used to obtain the size distribution of the constricting capillary
' pores. But in mercury porosimetry the sizes of const;idted‘;afgef voids
JL;f;emain unknown. Thé ratio of the volumé intruded tfo the volume extruded

?:T.Qithin a pressure range {which corresponds to a capillary sizé range)

€5a1f851ects the volumé of large wvoids with constrictions of this size
5Q.£ange.

The evaluation of concrete mortar pore structure by mercury

"ff:porosimetry was accomplished using two sets of graphs. The volume

;ﬁersus radius (V/r) plot primafily illustrates total pore volume, and
_ifhe dv/dr versus r (dV{r)) plot illustrates pore size distribution..

The V/r curves for constant w/c, Group I, concrete and constan;
T.:slump, Group II, concrete are shown in Figures 15 and 16, respectively.
_Total pores occupy twice as much volume in  the ;onstant'w/c mixes as

Eh“f iﬁey do in the constant slump mixes, except at 100% fly ash replacement.

”} "This dramatically illustrates how w/c¢ effects pore structure of hardened

7 concrete mortar. Comparing Montour aggregate and Alden aggregate from
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the same figure, it does not appear that total pore wvolume ‘féf'
sxgnaflcantly changed by coarse aggregate, in either constant w/c:éfiﬂ
constant slump mortars. L
The-' dv({r) curves illustrate pore size distribgtion ﬁfoﬁ '
approximately 260 2 to 18 4. By comparing the general shape of thesé?
plots, it is possible to determine how different factofs such as glf;
ash, aggregate, and w/c, influence the pore size distribution. ’
The first comparison is the constant w/e (Groub 1) mixes. Thg_
ﬁontour aggregaté_ (Figure 17) contrel mortar shows an increas&#éj
percentage of pores, as pore radius decreases, In'contrast, th§ Aid%h
aggregate (Figure 18) control mortar has a much more uniform poré‘éi?é;
distribution. This difference is significant becéuse it implies §~no€§i.
concept: ﬁhe pore constriction distribution of concrete mortar may?bé

and 75% fly ash

altered by coarse aggregate. Comparing the 25

::\°

50

(:\°

replacements in Flgure 17, to those same replacements in Figure 18,-alsoi
illustrates what appears to be an alteration of pore dlstrlbutlon.

When fly ash replacem&nt percentage is increased bayond 75% ':;ﬁ%
pores smaller than 26 A decrease in percentage, whlle the larger pores
increase in percentage of total pore volume. This trend is more eVidgqt
in concrete made with Aldgn aggregate, but is‘-also true in'Montéur‘
aggregate concrete as well. |

The seéﬁnd comparison is with the constant slump mixes (Figures 19
and 20), Here, durability factors (DF) should be kep£ in mind because the
strength through 75% fly ash replacements for both aggregates were
stronger than the controls (See Appendix C).- The concrete made wifh
Montour aggregate was only durable through 25% replacemént; whilé Alden

aggregate-conerefe wés durable through 75% fly ash replacement. Yet,
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there is no substantial difference in pore gize distriburion of 50% and
" 75% replacements méde with Moﬁtour aggregate (Figure 19), and the same
fly ash replacements made with Alden aggregate (Figure 20). This
.suggests that as measured by mercury 1ntrusmon pore size distribution
15.1p£1uenced:by-var1at1on ;n_waterqurtland cement ratio bﬁt there does
hﬁf_qapbeér té 'Be._é_:correlaﬁiﬁn' ﬁo_ durébility factor; - This is
génﬁiéuiatly ‘true whe?é wate?-cement (p§rtiand demeﬁﬁn-ﬁlus fly ash)
1;§tio§‘wereﬁreﬁucéd to méintain cénétant slump

In an attempt to clarlfy thls obscurlty the thlrd group of

,experlments were 1n1t1ated durlng the latter part of the project. The

i'ary of results obta;ned during thls period are ;tgbplated in Tables
18:and 19. -More detailed pore size'distribution 5ar gféphs are given in
'Appendxx D. The data in Tables 18 and 19 and Appendix D were obtained
by graphlcal 1ntegratlon of _mercury poros;metry results, The difference
'bequen the total volumes intruded durxng the first and second intrusion
.qgéigs indicate the volume of large §ores (vhich include the air voids)
ihﬁ;fc§nngct§d b§.Capiliary, pores. - The déﬁa repﬁrted in these tables
‘aﬁéléppendix D indiéate & ppre-§qlume and structure change with age and
the volume of pores_ thh openlngs 1arger than 500. A “along with the
é;ﬁunt of entralned air appear - to play a decxsmve -rqle‘ln concrete
durab1lzty | Cnly those concrgte m;xes w1th very low entrained air
?cqptents failed in durability.. All other mixes tested thus far showed
 ég£i§fac£§fy dufability. It is possible that mixes made with higher fly
;é;ﬁ ébgtenté‘ {especially thdse prepared witn Montour aggregate} will
‘?%gow larger variasbility in durability making correlation of durability
f;ith pore structure possible. Results of tests with higher fly ash

' ééﬁtents which should offer more decisive differences in durability will

\Tf_._—.

a
— -
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Table 18. Summary of mercury porosimetry results for mortar phase of con~
crete prepared with Montour aggregate and durabllity results.’ -

_ % Total vol. - intruded Lo
_ * S
Entrained Cure, Avy ANy (Avl) Strength, Durability

:ﬁEFlY ash, Z W/C air, % days 1st Intr. 2nd Intr. AV2 500 psi _ﬁaqur
0 .43 2.6 3 14.2 5.9 2.1
7 7.9 2.3 1.9 5250 e
28 9.0 2.9 6500 D
90 7300 0
0 41 6.0 3 17.4
7 15.9 4.9 2.4 ‘ R
28 10.7 1.9 5.4 4750 93
90 5650 . 89
0 41 9,5 3 24.7 9.2 7.0
7 19.4 3.7 5.5 3600 S
28 20.7 7.1 6.4 4450 94
90 4950 .93
0 41 10.5 3 21.9 6.2 3.8 | o
7 21.2 3.3 A 3400 . e
28 . 21.6 4,2 12.8 4200 91
90 4700 8l
25 .40 3.2 3 12.9 6.5 1.1
-7 14.1 8.1 2.0 5250 o
28 9.9 3.5 1.3 6650 B
90 7600 0
25 .38 6.6 . 3 17.4 8.1 3.5 _
7 29.2 8.9 4.3 4450 o
28 14.1 2.7 b 5750 1
90 ‘ ‘ 6550 84
25 .38 B.5 3 20.1 8.3 4.2
7 21.4 7.0 20.8 4100 ,
28 15.6 5.5 2.0 5150 89
90 . 5600 85
25 .38 11.2 3 21.6 5.6 7.4 _
7 25.9 9.5 2.7 3100 S
28 4050 96

90 - 4450 79

* A
Ratio of first and second intrusion volume of pores larger than 500 A.



74

Table 19. Summary of mercury porosimetry results for mortar phase of con-
: crete prepared with Alden agpgregate and durability results.

. % Total vol. intruded

' Entrained Cure, Avy Avy AVl) Strength, Durability
Fly ash, % W/C air, % days  1lst Intr. 2nd Intr. ‘AV3's5qp psi ~ factor
0. - .43 3.4 3 13.9 5.5 1.6
IR 7 , 5550
11 15.8 9.8 2.7 :
28 12.3 6.6 2.6 6300 0
90 : 7600 , 0
0. - .h2 10.5 3 21.5 5.4 4.3
L , 7 21.2 11.2 2.0 3250
28 19.9 6.2 . 9.8 4150 100
90 : 4850 88
0. .42 12.0 3 26.9 7.7 4.7. :
R 7 : 2950
11 27.71 3.5 6.9
28 1 : 3600 95
90 ‘ 4250 93
25 . .39 3.2 3 12.8 5.3 L 1.4
L 7 i ’ 6050
11 14.9 9.0 2.8
28 | 7150 0
90 - 1.0 8100 0
25,39 8.7 3 120. 4 9.0 3.8
: R 7 118.5 7.5 10.1 4550
28 14.9 4.0 6.2 5150 98
90 | ' 6100 89
2570 .39 12.5 3 25.7 9.2 7.0
_ 7 22.7 7.9 7.8 3250
28 ; 4000 93

90 | 4600 88

P

PR

e
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be available in the near future and should prove useful; these resultsiﬁg

and an analysis will be submitted as a special report.

Entrained Air in Hardened Mortar

Although mercury porosimetry is a useful means of measuring poré 3g

structure, its inability for providing a direct measure of entrainédl- 

void distribution could lead to an improper diagnosis of aggregate fiy;f'

ash durability. Thus, two methods for directly measuring entrained void © .

| e
composition were used. The first involved development of a computerized =

image analysis technique using a Lamoﬁt image analyz§r and a scaﬁniﬁ§ 1

eleqtron'.miprdécope. ~ Figure 21 .shows the 'imagelresulting from.;a{ji
concrefé'spécimen where pores have been i&pregnated with epoxry reSini-f:
when vieﬁeﬁ with the image analyzer, electron emissions froﬁ‘low‘atomié  ‘
weight ma#gfi&ﬁsﬁ(éﬁoxy filie&'voidé): show as dark spots which can be

measured_ by;eieé£¥anical1y._superimpﬁginéz'a_gfid over 'the image éhdaft
allowing thg"cémﬁutefiypjéduhf'squafes;'i ‘Fiéﬁreizz.iﬁ'a typical resul;gfj
for the_véidiéééé-éisﬁgibutién of ;he'iﬁage in Fiéure zif_.A.;otal of_2§l?f
voids were detgé£éé‘"énd theif frequency' by:éréﬁi Measured'in squgfe}:}
micrometers is presented as a histogram. ' .hlt;rnﬁte.forms of ou£§§£ ;5
include histograms for edge-to-edge free path (twice the spacing fac€6;5 .”
énd percentage voids on the surface area.

Table 20 summarizes the results of image analysis data on specimens
cuﬁ from conc?ete mixes 32, 34, 41.1, 41.2 and 42 through 45 listed in
Appendix C. For comparison, ASTM C 457-82 linear traverse measurements :
made on the same specimens are also reported in Tablé 20. Spaciﬁg.
factor is the only result -of the two methods which is 'readily

comparable. With one exception, Alden aggretgate concrete without fly
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Table 20. Evaluation of hardened mortar.

Montour

Alden

Fly aéh‘ré-
placement, %

25

50

75

25

50

75

Evaluation
method

IA

LT

IA

LT

IA

LT

TA|

LT

IA

LT

IA

LT

1A

LT

IA

LT

Spacing fac-
tor (micro-
meters)

619

432

559

416

588

404

465

517

1034

377

465

315

417

419

332

513

Averéég ﬁoid
diamgter
(micr@hé;er$)

61

75

80

122

110

129

126

142

Void area in
mortar frac-
tion, %

5.4

7.8

8.8

12.6

8.3

14.5

111.5

16.2

Durability
- factor

64

45

24

63

74

76

79

A

LT

o A

P

,Liﬁear traverse ASTM C 457-82

;,imége analysis
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ash, linear traverse and image analysis produced similar results,

particularly when viewed in 1light of the fact that it has beén{‘gn

demonstrated that the linear traverse can be én imprecise techniqﬁetjrﬁ
(18). Also, a comparison is not totally valid because the linear
traverse produces a computed spacing factor, based on chord length =~
measurements as the traverse happens to intersect the voids. A major’
presumption of the linear traverse is a uniform distribution of voids.:
On the other hand, image analysis makes no such presumption about v&id_: 
distribution and can resolve a feature to 0.4 micrometers. Thus spaciné.

factor is based on a precise measurement of distances between nearest

neighbor. veids.

Table 20 alse shows some interesting vresults with regard“-t61: 
durability. For all cases, gpacing factors are more than twice the 200‘
micrometer upper limit considered necessary for durable concréte (14). .
Spacing facéow for these specimens appears to be relatively independent
of fly ésh'contéht and also durability. There ig, however, a relat;oﬁu
‘betwéen averagé void diametgr, fly ash content and durability factor forﬁ:f
Montour aggregate. - Void diaméter increases with fly ash content aﬁdf,
durability decreases, For Alden aggregate, wvoid diémeter remaiﬁs”é

relatively constant for different fly ashes and so does durabilify;i

These results are inconsistent with traditional concepts of air
entrainment and its role in reducing frost action. Durability should
correlate to spacing‘ factor, not woid diametgr. One possible
explanation is that air entrainment wvoid structure in these concreﬁes

may not be uniformly distributed throughout the mass and the averaging

process used for both linear traverse and image analysis may not offer

an adequate definition,
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Microscopic observations of sections sawed from specimens subjected
to 300 freeze-thaw cycles showed a.significant part of the deterioration
was assﬁciated with the aggreéate-mortar interface. Comparative
photographs of 7 Moﬁtour aggregate concrete sﬁecimens after being
subjected to 300 freeze—thaw cycles are shown in Figure 22a. HNeal 4 fly
ash at 25 and 50 percent replacement was used to make these specimens

-and frost deterioration is evident at the upper surface of the lower

I photograph. Photographs in Figure 23 are close~ups of the deteriorated

zone of the 50 percent fly ash specimen where it can be seen‘ that a
R significant factor to the deterioration is érécks around aggregate
perimeters. This tendency for éggregate to pealéaway _from the mortar
suggests the region of interest should be-aggregaté boundaries.

'Light microscope (5x magnification) photographs for a sequence of
specimens not subjected to frost action are in Figure 24. Numbers in
the lower right hand corner are.fly ash replacementsland each unit on
ﬁhe scale at the bottom repfesents 1 mm. The intefesting feature here
is a ﬁoncentration of air bubbles (noted by arrows) at several
éggregate-mortar boundaries.  This air bubble cbnce#tration is a
prominent, consistent feature with Montour aggregate concretes at fly
.ash concentrations of 50 percent‘or more. Bubble rings have not been

observed with the Alden aggregate at any fly ash concentration.

Pore Distribution Along Aggregate Edge

To quantify the bubble ring phenomenon, a simple adaptation of the
“linear traverse was developed. Speciméns were sliced Frém
representative concrete cylinders with a diamond saw and then ground and

- polished to an essentially planar surface in which the edges of air
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b) Montour aggregate - 50% Neal 4 fly ash.

Figure 22a. Durability beams after 300 freeze-thaw cycles.




Figure 23,

82

5X magnification of 50% fly ash
specimen - Montour aggregate.
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S voxds appeared sharp and defmned when v1ewed under the light microscope.
”nC.The test procedure con51sted of 1ocat1ng stralght planar edges on the

'“Tfflarge aggregates -and_performlng_a series of parallel, equally spaced
' traverses progressing away from the aggrégate‘into the mortar. A series

of travarses were' performéd on several oggregate pérticles of feach

i

-_spec1men and analyzed for alr content at the Varlous dlstances from the

',aggregate surfaces as shown in Figure 25._ The result of-the_modtfled

_“llnear traverse -is a percentage of air in the traverse at different

ﬁ-&istances ffom the aggregate-mortar boundary. In addition to tests on

"Montour aggregate,
ﬁ‘aggregate and fly ash COntents equal to those used wlth the Montour

L spec1mens to_ determ1ne_whother the phenomena isg measurable with this

otype of aggregate.

Flgure 26 presents re$ults of the linear traverse performed on the
, Montour aggregates 1llustrat1ng a definite concentratlon of entrained

Jfalr bubbles along the perlphery of the large aggregates when fly ash is

‘1ntroduced into the concrete. At 0% fly ash an ossent;ally uniform and

{equal pore dlstrzbutlon occurs throughout the paste, 'but with an

:tlncrease zn fly ash content the air content 1ncreases along the edge of
E :
- the aggregato. .

v series of linear traversges performed on fly ashgconcrete ccntalnxng

E Alden coarse aggregate. | As with the 0% fly asht}oonorete containing

!
|
}L“Mont.our' éggregate, thei 0% fly ash-Alden aggregate specimen shows

- e&sentially a uniform dls%rzbutlon of entralned air v01ds throughout the

contents were observed along the periphery of the aggregate particles,

though not nearly as substantial as with the Montour aggregate}

tests were performed on concrete contalnlng Alden

‘Figure 27 graphically reflects the results of & 51m11ar'
1

paste.  However, when fly ash was 1ntroduced ' sllghtly hxghe; olr
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At a mihimum, bubble rings mean a weak ione at aggregate boundaries
_thch could influence mechanical resistance to frost action. in terms
of mechahisms pf frost action, the fact that there is_én air entrained
starved region away from the aggregate boundary.could mean, under normal
fréezing temperatures, there is a source of unfrozén capillary water
sufficient to allow ice growth and filling of boundarf bubbles. &n
alterna;ive mechaﬁiém may be that the bubble rings themselves are
interconnected and can act as channels for inflow of ekteriér water.
However, visual observation indicates that freeze-thaw deterioration is

associated with aggregate-mortar boundaries.

Surface Activity

Although a bubble ring failure mechanism haé? not vyet been
‘{establishe&, the fact remains that the phenomena exists.and presents a
.striking correlation to durability of fly ash concrete.  Another
: ?question is why does a bubble ring éeveIOp..and how miéht it be

?prevented? Previous work {16,17) suggests that air entrainment can be

influenced by components found in fly ash (i.e. alkalis and sulfur

trioxide) but does not explain interactions with aggregate. It is
common to view concrete aggregate as being physicochemically inert.

This may hot be accurate and it is possible that the Montour and hlden

limestones may §ossess different activities which could depend on

_ crysfalline structure, ionic substitution and preéencé of trace
cqmpounds. Both Montour and Alden aggregatés are predominately calcium
carbonate but the Montour has a more compiex;oolitic structure, .

To determine Qhather there is a difference in surface activit; of

Montour and Alden aggregates in conjunction with fly ash and portland
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cement, a simple flotation test where aggregate particles were floated
in a foam generated by neutralized Vinsol resin air entraining agent-waéj -

performed.

Flotation Test

Samples of both Montour and Alden aggregates were crushed aﬁdff 

ground in a shatterbox and then sieved in a sonic‘.sieve for thre?;i"'
minutes. Thé aggregate passing a 45 micron sieve, but retained on a éOF
micron sieve, was collected and placed in an oven to dry over a perioaii'
of 24 hours.  After the drying time had elapsed, 1000 milliliters of
‘distilled water were mixed with two milliliters of air entfaining agent;F

- This ratio is cﬁmparable to a concrete mix de#ign for 6 + .5% air. 5.06f
grams of aggregate were placed xin a separatory funnel along with 125
milliliters of the water-air entraining solution. The mixture _wagi
shaken for 30 seconds and then allowed to stabilize for 15 seconds. Alii,i:
of the mixture-excépt for the foam was drained and discarded. The fbam: 
was washed into a clean giass dish and placed into the oven to dry bver '
a period of 24 hours. The aggregate which clung to the foam bubbles waé;
then weighed and recorded. This procedure was repeated with 5.00 grams
of aggregate blended with 2.50 grams Neal 4 fly ash and 2.50 grams Tyﬁe-;
I portland cement. Results of this test are tabulated in Table 21. .The‘
fact that significéntly different percentages of material werelsuspended
in the Montour foaﬁs and similar quantities were retained for the Alden
aggregate suggests an .increase in surface activity in the fly ash,
éement, and Mentour aggregate éystém. Surface activity was not altered
by fiy ash and portland ‘cement in the Alden aggregate system. This

surface activity, possibly induced by fly ash, explains why air voids
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Flotation test.

Table 21.

A Wt. of Wt. of Wt. of Wt. of material Solids in
Aggregate aggregate fly ash portland which clung foam, %
R (gm) (gm) cement {gm) to foam (gm)

Mﬁgtour 5,00 L m—— —— 10.09 1.80%
 Montour 5.00 2,50 2.50 0.95 9.50%
Alden '5.00 e e 0.26 5.20%
Alden 5.00 2.50 2.50 0.54 5.40%
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have a tendency for attraction to Montour aggregate surfaces. Tﬁiﬁ*f
suggests that a simple flotation test can be developed for evaluation cf €A
aggregates in respect to concrete durability. Such a test may'also bg T
used to find remedial measures such as the selecti&n of‘an appropriateﬁi 

air entraining agent.
Summary and Conclusions

An x-ray fluoresence technique was developed such that elemental
composition of fly ashes can be accurately and rapidly determined at § ﬁ
fraction of the cost of methods specified in ASTM C 61B-80.  The x-rﬁfﬁ{:
fluoresence technique is routinely being used to monitor quality of moé#n
Iowa fly ashes being marketed for use in portland cement concrete. The'
cost effectiveness of x-ra§ fluoresence also provided sufficient data to
sﬁpport a stafistical evaluation of fly ash compdsitidn for thfee powéf ,f
plants. :Difference in elemental character existed for each source, Bufﬁ 
variability for a given plant was on the same order as that for Type;iﬂ
portland cement production.

X-ray'&iffraction techniques were developed to detefmine compoghgi
composition of fly ash. An evaluation of fly ashes from seveﬁ sodr¢é§ 
- indicates a more pronounced difference in fly ash character than can Eé'
seen from elemental analysis, and thus classification.by ASTM C 618~80; 
Compositioﬁ and quantity of the crystalline phase of the seven fly ashés
differed significantly. In some fly aéhes,' a part of the crystalline
phase was alumina cements while to some degree all fly ashes contained
relatively inert compounds such as guartz, mullite, and magnetite. Ail .

fly"ashes were found ¢to contain significant amounts of crystalline
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magnesipm and/or caicium oxide - compounds known to cause soundness

problems in portland cement. By considering balances bgtween total

elgmental composition.. and those elements in compounds, elemental

composition of the amorphous phase was determined. The differentiating

factor noted in amorphqus compdsition of the seven‘fly ashes was the
' amount of calcium in  the glass. Calcium in glass should have ~an

;;E:finfluence on pozzolanic reactivity.
| Based on the compound evaluation of the seven fly ash samples used |

in this study, it appears that a more definitive characterization than j
. . : i

1i'that offered by ASTM C 618-80 is possible. Such a classification scheme

involves catego‘rization according to elemental caié?'.wn composition and
cementitious character. From the existing ASTM Cl&s; Cgand borderline C

: and F fly ashes would come the more definitive high calcium cementitious

‘and high calcium noncementitious varieties. This reflects the

fﬁf‘ cementitious and pozzolanic properties of these fly ashes. The

xremaining part of the existing ASTM Class F spectrum is low-calcium,

f:;'noncementitious £fly ash. At present, a precise demarcation for calcium

content cannot be defined, because of limited compbund composition data.

Knowledge of.COmpound and amorphous composition leads to a detailed)

. evaluation of soundness of portland cement-fly ash mortar. It was found
that crystalline calcium oxide, not magnesium oxide, was responsible for
soundness problems and that high levels of crystalline calcium oxide can

be acceptable if aluminous «cements are present in f£ly ash. A heat

‘evolution test was demonstrated as having potential for a quick,’
i
Tl o s . s

inexpensive method for determining the presence and amount of alumina

 cements, supporting the suggested classification schemé. However, frge

- Ca0 contents of noncementitious C and F fly ashes exceeding about two
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percent should limit the fly ash replacements because of soundnégs
problems. .

An evaluation of the current ASTM C 618-80 lime pozzolan tést
o suggests thg role of tréce elements and amorphous composition of fly:ésh
are significant factors to fly ash performance. To provide a timelkj
yet definitive assessment of fly ash, a reasonable replacement td.tﬁé
. lime-pozzolan test appéars to be development of an atcelerated'poftiééa
cement-£ly ash reactivity test.

Work done in the area of fly ash concrete and its résistaﬁéé_ﬁo
cyclic freezing and thawing involved development of an air 5?916
evaluation method with computerized image analysis and use_fof
established mercury porosimetry and linear traverse techniqhes.'_‘.a
series of tests on two aggregate types indicates that fly ash can ﬁavgqa
pronounced'influence on freeze-thaw durability Eut is dependent on Eﬁg'
type Sf coarsei;§ggrega;e. Evaiuation of pore structure by .métﬁgff'
porosiﬁétry ‘and}'conventional microscopic  linear .traversel pfoduéé&
inconclusive_reSulté. . However, adaptations to linear ﬁraverse-méthég
revealed that poor performance of 'fly ash-portland cement concré£e is
related to a nonhomogeneous distribution of entrained air voids. ‘Air
voids were concentrated near aggregate-mortar boundariés .whére
deterioration appeared to initiate. It was suspected that surface
activity of the‘.poor performing aggregate was the cause of the probiem
and an air .éntrainment flotation test was devised to evaluate ;he
pﬁenomena. "The fe#ults indicate that aggregate surface activity .is
enhanced by the presence of fly ash. Also, the flotation test May be a

means of diagnosing the problem.
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Recommendations

The fﬁndﬁmental approach used in this research has broadened our

- knowlédge abouﬁ Ibwa fly ashes but has undoubfed1y ;aised more questions
than existed at the onset of the project. Because of time 1imitations,
-techniques for rapid characterization of fly ash were only briefly
ngéxplored and their utilitarian application will require.concentrated and
'  §ystematic dévelopment. | It seems, however, a well developed ‘heat
‘:evolution'test and accélerated‘cement~fly ash reactivity test represent

1_Significant contributions supporting rational use of £ly ash as a

ré?i;yortiandrcement replacement.
Verification and explanation of the le"ash-cOarsé aggregate
ﬁ.h;.interaction phenomenon was based only on two aggfegate types. This
'E  leads to the question of how widespread is this pheﬁomena arid more
‘”i;ﬂ:importantly; how‘might air void accumulation or bubble ringing be
'ilfQétopped for sufface active aggregates. If thé_ current Iowa DOT

']aggregate classification scheme involved represeytation of ©  this

‘ﬁ* :phenomena, all Class II aggregates could be involved. This represents a

1£ignificant source portion of aggregate available in Iowa, This means

i‘&efinition of those comporients in fly ash which initiate and support the

fﬁphysicochemiqal reactivity and screening several aggregates to find

Q_pfedictive factors. The result could be rational support ' for
'“fzndevelopment of a simple foam flotation test of air entraining agents not

. -sensitive to the mechanism.

This research demohstrated a very fflistrating aspect of the
“existing method cyclic freeze~thaw testing. The time it takes to get a

'-ﬁ-fdurability result is on the order of 135 days and means support for a
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decision comes infrequently and progress is delayed. The éuthors
per&eive'a 'neéd for a ﬁechnique which can reduce the time for tésﬁ 

resﬁlts and/or provide increased capacity for the exiﬁting methodolo?j;  
.Work under Towa DQT reseearch project HR 258 indicates that conéuctagééz?
measurements madé‘in conjunction with ekisting freeze-thaw apparatus caﬁi?
provide a working tool wuseful to assessment of the £fly ash—aggregaféli

interaction problem.
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APPENDIX A. Elemental Composition of Fly Ash
. Séﬁlple :
. I_dentifi- Mg Na Fe Ti Si Ca Al K

cation .

B D 2.67  0.44  3.07  0.83  14.52  13.51  12.80 0,49
cBVI 3.55 L5 3.38  0.97 1L.67 26,13  10.91  0.26
CBV2  3.47  1.33  3.55 0.82 13.88  22.48  10.74  0.28
BVI 3.9 1.43 3.73 0.85  14.49 22,68  10.71  0.30
CCBWA 372 127 3.5 0.8 1371 2238  10.82 0.3
eBVS 335 127 3.72 0.8  13.86 2213  10.83  0.31
CCB V6 3.32 125 3.45  0.89  13.47  23.36  10.82  0.29
?féﬁ'v7: 3.62  1.35  3.74  0.75 1371  22.52  10.46  0.28
'}ﬂéé v8  3.04 1.06 3.5 0.87 15.22 21.57 10.92  0.35
'lﬂéﬁgvg 3.25  1.23  3.60  0.97  14.51  22.80  11.21  0.29
*féﬁﬁVld 3.08 1.25 3.61  0.87 - 14.24  21.60 - 11.07  0.30
eB VIl 3.8  1.29  3.61  0.90 14.62  21.82 . 11.13  0.30
‘CBVI2Z 320 1.33  3.79 0.9  14.60 22.16  1l.14  0.28
3;§3fV13 3.35 1,30 3.61  0.88  15.41  21.25  10.93  0.34
;}g§ v14‘ 2.88  1.11  3.51  0.74 15.28  19.88  10.55  0.44

”fi;ﬁis 45,08 1.38  3.96  0.74 14.98  21.83  10.30 0.35
'3fii V16 3.93  1.34  3.89  0.96  15.18  22.21  11.06  0.35

‘fE¢B7?17 3.33  1.23  3.84 0.9  14.77 - 21.93  1L:21  0.29
ff;§3~€ls 3.87  1.30 3.90  0.93  14.28  22.57 1098  0.29
'ﬂf;93'v19-' 3.60  1.25  3.89 0.9  15.26  22.02  11.08  0.30

”}:”VZO 3.54  1.25  3.86  0.92 14,93  21.84  10.98  0.30
B V21 3.8  1.21  3.42  0.95 14,07  23.23  11.08  0.29
§§3v22~ 3.60  1.18  3.58  0.92  14.26  21.86  11.19  0.30
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APPENDIX A. Elemental'Composition of Fly Ash (Cont'd.)

Sample ) _ e
Identifi~ Mg Na = Fe Ti - 81 . Ca Al K
“cation . ‘ ST

©B V23 3.52 127 . 3.66 0.91 14.69 21.96 11.13  0.30
cB‘vzé .; 3.40 1.1 3.19  0.95  14.42 21.96  11.44 :_6{25'
cB vé5‘} 3.3 1.26  3.52  0.88  14.00  22.57  11.03 6§27
CB V26 .17  1.26  3.69  0.93  14.53  21.46  11.30 dizj
CB V27  4.48 " 1.26 3.74 0.89  13.78  21.83 . 11.05  0.26

CB V28 4.21  1.25  4.01  0.90  13.71 2212 11.04  0.27

N3 VI . 2:14  0.30  6.06  0.39  21.68  12.61 8.75 1}09
N3 V2 . 1.88  0.38 5.77  0.36  21.38  12.10 ossh _1;22
N3 V3 2,09 0.35 6,70 0.02 22,27 12,75 f,619éi?' i1y
N3 V4 2.28  0.28  6.35 0.42  21.43  11.9%  9.10  '1.08
N3 VS 2,10  0.25  6.18 . 0.40  22.05  11.02 9.19 ‘ 1i;io
N3 V6 2,60 0.43  5.59  0.47 20.11 12.90  9.83  0.79
N3 V7 2.06  0.25  6.24 0.4  21.92  11.00 - 9.23 7_1;;1
N3 V8 2.09 0.26 6.27 0.42  22.06  10.57  9.33 'iiié

NIV9 205 0.23 615 041 2133 1147 9.2 1.09
N3 VIO 2.05 0.20 6.23 0.41  22.12  10.64  9.27 = 1.14
N3 V1l 2.18  0.21  6.62  0.41  23.23 8.66 9.44 f‘i;27
N3 VL2 2,10 0,22 7.22  0.42  23.72  9.27  B8.46 1.57
N3 VI3 2.30  0.22  7.40  0.45  22.46  10.60  8.46  1.50
N3 VL4 2.38  0.22  7.80  0.48  22.20  11.03  8.58 1.4k
N3 VIS 2.27  0.23 7.3  0.46  22.3 11.86  8.38  1.38

N3 V6  2.38  0.23  5.66  0.49 22,46  10.10  11.90  0.27

N3 V17 2.31 0.2  6.73  0.44  22.35  9.87 9.44  1.20
N3 VI8 1.95  0.25  6.38  0.41  21.47 C9.21 111
23.55 9,20 1,12

3vl9 2,02 0.27
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APPENDIX A. Elemental Composiﬁion of Fly Ash (Cont'd.)

Sample o —‘-
Identifif Mg Na Fe Ti Si Ca Al K
cation ' '

N3 V20 1,90 0.30  5.90  0.39 22,14 10.44  9.38  1.09
N3 V21 1.81  0.33  6.07  0.40  22.56 9.50  9.63  1.10
N3v22 1.9 0.31  5.90  0.40  22.47  10.16  9.45  1.10
N3 V23 1,83 0.29  5.52  0.48  22.20  9.67  10.15  1.07
N3 V24 4.28 0.75 475  0.69  15.48  19.63  10.50  0.27

N3 V25 2.07  0.28  6.23  0.42  22.46  10.21 9.54  1.08

‘N3.V26 2.0  0.26  6.42 -0.36 22.68  9.83  8.95  1.25
4 4.28  0.52  4.70  0.63  16.39  17.91  10.58  0.22
4.23  0.54  4.69 0.62 16,72 . 17,72  10.52  0.23

4.08  0.57  4.49  0.63  16.72  17.87  10.56  0.22

N 431 0.51  4.70  0.63  16.11  18.54  10.47  0.25
gg§ v5 3.97 0.58  5.03  0.62  16.31  17.62  10.56  0.22
ffﬁﬁwﬁs 3.62  0.59  4.85  0.57  17.28  15.91  10.60  0.22
riﬁ#*v7 120 0.62 . 5.56  0.70  14.83  19.53  10.54  0.22
3ﬁ§}VB 4.00  0.56  4.93  0.65  16.07 18,35  10.54  0.22
‘;ﬁgfv9- 4.26  1.18  4.29  0.81  12.78  24.36  10.33 . 0.27

N4 VIO 4.28  0.71  4.94  0.70  15.76  19.39  10.55  0.24

IQQ§HV11 4,50 0.87 4.70 0.66 15.23 19.98 10.35 0.26
?ﬁé:vlz 4.54  0.85  4.94  0.68  15.31  19.97  10.38  0.26
lﬁg'vi3 4.45  0.78  4.74  0.66 15,30 19.71 10.40  0.26
;yglvla 3.07  1.16 3.75 0.8 14.35 "20.88_ 11.13  0.30
W 1.55  0.29  5.83  0.48  22.13  8.71  9.82  1.16

4.10  0.77  4.75  0.68  15.17  19.77  10.44  0.27

4.14 0.84 4.55 0.67 15.59 19.35 10.46 0.27

_jﬁé?V18 4. 44 0.94 . 4.33 0.72 14.57 20.56 10.51 0.29
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APPENDIX A. Elemental Composition of Fly Ash (Cont'd.)

Sample . _ A
Identifi~ Mg Na Fe Ti si Ca Al R
‘cation Do

NA VIO 4.12  0.61  4.57  0.63  15.60  10.52  10.52  0.21
N6 V20 3.98  0.80  4.51  0.66  15.60  18.80  10.43 . 0.27
N4 VZL 420 0.72  4.60  0.65  16.00  18.52  10.53  0.23
N4 V22 431 0.72  4.55  0.69  15.76  19.16  10.60 @Jzz
N4 V23 4,28 0.55  4.66  0.66  15.83  19.92  10.36 ; 0.24
NA V24 4.94 078 4.3 0.79  13.88  21.98  10.61 . 0.26
N& V25 4.47  0.66  4.65  0.70  15.19  19.72  10.60  9322
N& V26 4.58  0.70  4.53  0.71  15.46  20.14  10.56 -l_0§24
No V27 441 0.72 4,31 0.68  15.99  19.22  10.59 ‘.‘Qgé&
NG V28 459 0.72 450 071 16,68  19.21  10.68 3i0;24
N4 V29 449 0.68  4.43  0.70 16.66 18,99  10.69 1 0.23
N4 V30 4,29 0.78  4.36  0.70  15.74 19.57  10.61 0.22
N VAL 3.89 0.7 433 0.64  17.12  17.56  10.67 :*dﬁéb
N4 V32 4,12 0.73  4.70  0.64  16.71  18.05  10.57 _'égés
N& V33 4.1 0.79  4.50  0.67  16.39  18.70  10.59 f 6;24

N4 V34 4.06 0.74 4.36 ’0.63- 16.74 17.66 10.63 : -¢,24

Note: CB = Council Bluffs

N3 = Port Neal # 3

N4 = Port Neal # 4
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APPENDIX B, Expansion - Chemical Composition Data
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APPENDIX C. Summary of Physical Tests.
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APPENDIX D

' Pore size distribution of the mortar phase of concrete mixes
studied by mercury porosimetry. (Total height of the bars indi¢ates
percent volume intruded during the first intrusion; levels of the

second intrusion are indicated by the lines across the bars.)
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