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EXECUTIVE SUMMARY 

The behavior of concrete mixes containing various amounts of fly ash 

conforming to ASTM C-618, class C, was investigated. Twenty to fifty per­

cent of the portland cement was replaced on a weight basis. Two tasks 

were investigated simultaneously. Task 1 investigated the freeze-thaw 

durability of the various mixes using Procedure A, Resistance of Concrete 

to Rapid Freezing and Thawing in Water (ASTM C-666). Task 2 investigated 

the effects of ambient temperature. Concrete was batched and mixed as 55, 

70, or 90 F (13, 21 or 32 C); the influence of temperature on the quanti­

ties of mix water and air entraining agent dosage and on the time of set 

was established. Slump, unit weight, temperature, and air content were 

measured after initial mixing. The speed of the mixer was then reduced 

to 2 rpm and the concrete was subjected to agitation until it was unwork­

able; during this time the properties of the mix were determined at 30-

minute intervals. Task l results indicated that all mixes tested exhibit­

ed high resistance to freeze-thaw action. As the percentage of fly ash 

was increased, it was possible to reduce the amount of mix water; however, 

it was necessary to increase the dosage of air entrainment admixture. The 

28-day compressive strength of concrete was not strongly influenced by 

fly ash; a modest increase in stre ngth was normally exhibited with 20 and 

30 percent fly ash replacement. Although fly ash significantly retarded 

the time of set, it appeared to slightly accelerate the rate of loss of 

slump. The air void system in the hardened concrete appeared to be unaf­

fected by the percentage of fly ash. 
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CHAPTER 

INTRODUCTION 

1. l Genera 1 

The use of pulverized coal as a fuel source to obtain electrical 

power is increasing yearly. Along with increased coal utilization is the 

increased production of waste by-products caus ed by the coal combustion 

process. A large percentage of the waste by-products is fly ash, which 

is the term for the finer ash collected from the plant gases before they 

are released into the atmosphere. 

Fly ash has long been recognized for its pozzolanic activity when 

used as an admixture for concrete. A pozzolan is defined by the American 
·'· 

Concrete Institute (1)� as: 

A siliceous or siliceous and a luminous material, wh ich in it­
self possesses little or no cementitious value but wi 11, in 
finely d ivided form and in the presence of moisture, chemical­
ly react with calcium hydroxide at ord inary temperatures t o  
form compounds possessing cementitious properties {p. 36). 

This defin ition of a pozzolan is well suited for the fly ash produc-

ed from bituminous and anthracite coals. However, the western coals, 

such as lignite or subbituminous material, produce a high-lime fly ash 

that is not only pozzolanic but also somewhat cementitious. 

The tech nology involving cement replacement with high-lime fly ash 

is st ill developing. As a result, most available literature is 

*Numbers in parentheses refer to e ntries in the list of References. 



refe to b tuminous fly ash which, over a number of years, has been 

we 11 documen as a suitab e cement replacement. 

With the uti iization of western coals increasing, interest by road 

officials in using the growing quant ities western fly ash has also in-

creased. Because portland cement is considerably more expensive than 

fly ash, partial replacement cemen w ith waste by-product would 

help reduce paving costs. However, in rmation regarding the character-

istics of hi lime fly ash on concrete is limited, which indicates an 

area of  research worthy of st 

1.2 Purpose and Scope 

Two areas of investigation were pursued simultaneously and are de­

signated as task ! and task l i. The purpose of task I was to determine 

if the addition of fly ash altered the freeze-thaw resi stance of a con­

crete used for paving construction. The purpose of task I I was to fur­

nish in formation on the characteristics of fly ash concrete mi xed under 

simulated field conditions. The Class C fly ash used in both tasks was 

from subbituminous Wyoming coal and replaced cement on a one-to­

one wei t basis. 

In task ! , freeze-thaw durability an ODOT Class A concrete and 

four modified mixes were stud i 1acement percentages of the four 

modified mixes were 20, 30, 40, and 50 percent. Because of possible 

strength di f rences between the modified mixes and the control mix at 

the time of initial freeze-thaw testing a 14 days, sufficient samples 

from each batch were cast to al low d urabi 1 i tests on samples cured 

both 14 and 120 days. Three series, each consisting of the control mix 

and four modified mixes , were tested. The specimens were tested in 
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accordance with Procedure A of ASTM Test for Resistance of Concrete to 

Rapid Freezing and Thawing (C 666-77). 

Task II also used a Class A control mix and four modified mixes 

with cement replacements of 20, 30, 40, and 50 percent fly ash by weight. 

The control mix and four mod ified mixes were mixed at temperatures of 

55, 70, and 90 F ( l3, 2 1  , and C). For each ash percentage, two batches 

were cast. One of the batches had an initial ai r content between 5 and 

6 perce nt, while the other had an air content between 5 and 7 percent. 

The time of set was measured for each batch while concrete was maintain­

ed at the c asting temperature. After the initial mi�ing period and at 

30-minute intervals while the mixer operated at a reduced agitation 

s peed, the slump, air content, and temperature were monitored. 

3 
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CHAPTER 11 

BACKGROUND 

In the following sections a brief round on the use fly ash 

concrete is presented . In Chapters V and V I  additional information 

relevant to ses of this program is provided. 

2. 1 Histor cal Deve opment 

2.1.l Natural Pozzolans 

Hydraulic limes prod 

impurities were used by 

by calc in ng limestone with argillaceous 

Greeks and Romans. also developed hy-

draulic mortar involving finely ground volcanic ash, l ime, and sand. The 

Romans u a vo lean ic t f near Pozzuo 1 i , I ta 1 y. term 11pozzu-

oli11 thus became associated with the s 1 ceous material. From 11 pozzuoli11 

evolved the modern term ' 1 an . 11 

initial use 

prima�ily because 

pozzuoli was restricted to unexposed construction, 

unproven durability. Over 300 years passed before 

this hydraulic mortar was used r or architectural structures. How-

ever, the Pantheon, built largel concre te, is evidence of the sur-

prising durabi1i of the Roman mortar (2). 

tars; 

During the Middle Ages, there was a decline n the quality of mar-

art of burning lime was apparently lost. It was not until the 

fourteenth century that high qua] ity mortars made with pozzolans reap-

peared. In 1 , John Smeaton, wh le preparing to build the Eddystone 
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L ig h th ou se , conducted t e s t s  whi ch  reve aled t ha t t he bes t mort a rs we r e  

obta ined u s in g  a limes to ne c on tain i ng a h igh p e r cen t o f  cla y ey mate r ia l  

( 3 )  . 

I n  1 8 24 , J o se ph Aspi n ,  a Le ed s  b u il der, o bt a i ned  a pa t en t  fo r 11p ort ­

l a nd 1 1  c ement. Howe v er , tempe ra tures in h i s  k i l n  were n ot h i g h e noug h  t o  

pr od uce a c l  i n k er. The fi rs t ceme nt c ompa r ab le to t he pre se n t port land 

ceme nt wa s p r od uced by I s aa c  Johnso n i n  1 84 9  ( 3 ) . With t h e ab undance of 

materia l s  nece s sary fo r the p rod uc tio n  of port la nd cemen t , t he use of 

pozzo l a n s  m ixed w it h  l ime as a me a n s  f or mak in g con c ret e  decl i ned rap i d -

1 y . 

W it h  the i nit i a ti on of  r e clamat ion programs an d  the  d eve l opment of  

hydroelect r i c  powe r  a ro u nd 1 9 1 0 ,  t here was renewed i nte re s t  i n  pozzo l an s . 

E ng ine e r s  u s ed pozzolans to s olve s ome of t he prob lem s a s sociated w i t h  

m ass c onc re te co ns t r uc tion .  W it h  ma s s  conc rete , t here is a n  inc re ase i n  

tempe ratu re caused by t he he at of hyd r at ion  of  t he cement. B ecause t he  

t emper atur e  r ise occur s e a r l y  before t h e  concr e t e  has g ai ned f u l 1 st rength 

a nd ri gid i t y , the t he rmal expa n s i on u sua ll y  ca n be accommod ated w i tho u t  

maj or d i s t re ss .  How eve r ,  as th e c on c rete c oo l s , tens ile s t res se s  are 

d eve loped wh ich can cau se  severe c r ac k ing a nd s erious s t ructura l damage . 

When  a poz zo lan is us ed a s  a cemen t rep l acemen t ,  t he he at of  hyd r a t ion 

and a s socia t ed t emper atu re r i s e  are g r eat l y  reduced . A s  an added  bene ­

f it , poz z o lans comb i ne chemica l l y w i th f ree l ime  whic h  is produc ed d u r ­

i ng the hyd rat ion of  po r t land cem ent to form a s t rong ,  n o nle achab le m ate ­

ria l. When p ozzo l ans are used w i th portla n d  cemen t, e ar l y  st reng th s are 

u s ua l l y  low w hi le l at e r  st ren g t h s a re high. I n  add it ion,  th e pozzo l a nic 

reac t ion w i th lime i s s low a nd r equ i re s t he ma intenanc e of  mo ist curing 

f or pro l ong ed per i od s , A s  a res u l t , mo s t  app l i ca t i on s  of por t land-

5 



pozzolan c concre te h a ve n i t he area o f  mas s concre te con s t r u c tion . 

2 . 1 . 2 Fl  a a Pozzolan 

F l y  as h l s  a was t e  p roduct o f  t he coa l combust i on p rocess. It is 

t he term for finer a s h  col l ected from fl ue ga ses  before are releas-

ed i nto t he atmosphere. S ince co l l ec 

mos t instances costly to dispose 

particles are difficul t and I n  

t s  been d irected to turn 

wa s t e  prod uc t  into  an asset .  As a resu l t ,  s evera l marketable u ses 

h a ve been developed fl y as h. One such use was to advantage of  

t he pozzolanic proper ties of  fly ash combining i t  w i th  port l and ce-

men t ,  eit her as a cement r ep l acement or as  an a dmix t ure .  

In t he United S tates , one of t he f irs t recorded uses of  fly ash 

wit h portland cement was in 1 9 3 6  ) . Fly ash was used as an adm ix t ure 

in concrete placed ! n  a retain i ng wal l  along L ake Mich gan. S ix years 

later t he Burea u  of Rec amation f irs t u sed fly ash in the re pair of the 

Hoover Dam spi l lway. The Bureau ' s  n ext use fly a s h  wa s in the con-

struc t l o n  of t he H ungry Horse Dam whe re m i llion pounds ( 1 18 Gg ) of 

f l y ash were used. Fly ash was c 

time 

st rue 

( 5 ) . 

one year and t he cos t  by a 

a t abou t  the s ame time 

i ted wit h red ucing the cons truction 

. 7  mil l i on dollars.  Also con-

the Burea u  was t he Canyon Ferry Dam 

Following an intens ive l aborato r·y i nvestigation of pozzolans in 

mass concrete, the Corp s 

t he E lk  River in 195 8  ( 

E n g inee rs fly ash i n  t he Sutton Dam on 

S ince t hen, four maj o r  agencies--t he Bureau 

Reclamation , t he Co rps of Engineers , t he Hyd ro-Electr i c Power Comm is ­

s on of Ontar io , and t he Tennessee V a l l e y  Authority--have constructed 

severa l or s tructures u s ing fly ash  conc r ete (6 ) .  
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I n  w ork rep orted by La rson ( 7 ) , t h e  W i s con si n H i g hwa y Comm i s s i on 

p l aced 3. 3 mil es ( 5 . 3 Km ) of con c r et e  pav em ent u nder t he ir su perv ision 

i n  1949. Th r ee conc rete m ixes con t a i ning type  I A  port la nd ceme nt we r e  

s t ud ied. Two of t h e  mix es con tained f l y  a sh .  Core s taken from the pave­

m en t  af te r th r ee y e ars d id not revea l a ny de t r imenta l inf luenc e f rom the 

p re s ence of f i y  as h .  

I n  K a n sas , d u ri ng t he s ummer of 1949 , 1 2  t e s t  s ections o f  the  

McPhe rson Tes t Road , each 488 f eet ( 1 49 m) lon g, w ere constr ucted  us i ng 

f l y  as h.  Two o t h er pozzo1ans were us ed in other te s t s e ctio n s . Pey ton 

e t  a l .  r e port ed t ha t  t he b r a nd of  ceme n t  was mo re impo rta nt t ha n t h e  p res­

e nce  of  a p ozzo l a n. None  of the p ozzo l a ns wa s as effec t ive as l ime s to ne 

sw e eteni ng  i n  red u cing  m ap c rack ing . However, f l y  a s h  wa s more e f f e c­

t i v e t h an t he oth e r  two pozz olans .  Somewh at cont rad i c to r y ,  S t f ng l ey a n d  

Peyto n  ( 9 )  late r repo rt ed t hat  when c oncret e  conta ined f ly as h ,  s u r face 

c r ack s were reduced a nd map cr acki n g  l i nked to ava ila b l e agg regate  was 

e 1 im i na t ed.  Abd u n-nu r  ( 4 )  i ns p ected  the te st ro ad e ig h t  years a f ter con ­

st r uc t i on a nd found ev id ence of map c r a c k ing in mo s t  sl a b s .  Co n crete made 

w i t h  f ly ash was g enera l l y i n  bet te r  cond itio n  than co nc rete  m ade w i th 

o t h er  pozzo l a ns and was d ef in i te l y  b ette r  t h an t he cont ro l . 

2 . 2 C hemica l a nd Phy s ical Prop ert ie s of F l y  Ash 

Coa l  as h is a maj or  was te p rod u ct of the  coa l  combus t io n  p r o ce s s . 

The ch emica l compo sit i on of coa l ash is d e p endent u pon typ e and re la tive 

am oun t of m i nera ls as s ociated w i th th e coal. The m iner a l s usu a l l y  con­

s i s t  of c oa l  forming mater ia l s  a l o ng w i th i n org a n ic ma t e r ia ls wh i ch ma y  

be added d u ri n g  t he m ining p rocess  o r  in t e nt iona l ly ad d e d to a lter  t h e 

cha racte r i s ti c s  of the a sh. Co a l  is burned at furnace tempera t u re s 

7 



tween 2 500 and 3 100 F ( and C )  w i  coal as h libera ted as an 

ino rganic res i d ue. Coal a s h  is of fly ash , dry-bo ttom bo i ler 

ash , wet-bot tom bo i ler sla g , cyc l one bo i l er s l ag ,  a nd  cinders . Abou t 65  

percent of  the  coal ash prod l n  t he Un i ted S tates i s  fl y as h ( 1 0 ) . 

Fly ash i s  collected from the plant gases as a fine particulate res id ue . 

The size range  of fly a sh partic l e s  p rimar i ly on the  type o f  col-

lec t i on s ystem used . In  general , f l y  ash particles w i ll range in dia­

mete r  from l t o  150  microns ( ll ) . 

In recogn i t i on of the many poss i ble v a ri a t i on s  in chemica l and phy s ­

i ca l  properties,  ASTM published C 3 50 , a s t andard s pecificat i on on fly 

as h for use as an admixt u re i n  concrete  in In 1968, ASTM published 

C 6 18 wh i ch repl c an d  C , the bringing the provis i ons for 

bot h fly ash and na tural pazzolan under a common specifica tion. Until 

recent years,  ASTM specifications as well as most publi researc h  were 

concerned w i t h  f l y a s h  produced b i t uminous coal . Howeve r, increased 

use l ignite coal and western coal plus use of limestone and do l o-

nite i nj ection processes to ach i eve improved po l l ut i on control resulted 

i n  a rge it i e s of fly ash w hich did not satisfy existing specif i ca-

t on s. Th is a sh had much hig her cal cium ox i de con tents and lowe r si li­

con oxide contents t han as h usuall y ob ta i ned from b i t um i nous coal. In 

1 977 , A STM revised C 6 18 providing fo r two classes of fly ash;  the 

mo re traditiona l f l y ash was designated Class  F whi l e the fly a s h  with 

t h ig he r  calcium ox i de cont ent  was i t i fied a s  C l ass C .  

2 . 3 Fl y As h in Por tland Cement Concre te 

2 , , l I n t rod u c 

F l y  ash or, more specif  c ally Class  
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m any year s .  As  a r e s u l t ,  the advan t a ge s wh en Clas s  F f l y  as h i s  u s ed 

w i t h  port l a n d  cemen t h a ve been well documented w i th t he techn ol ogy  r ela­

t i v el y  w el l  unde rst ood . Adv ant a ge s  res u l ting f rom t h e u se of f l y  a sh 

wit h  p ortla nd cem ent i nc l ude imp roved con c re t e  p ropertie s  an d  i n  some 

ins tanc es a reduc t i on in cos t .  S ome of t he i mp roved con c rete chara c t e r ­

ist i cs repor t ed by Abd u n-Nu r ( 4 )  i n  an evaluat ion of f l y  ash a re :  a lowe r 

wat er requ i rement ,  a n  improved wor kabili t y ,  a lowere d  heat of hyd ra t io n, 

a s omewhat retarded t ime o f  s e t ,  a n  increa sed mod u l us of el a s t icit y  at 

l ate r ages , and a red u ced permea b il ity.  I n  add i tion, con c re te with f ly 

ash was re p or t ed t o  pos sess adequa te f reeze- thaw res i s tance. 

Re cen t l y , however, th e increased u se of lignite  and s ubb ituminou s  

coals  has s ub s ta n ti a l l y  i nc rea sed the a va i  ! a b l e  q u an titi es o f  C l as s  C 

f ly a s h . Posed w i th t he same d i s p o sa l  p rob l ems as  w ith Cla s s F f l y  a s h , 

eng in eers a r e  explor ing the u se o f  high l ime fly ash wi t h  po r t l and c e­

me nt as a part i al solut i o n  t o  t he d i s posa l prob l em .  Th e technolog y ,  h ow­

ev er, for us i n g  a C lass C fly ash w ith po rt 1 and  cemen t is s ti 1 1  i n  a de ­

velo pme ntal stag e. 
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C HAPTER I l I 

EXPER IMENTAL PROGRAM 

3 .  1 Introduction 

Rese arch ac t i vit ies were d vided i nto two efforts, ident i fied as 

tas ks I and I I .  Task I dealt wit h freeze-thaw d urability of con-

cret e ; task I !  cons idered the charac terist i cs of concrete cas t at  three 

d i fferent temperatures . rimenta1 deta i l s  common to tas ks I and I I 

are provi i n  t h i s chapter while t ails uniq ue to a specif i c  task are 

pres ented i n  Chapters V and V i. 

The m i x  proport i ons were ba sed on a Clas s A concrete as d esignated 

t he Standard Specifications H i g  Cons t r uction issued by the 

Oklahoma S tate H l g hwa Comm i s sion. Ba t ches u sed for control did not con ­

ta i n fly ash ; i n  ot her batches, between 20 an d 50  percent of  the por t land 

cement was replaced  wit h f l y a sh on a weig ht bas i s . Th� q uantities of 

mix water and air entrain i ng agent were adj us ted to  keep the s lump 

and a i r conte n t  wit h in specified lim i t s .  

3 .2 Ma teri a ls 

. 2 . l Portland Cement 

A sing l e  shipmen t of  Ty pe port l and cemen t was obtained for pro-

ject use during t he summer of l Af ter rece i pt in the laboratory, 

t he cement was broken into lots of app rox i mately 20 sacks and double 

1 0  

the 

Expe 

ded de 

by for hway 

y 

(AEA) 

3 

980. 



w ra pp ed i n  plasti c f i lm .  A d es i cca n t  was  p la c ed b e tween t he two mo i s t u re 

b ar r ie rs t o  f urt h er r es i s t p r ehyd rat io n  of t h e  cem ent . Th e r es u l ts of  a 

labora t o ry ana l y sis of t he c eme nt ar e g iven in Tab l e  1 .  

3 . 2 . 2  F ly Ash 

Th e f l y  a s h  used in t h is st udy cam e f r om a co a l  f i red  gen erat in g  

p l a n t  n ea r  Muskog ee , O klahoma . A s ing le s h i pm en t  of  f ly as h p rovided  i n  

b ags was u sed f or a l l pha s es o f  th e p roj ec t . The f l y  ash was p ro t ected  

f rom moistu re in th e same manner a s  po rt l and cem ent as de scrib ed  a bove . 

Th e f l y ash confo rm ed  to  th e r eq u irements  o f  a C l as s  C mine ral  ad ­

mixtur e  as de f ined by A STM S p ec i fi cat ion s  for F ly-As h a nd Raw or  C alci n ­

ed Nat u ral Pozz ol an for  U s e  as a M in eral Adm ix tu r e in P ort la n d  C eme nt 

Concre t e ( C  618-80 ) .  A labo r ato ry a na ly s i s  of t he fly ash is giv en in 

Table 2. 

3. 2 . 3 Con crete A gg regates 

Ag g rega te was ob t ain ed from the s tockp il es of a S t i 1 l wa t e r , Ok la homa, 

ready-m ix con cret e  f i rm .  Th e fin e agg regat e wa s A r ka ns a s  R ive r s a nd 

qua r ried nea r S and S p ri ngs, Okl ahoma. The coarse agg r eg ate  w as cru shed 

limest one obt ained f r om two s ource s .  The coa rs e a g g regate used w ith the 

fi rs t s e r i es of  freeze-thaw s pec ime ns in t a s k  I and w i th a l l concre te 

cast a t  70 F (21 C)  d u r i n g  tas k I I wa s f rom a q ua r ry near D rum r i g h t , 

O k lahoma . A l l ot he r coar se a g g reg at e  w as f rom a q uarry near Pawnee, 

O k lah oma. 

Agg r egat e was s up p li ed as  needed  in small s h ipme nt s  o f  approx ima t e­

l y  4 t o ns ( 3 500 kg ) .  Th e grad at i on of  t he s e s h i pmen t s  wa s somewh at 

1 1  



TAB L E  1 

PORTLAN D C EMENT PROP ERT I ES 

Ox i de /Compound Analysis, % 

S l 02 
Al 20 3 
Fez0 3 
CaO 

Loss on i g n i t ion, % 

Avai ! able A l ka l ies 

N 
KzO 
NazO 

Insoluble Resi , % 

T eal Tes ts 

Fineness: Sq 
Au toclave Expans i on, % 

1 day 
3 days  
7 

Set ti T ime Hrs in 

Initial 
Final 

KS ! 

aWater solub l e  alka l i es on l y . 

1 ksi = 6. 89 M Pa .  

1 2  

De termined by 
Cement Independen t 

turer Laboratory 

2 1. 2 1 . 80 
5 .  6 .  1 4  
2 .  3 . 86 

64 . 4 1 62 . 63 
2 • 1 1  2 . 07 
3. 07 3 , 29 

5 1 , 54 3 3. 14 
2 1. 56 37 . 7 0  
9 , 79 9 ,  
8. l l. 7 5 

1. 02  o . 77 

0 . 30 0. 09a 

0. 70 0 . 02a 

0 . 76 

0 .  1 6  

3866. 00  
0. 027 

l 
33 
4200 

2 :  
4 : 50 

Manufac 

18 
45 -···.i 

75 

MgO 
S03 
C3S 
C2S 
C3A 74 
C4AF 37 

, % 

a20 
'--.,,4 

due -

Phys 

cm/gm 

Compressive Strength, 

680 
30 

days 

ng { /M ) 

40 

-.....; 



Oxides , % 

Si02 
A l 203 
Fe 203  
CaO 
MgO 
S03 

TABL E  2 

FLY A SH PKOP ERT I ES 

Avail able Alka l ies (Wate r So l u b l e ) ,  % 

Na20 
K20 

Mo i s t ure Content , % 

Los s on  Ignition, % 

P hysical Tests 

F i nenes s : 

Amount retained when wet sieved on No. 3 2 5 , % 

Pozzolani c Act i v ity Index : 

With  po r t l and cement a t  28  day s ,  % of cont ro l 
W i t h  lime at 7 days , ks 1 
Soundne ss , % 
Specific grav i ty 

1 ksi = 6. 89  MPa . 

1 3  

30 . 00 
23. 24 

8. 0l 
29. 75  

5 . 0 1 

3 . 58 

0 . 2 4  
0 . 05  

0 .  1 2  

0. 68 

1 6. 70 

l00. 00 
0 . 990 
o .  l 3 
2 . 64 



var i able . Because of segrega t  o n  n t he s I l e, t h e  gradat i on of  the 

a ggregate a l so  d i ffe red  from that ned from rep resentat i ve samples 

acq uired by personnel o f  the Sti l lwa t er of f i ce 

men t of Transpo r tation  ( ODOT ) . Ba sed on  a study 

the Oklahoma Depart­

several O DOT grada-

t i on reports, typ ical gradat i ons were establi s hed  for fine and 

coa rse a gg regate s .  

Af ter  de l ivery, aggregate was ai r d r i ed t o  app rox imately constant 

weight. Bot h  fine an d coarse aggrega te s  were sieved into three sizes. 

The small q uantit ies fine aggrega te pass i ng t he No .  1 00 ( 1 50 µm ) s i eve 

and coa rse aggregate pas s i ng the No. 8 mm ) s i eve we re wasted.  

Pr i or to batching t he f ine aggrega te was recombined s uch that 20.5, 

38 . 0, and 4 1 . 5 percent of the aggrega te woul d  be retained on No. 1 6 , 30 ,  

and 100  sieves (l. 1 8  mm, 600  µm ,  and µrn ), respect i ve l y. The resultin g 

a ggregate has a f ineness modulus o f  2 . 7  and met grada tion requi rement s 

regate ( C -80 ) . The f i ne aggre-of ASTM Specification for Concret e  

ga t e  ha d a speci fic gravity o f  2. and an a b so rption capacity of  0.69 

pe rcent. 

Coarse  ag g regate was recomb i ned and met gradation requ irements for 

A STM C 33  size number 57 . Based on t he se l ec ted g r a da t ion , 22, 43, and 

35 percent of ag gregate would be retai 

( 1 9.0, 1 2. 5, a nd 2 . 36 mm } s ieves. 

on 3/4 in., l/2 i n., and No. 8 

aggregate from Drumright had a 

speci f i c  g rav i t y of 2 . 76, an absorpt ion  capacity of 0 . 9 1 percent, and  a 

dry rodded unit weight o f  1 04 pcf (2 38 kg/m3 } . The s tone from Pawnee 

had a s pecif ic gravit y of 2 .  , an 

and a dry rodded  uni t  wei ght of 98  

1 4  

ion capaci ty of  1 . 39 percen t , 

( 2 2 4  kg /m3 ) .  
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3. 2. 4 Air- E n tra ini ng  Adm i xt u re 

Neutral i z ed v in s o l resin con f ormin g  to ASTM Spec i f ica t i o n  f or A i r ­

E ntra i n i ng Adm i x ture s for  Con c re t e  ( C  260-77 ) wa s u sed i n  a ll con c re te 

ba t ches. 

3 . 3 B a t chin g a nd M ix i n g  of Conc r ete 

The mix p roport ions f o r c l ass A concre te  u sed by  ODOT were a dop t ­

ed fo r t h is s t u dy. The am ount  of mix wa te r a nd AEA t o  p rov ide a s lump 

between 1 a nd 3 i n. ( 2 5  and 75  mm) and an ai r con ten t be twee n  5 a nd  7 

pe rcent wa s e s ta b l ished w ith tri a l  m i xes. 

App r ox i ma tely  24  ho u rs p rior to castin g , wat er equa l t o  5 percen t 

of  t he we i gh t of  t he s an d  wa s b lended  into �a nd ;  the a g g re ga t e was then  

s tored i n  a sea led con ta i ner un t il th e t ime of cas t i ng .  A t  the s a me 

t i me t h e coars e aggregate wa s subm erged in wat er. 

All tr ia l  ba t ches  were 1 . 0 f t 3 ( 0 . 028  m3 ) in  volume ; batches u s ed 

for act ua l tes ts  w e re 3. 0 f t3 ( 0. 085  m3 ) .  A r otat i n g d r um m ixer w i t h  a 

maximum capac i ty of  3 . 7 5 f t3 (0.  1 06 m3 ) wa s u sed for  a l l work. The mixe r 

was in it iall y cha r g ed w it h  agg regate and a port io n  of  t h e mix water con ­

ta ining a l l of the A EA. The m ix er was s ta rted ; one-half o f  t he c ement,  

mo re water , t he remainde r of t he cemen t ,  a nd the l a s t  of the  m i x  w at er 

were ad ded .  The  m ix e r  wa s op e ra ted f or t h ree m inu tes a f ter th e a d d i t i on 

of w at er , s h ut o f f  f or t h ree  m i nu t es,  a nd t he n  op era ted for two more m i n ­

u t es. For t he tes t bat c he s  co nta in i ng f l y  a sh, the  fly as h was b atc h ed 

w it h  the cement and added t o  the m ix i n  t h e man n er p r ev i ou s ly des c r ibed . 

3. 4 St udy  o f  t h e  Ha rde ned A i r Vo id Sy s t em 

ASTM R ecommend ed Pract i ce for t he Microscop i c a l De term inat i o n  of 
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A i r - Vo id Con tent an d Pa ramete r s of  t he A r - Vo d te rn i n  Hardened Con -

c rete ( C  l }  i nd i ca tes  t surface of 1 2  in. 2 
(77 a m n mum area 

2 mm ) i s  needed to es t ab ·1 i s h  t he to tal  a i r content for a concrete contain-

i ng aggregate w i t h a nomi na 'I max imum s ze in. ( 2 5  mm) .  In add i tion , 

for tests us i ng t L near Traverse Met hod of ASTM C , a m i nimum tra-

verse of 9 5 in. ( 2 4 13  mm) is s pec i fied .  

l es a pprox ima te l y  by 3 4 in . were ob tai from the p r  i sms  

by sawi ng transverse to t ax i s  the s pecimens. One sample was ob-

tained f rom each of t he t hree prisms c a s t from each ba t ch during task 

work ; t samples 'we re t aken from near mid-leng t h .  Two samples ta ken a t  

approximately the t h i rd-po int s  were obtained f rom eac h  prism cast during 

t ask effort s. 

pol i shing , speci mens were s t udied u s i ng a m i c roscop i c  appara-

t us whi ch sat i s fied t h e  requirements ASTM C The m i croscope s tage 

was at t ached to a DC DT- style d i s placemen t  transducer which was connected  

to a comp u te r ·· b ased data acqui s ition sys 

di s t ance measurements and s torage d a ta. 

wh ich permitted automatic 

App rox i mate l y  1 00 i n. ( 2 500 mm ) linear transverse was d i stri buted 

over t he t hree samp l es from task I pr i sms and the  two samples from tas k  

I I prisms. At  t he time t he micros cope work commenced , i t  was no t fe l t  

tha t technicians could re l iably  d i s tingu sh between the paste and aggre-

ga t e  phases .  The refore, a ca l cula ted paste con ten t based on  the m i x  p ro-

porti ons and specif ic grav i t i es of the materials was used in t he calcula-

t i on of t he s pac i n g fa c to r .  
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C HAPTER I V  

F R E E Z E -THAW DURAB I L I TY 

4 .  1 B ackg round 

The res is tance  o f  conc ret e to f reez e-th aw act io n  is inc r eased  by 

air e nt ra i nmen t --the  incor pora t i on of  sma ll a ir bubb l es i n  the p as te ma ­

t r i x  d u r i ng m i x i ng. Th e benef it s of a ir e ntra i nment w ere a ccid ental l y  

d i s cov ered after  beef tallow was u s ed a s  a g r in d i n g aid in the ma nuf ac ­

t u r e  of po r t l a n d  cement .  I t  h as bee n  s hown ( 1 2 , 1 3 )  t h at sma l l a i r bu b ­

b le s  h e lp relieve hydrauli c pre ssure d eve loped a s  f ree wat er--espe c i a 1 1 y  

in cap i lla ry vo i ds--is co nve r ted to  i ce du ring f ree zing.  The e f fe c t i v e­

nes s of a i r e nt ra inmen t is c l osely tied to the p roxim i ty  o f  an a i r bub­

b l e  to a l ocation wh ere ice is be i n g  f o rmed ( 14 ) .  A s  a resul t , t h e 

q ua lity of t he int ern a l a ir v o id s yst em is usual l y  desc ri bed quan t i t a­

t i ve ly in t erms of t he sp ac ing fact or, wh ich i s  t he maximum d is ta nce o f  

any point in t he cemen t  pa ste f ro m  t h e  p e r i phe ry  of  an ai r void ; o r  t he 

s pec i f ic surfac e ,  wh ich i s  t he surf ace  area of t he air voi d s  per u ni t 

vo l ume ; o r  both. A n  e nt ra i n ed a i r sy s t e m  which h as a s mal l  s pa c ing f ac ­

tor a nd a l arge sp ecif i c  sur f ace l s  des i re d. Hence e nt ra i ne d  a ir i n the  

form of  m ic ros copi c  air bubb le s is an idea l s i t u at io n. A s pac ing fac tor 

of 0 . 008 in. (0. 2 mm) i s  usually con si de re d  to p rov id e  a d u ra b l e  co n­

cr et e ( 1 4 ,  1 5 ) .  

Th e s pacing f a c t o r  and s p ecif ic su rface can o n l y be m ea sured  by a 

m icroscopic ex amin at i o n  of t he h ar dened a i r v oid sy stem � for f i e l d  and 
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l a bo ratory control of  en t ra i ned  air, r e l  ance must be p l aced on a mea-

surement t otal a i r  content . Such measurement s pres sure or 

volumetric  tec hniques include large acciden t a l ly en tra pped air bubbles  

not removed by conso l idat ion as wel l  as  t he entrained air and are ex-

pres sed a s  a percen of total vol ume r a t her  t han volume of p a s te. 

En tra i ned a i r  vo i d s are gene ra l l y  considered to  range i n  d i ame ter 

f rom 10 t o  1 000  µm; while entrapped a i r  void s are larger and usually 

l es s  spherica l ,  any size d is tinc t ion i s  arb i tra ry.  However, larger bub­

bles are more eas ily e l imina ted by vi b ra t io n  and  o t her p l a c ing and fin­

ishing operations . Thus, c i rcums tance s  which resu l t in a n  entrained air 

system tend i ng toward smalle r air  voids  is  a l so a system wh i ch is  more 

s tab l e  and mor e  likely to be p resent n situ. 

The use fly ash can significantly a l ter the A EA demand of a m ix. 

Most researchers agree t h a t  A EA demand i s  st rong l y  related to  t he 

carbon content of  t he fly ash  ( 1 6-24 ) .  ren tly, the high su r face 

a rea associa t ed with carbon a bso part of t he A EA, the reby reduc i n g  

t amount availa ble to entrain air ( 2 5 ) . Meininger (26 )  repor t e d  that 

if fly as h has a low AEA demand , then air content inc rease is proportion-

a l  with A EA .  However, i f  t he fl y ash h as a h i  A EA d emand ,  then t he 

curve is no  longer p ropo rtiona l and may be 11S 1 1  shaped. The irregular 

curve sug ge s ts that the A EA requ irement w i ll not be predictab l e  when 

high carbon ashes a re used.  Meininger  sugge s t s  using a foam index tes t 

as a good q ual i t y cont rol measu re. The foam index is the  mini mum amou n t  

o f  A EA necess ary to produce a s ta ble foam. Halstead (10 ) ,  in a repor t  

for t he Virg inia Department of H i  an d Transpor ta tion, i n d icates 

tha t e rrati c amounts o f  ent rai ned a i r  a re m n imized when t he loss on i g­

nition (which is a means to measure c arbon content )  is 3 percent or l ess. 

1 8  
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Ca rbon con t e n t  i s  o n l y  o ne cha r· :i c t e r i s t i c  of f l v  a h 1.v h i c h , .m ; ., 

f l u en ce t� EA demand . For· examp l e ,  S n  1 ·  e t  a l . ( 2 8 )  f ound  tha t t he t u L1 I  

s u r f ace area of the f ly a sh ,  measured by a ga s adsorption method , was a 

be t ter ind i ca tor  o f  A EA demand t ha n  ca r bo n  c on tent .  O t h er re port s indi­

c at e  s i mi l ar re su l t s ,  i n  tha t  the f inen ess  as s oc ia te d  w it h  f l y  as h  c an 

compound t he in f l uence  of c arbon  c on t ent  ( 2 7 ,  2 9 ) . 

As d iscussed in s ect i on 5 . 1 . 2 of t h is study , f l y  ash can I nf l ue nce 

t he quantit y  of mix wa t er. i t  h as been shown ( 30 )  tha t  as the wa ter-to­

cement  ra tio i s  inc r ea s ed ,  t he sp ac ing f ac to r  inc rease s fo r mixes con ­

t a i ning e q ua l q ua nt i tie s  of air . A s  a resu lt ,  whe n the c h arac te r i s t i c s 

of a f ly as h used i n  conc rete  perm i t a red u c t ion i n  mix w ate r,  a t rend  

to  sm a l ler, m ore c lo s el y  s paced ai r v o id s  may resu lt .  

S olub l e  a lka lies , us u all y express ed  a s  Na 2o ,  c an a l so  af fect t h e  

AEA dem and of a mix . I n  t ests  where Na20 wa s added to the mix wate r --

a procedure which wa s as sum ed to  h ave  n o  inf lue nce on t h e  no rma l ra te of  

re lease of a lka l ies  f r om t he cement·- - G reen ing (3 1) fou nd th at the wa te r 

so l ub l e a lka l ies reduc ed the amounts A EA (a neut ral ized v i n so l  re s in) 

r equ ir ed to prod u ce c on s tant air con t ents . I t  wa s sugg es t ed t ha t t he 

amoun t of so l ub l e a lkal ie s w h ich will op tim ize the v in so l  resi n r equire­

men t s  of a cement m ortar i s  0 . 8  pe rcent of t h e wei g h t  of  t h e  m i x  w at er. 

A l t hough water so lub le a l k alie s  may r ed uce A EA demand , P i s t i ll i  ( 32 )  i n­

d i ca ted that the al kalie s can a ls o  inc reas e t he s p ac n g  f actor , wh i ch is 

t h e  averag e d is ta n ce between ai r void s of t he hard en ed pas te. ! nc reas -

ing t he s pacin g  fac tor of t he h ar den ed concrete d ecreas e s th e e f fect i ve ­

n es s  of t h e  a ir void sy s tem. Pis ti l l i  fou n d wh en t he w at er s o lub le 

a l ka l i a s  a per ce nt of t he mix w ate r was i nc re a sed f rom l ess than 1 . 0 

p erce nt to 2 . 0 pe r ce nt ,  the neut r ali zed v i ns ol re s in AEA produced vo id 
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s y s tems wit prog ress i ve l y hi r s p a cing f actors.  Because Clas s  C fly 

ashes s ometimes have relatively hi al li conten ts , t his top i c  will 

probabl y receive additional research .  

Freeze- thaw data  regarding c oncrete made w i th lignite or subb l tumin -

ous f l y  ash is  l i m ited . In a report Dob l e  and Henn i ng ( 3 3 ) ,  cement 

was rep l aced with lignite fly ash in percentages up to 35 percent.  The 

s amples we re tested in accordance wit h A STM C 666, proced u re  A, wit h  d e-

terioration measur as a reduction in r e l ative dynamic modulus, wh i ch 

is a measure of  internal r l gid l Concrete was res i s tant to damage ; 

the largest  reduction i n  t he rela t i ve d ynamic modulu s  was only 1 1  per­

cent at an ash replacement of 3 5 percent.  

Dunst an ( 3 4 ) subj ec specimen s  contain i ng lignite and subbi t umin-

ou s  f l y  ash from f ve dif ferent sources to  freeze - thaw cycles in water .  

Each cyc le  cons l s  of J . 5 hours a t  1 0  F ( - 1 2 . 2 C )  followed by 1 . 5 hours 

a t  70 F ( 2 1 C ) . Weig ht  loss was u sed as a means to measure deteriora­

tion. The five fl y a s he s  did not meet A STM requirements for eith er 

Class F or C l ass  C fly ash. However , r of the ashes met mos t of  t he 

ox ide requirement s for a Clas s C f l y  a sh, whi l e  t he fif t h  a s h  m et the 

oxide req u iremen ts fo r a C ass F fly  a mens which wi stood 800 

freeze�· thaw cycl es w t h  a we l t oss of not more percent were 

given an exce l lent dura b i l i  rating ; o n  y con crete ma de  wit h  the 

subbitu minous fly ash resemblin g  a class F fa i l ed to a chieve an excel­

lent rating . 

4.2  Exp erimen tal Proced ures 

Immediately following t he m xing ope ra t i on ,  t he conc ret e was dis­

c har g ed from t he mix e r , a nd the temperatu re ,  slump, a i r co nte nt ,  and 
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unit we i g h t  were measu red . S i x 6 by 1 2-in. 0 52 by 305-mm )  cy l i nders 

an d  six 3 by 4 by 1 6-in. ( 76  by 1 02 by 406-mm ) prisms we re  cas t  from 

each ba tch .  Specimens we re removed f rom mo l d s  after 2 4  hou rs ; cy l inders 

were pl aced i n  a fog room w i t h  a rel at i ve hum i dity g rea te r t han 95 per­

cent , and p risms were placed i n  l i me-satu rated wa te r ; s pecimens  were 

ma i ntained at a tempera ture of 7 3 . 4  ± 3 F (23 ± 1 . 7 C ) .  

Fou r teen days  after cast i ng ,  two of the cy l inders from each bat ch 

were tested i n  comp re s s ion, and t h ree p r i sms from each ba tch were weigh­

ed and p l aced i n  a water bath maint a i ned at 42 F ( 5.6  C ) . Af ter approxi­

mately two hou r s, t he p r isms were tested fo r transverse  frequency in 

accordan ce w i t h ASTM Tes t  for Fundamen ta l  Transverse, Long i t udina l and 

To rsiona l F requenc i es of Conc re te Spec i mens ( C  2 1 5 - 60 ) us i ng equipment 

shown in Figure 1. Prisms were t hen s u bj ected to d u rab i lity test ing in 

accorda nce wit h Procedure A, ASTM Test for Re s istance of Concrete to 

Rapid  Freez ing  and  Thawing ( C  666-77 ) using t he a pparat us shown i n  Figure 

2. The fundame n t al transve rs e  frequency and weigh t  of  pr isms were deter·­

mined a f ter intervals of a pprox i mately 30  cycles of exposure t o  the 

freezing-t hawing cyc l es . Three hundred freeze-thaw cyc l es were ap plied . 

Twen ty-eigh t  days  after ca s tin g , two add i t i onal cy l inders were tes ted in  

compres sion . Two cyli nder s a id t h ree prisms from e ach batch 1dere not 

tested. 

4. 3 Experimental Res u l t s 

Ta b l es 3, 4, and 5 con tai n data per t a i ni ng to the t hree series o f  

freeze-thaw d u rab i l i t y t est s .  Dur ing the preparat i on o f  ba tches con ta i n­

ing various amounts  of fly ash, it was found tha t as t he percentage of 

a s h  was l nc reased it was genera 1 ·1 y necess a ry to inc rease  the amoun t 

2 1  
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TABL E 3 

CONC RETE  DATA FO R TASK N O. , ,  S E R IES NO. 1 

Item 

Quantities Per Yd 3 

Cement ( l b ) 
Fly As h  (lb ) 
Water ( l b ) 
Fine Agg. ( lb ) 
Coars e Agg. ( l b )  
A i r  Ent. Agent (m l ) 

Prope rt ies of Fresh Concrete  

Slump (in. ) 
Air Content ( % ) 
Unit Weig ht ( lb / f t3 )  
Wa ter/Cement Ratio 
Concrete Tempera t ure , C 

Compressive S treng t h  

14 d ays ( ksi ) 
28 days  ( ks i ) 

S t a tic Modu l us of Elas t icity 

l4 d ays ( ks i ) 
2 8  d ays ( ksi) 

F reeze -Thaw Durab i lity  Factor 

Specimen l 
Specimen 2 
Spec imen 3 
Average 

Average We i ght Loss (grams)  

Hardened Air Conten t  ( % )  

Specific Surface (in. 2/in. 2 ) 

S pacing Factor (in. ) 

564 
0 

254  
l 170 
2064 
22 5 

2 1, 
5. 8  
1 5 1 

0 . 45 
2 1  

4. 7 3  
5. 56  

4lrln  
4 350  

1 00. 6 
97 , 6 
95. 6  
97, 9 
15 6 

3. l 

35 7  
0 . 0 1 6  

Percent Fly A s h  
20 30 40 

452 
11 2 
1 98 

1 1 70 
2064 
270 

H 
5. 3 
l 48 

0. 35 
20 

4. 90 
5, 9 7  

4450 
4640  

97. 8 
• 2 

89. 9 
, 3 

lll 

6. 5 

371 
O . O iO 

395  
169 
1 94 

1 1 70 
2064 

297 

1-!r 
5. 7 
1 47 

0. 35 
2 1  

4. 66 
5,76  

4 1 80 
4450 

87 . 2 
9 1. 5 
94. 4 
9 1. 0 

263 

7. 9 
256 

0. 012 

338  
226  
192 

l l 7 0  
2064 

324 

1 
5. 5 
149 

0. 34 
21 

4. 14 
5 .  1 8  

4590 
502 0  

94. 3 
92. 0 

1 03 . 0 
96. 4 

24 3 

9. 4 
22 9 

o .  a 1 1  

50  

282 
282 
199 

1 1 70 
2064 

3 5 1 

3 1 
Z+ 

6. 6 
14 7 

0. 3 5 
22 

3 . 00 
4. 06 

3640 
4 1 80 

97. 6  
98. 2 

102. 3 
99. 4 
262 

3. 4 
4 5 6  

0 . 0 1 2  

l b/yd3 : 0 . 593 kg /m3 ; 1 m l /yd 3 1. 3 1 ml/m3 ; l in. = 2 5. 4  mm ; 

ksi = 6 . 89 MPa; 1 lb/f t 3 = 1 6 . 0  kg/m3 ; l in. 2/in. 3 = 0 . 0 394 mm2 / 

2 3  

0 

92 

93 

3 mm . 



TABLE  4 

CONCRETE DATA FOR TASK  NO . 1 ,  S ER I E S  NO. 2 

Item 

Quant i ties Per Yd3 

Cement  ( l b ) 
Fl y Ash ( l b ) 
Water (l b) a 
F i  ne  Agg . (l b )  
Coa r s e  Agg . (lb )  
A i r Ent. Agent ( m l ) a  

P ropertie s  of F resh  Conc re te  

S l ump (in. ) a 
A i r Conte n t  ( % ) a 

Unit  We i ght ( l b/f t 3 )a 

Water /Cement  Rat i o a 

Concre t e  Tempe ra ture , C a 

Comp ress i ve Streng th  

14  days ( ksi ) 
28  days ( k si )  

Sta tic  Modu l us of E l ast i city  

1 4  days (ks i ) 
2 8  days ( ksi) 

Freeze-Thaw Durabili ty Fac tor 

Spec i men 1 
Spe c i men 2 
Spec i men 3 
Average 

Ave rage Weight Los s  ( g rams ) 

Hardened  A i r Con ten t  (% )  

S peci fic Sur face ( i n . 2/ i n. 2 ) 

Spac i ng Facto r ( in . ) 

a Data not available. 

0 

564 
0 

1 1 70 
2064 

4. 96 
5. 24  

4400 
4480 

85 . 9 
73 , 7  
97, 8 
85. 8 

1 58 

l. 7 

323  

0 . 023  

Percen t F l y Ash  

452 
1 1 2 

1 1 70 
2064 

3 . 26 
3 , 67 

3840 
3830 

95 , 5  
93 . 3  
98.  1 
95. 6  

364 

1 2 . 2  

207 

0. 009 

395 
1 69 

1 1 70 
2064 

4 .  77 
5, 59 

44 1 0  
4360 

87 . 0  
78 . 4  
88 . o  
84. 5 

1 30 

9 . 0  

284 

0 . 009 

338 
226  

1 1 70 
2064 

4 . 22 
4. 53  

40 30 
4 1 20 

9 3. 1 
89 . 0 
83 , 3 
88. 5 

1 76 

1 0 . 4  

32 3 
0. 007 

50 

282 
282 

1 1 70 
2064 

3. 5 1 
3. 8 4  

3 7 1 0  
4070  

93. 2  
97 . 6  
9 1. 3  
94. 0 

232 

4. 5 
300 

0. 0 1 6  

l b/yd 3 = 0. 593 kg/m3 ; 1 m 1 /yd 3 = 1 . 3 1  m l /m3 ; 1 in . = 25 . 4  mm ; 

k s i = 6 . 89 MPa ; 1 l b/ft 3 = 1 6 . 0  kg/m3 ; 1 in . 2/ i n. 3 = 0 . 0394 mm2/ 
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TAB L E  5 

CONC RETE DATA FOR TAS K  NO. 1 , S ER l ES NO. 3 

I t e m 

Qua n t  i t  i es_Pe r  Yd 3 

Ceme n t  ( lb ) 
Fl y A sh  ( l b ) 
Wat e r  ( l b ) 
Fi ne  Agg. ( l b ) 
Coa rs e Agg. ( l b ) 
A ir E n t. Agen t (m l ) 

P r t i es of  F re s h C onc rete  

S 1 ump  (in. ) 
A i r Con ten t ( % ) 
Un i t  We i g ht  ( l b /f t 3 )  
Wa te r/Ce me n t  Ra t io 
C on c re t e  Temoer a t ure , C 

Comp re s s i ve S t r e n g t h  

1 4  d ay s ( k s i) 
28 day s ( k si) 

S t a tic Mod u l us of E l a st i c i ty 

14 d ays ( ks i ) 
2 8  day s ( ks i) 

Freeze -Thaw Du r ab i l i  

S pec imen 1 
Spec i me n  2 
Specimen 3 
Aver ag e 

Facto r 

Ave rage We igh t  Loss (g rams ) 

Ha rd e ne d  A i r C on t ent ( % )  

Specific Surface { in. 2/ i n . 2 ) 

S pa cin g Fa c to r  ( i n. ) 

564 
0 

225 
1 170  

216 

l 
s . o  
1 47 
0 . 40 

24  

5 , 9 3 
6. 33 

4 1 60 
4240 

92 . 3 
9 3. 1 
95. 6  
9 3. 7 

3 1  

3 . 1 

2 8 3  

0 . 020  

452  
1 12 
1 90 

1 170 
2064 
270 

1 l 4 
5 . 7  
1 46 
0. 34  

2 3 

5. 26  
6. 04 

4 1 00 
4. 1 70 

90. 6 
92. 8 
95. 3 
92. 9 

63 

3 , 9 

267 

0 . 0 1 9 

--------- ---------------- --

395 
169 
1 79 

1 1 70 
2064 

297 

1 :!: 2 
s . o  
1 47 
0. 32  

2 3 

5. 56 
5. 92  

4 1 40 
4270 

99 . 6 
90. 3 
68. o 
86. 0 

18 

2. 3 

3 1 8  

0. 020 

3 

1b/yd 3 
= 0 . 593  kg/m3 ; l m l /yd 3 = 1 . 3 1 m l /m3 ; l in. 

k s i = 6. 8 9 MPa ; 1 lb/ f t 3 = 1 6. 0  kg lm\ l in . 2 / i n. 3 
mm . 

25 

3 38 282 
226  282  
182 1 77  

1 1 }0 1 1 70 
2064 2064  

3 24 3 5 1 

2 2 
5 . 5  s . 7 
1 46 1 4 5 
0. 32 0 .  3 1 

23  22 

5 , 24 4 . 6 3 
5 , 98 5 . 21 

3960 3690 
4260 3930 

96. 2 94. 8 
1 05 . 2 99 . 8 
8 L 2 1 00. 2 
94. 2 98. 3 

1 3 44  

1 1. 4  J. O 

2 1 7  34 1 

0. 0 1 0 0 . 0 1 7  
------------· --

25 . 4  mm ; 
2 

= 0 . 0394 mm I 

0 

2064 

rope 

t 

Percent Fly Ash 
20 30 40 50 



of A EA and to  reduce t he amoun t o f  m i x. v-,a ter .  pe r cen of  fl y a s h  

d i d  no t s trong l y  i n f l u en ce t h e  comp r e s s i ve s t r·eng t h  (X t he 1 1 1\)d u l u s ,) I 

elas t icity. 

In no case  was it necessary to t ermina te  testing unt i  1 the 300  cycles 

exposure presc ribed ASTM C 666 had been applied . As a resul t , the 

durability fac tor s wh i ch a re repor i n  t he tab l e s are the sq uare of 

the ratio of t he fundamen tal frequency a f t er 300 cycles of freezing to 

the i ni t ial fundament al freq uency .  In a few cases t he d urab ility fa ctor 

i s  g r eate r  than 1 00. This s uggests tha t eit h er sl i ght  a d di tiona l h ydra-

t ion took p l ace d u rin g the dura b i l l testing or that t he in itial funda-

men tal freq u ency wa s sl i g h tly in error . 

Durab il i ty fac tors b a sed on the  average o f  t hree specimens from 

e ach  batch  ranged from approxima tely 85 to al mos t 1 00 .  

Pho tog r a p hs  o f  t he prisms af t er cycles freez i ng are provided 

i n  Fig ures 3 t hroug h ?. F rom a v i sua l stand point only superficia l damage 

was expe rienced by t he specimens.  

Af t er comp l etion of durabilit y  te s t s  on the second ser i e s o f  spec i­

mens, it wa s discovered t ha t  origina l data regard ing mix water, A EA , a i r 

content, s l ump , uni t  we i g ht, and temperature of  t he conc rete were m i ssing 

from t l abo ratory. Wh i le i a  1 y u sefu l  d a ta a re u n a va i 1 l e ,  it  

i s  known that for a l l five batches t 

lim its. 

s l ump and air conten t were w it hin 

4 . 4  D i s cus sion  of Re s ults 

Durab lity factors from t he t hree s er i es of s pec i mens contain i ng the 

various fly ash percentages we re  averaged, giv i ng the fol lowing r e s u l ts : 

20 and 40 perce nt f l y  ash specimens approximately cons t ant durability 

2 6  

of by 

he potent 

ted 

ty 

The tage 

300 of 

he 

had 



N 
-...J 

F ig ure 3. Specimens  With 0% F l y  Ash Af ter Freeze-Thaw Tests 
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F i gure 4 . Spec i mens W i th 20%  Fly As h After Freeze-Thaw Tes ts 
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F i g u r e  5. Spec i men s W i th  30% F l y  Ash After F reeze-Thaw Tes t s  



F i gu re  6 .  imens W i th 40% Fly  As h After Freeze-Thaw Tests 
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F i gu r e  7. Spec i men s W i t h  50% Fly Ash Af te r  F reeze-Thaw Tes ts 



fac to rs w th values  94  and rce n t res pec t i ve l y ;  con  rol spcc i -

men s  were s lightly l ower a 1 . 5 percent ; specimens for t he remain -

ing two fly as h pe rcenta ges of  30  a n d  per cent were  de termined t o  be 

88 and 97 percen t, respect ive l y .  The re l ative l y  h i gh d u r abi l it y  facto rs  

from t hree ser i es of  s pecimens indicate t i nternal deter ioration cau s -

ed by r a p  d .('. . , reez 1 ng 

ment repla cement w i t h  

5 i nd icates t ha t  most 

a nd t haw i ng 

fly ash . 

s amples had 

some ins tances the surfaces appea 

i s  

an 

not  s i gnif i ca n t ly influen ced  b y  ce -

l on p rov ided i n  Tables 3 ,  4 '  and 

i e  air void sy stem. I n  

to have e i t he r  greate r o r  sma l ler 

percentages of mo r tar than was typical. S i nce a i r vo i d  parameters 

were based on a compu ted pas te conten t , t his factor luences the accu-

racy o f  t he se data  to  an u n know n ree . In F i gu re 8 the d urabi 1 i f a c -

t o r  is plot ted agains t  t he pe rcent fly ash ; no trend is  a ppare n t  between 

rab i l l ty  and pe rcent fly a rep l acement .  

Weight loss data do not co r rela te wel l with dura bi l ity fac to r s . For 

example, relat i ve l y  h i g h durabil i ty factors were obt ained f rom specimens 

containing 20 and 50  percent fly ash;  however, t he p r i sms  from t hese two 

mixes ha d t he largest  individual average wei g ht losses . As can be seen 

in Figure 9 ,  there appears to be a strong correlation between we i g ht loss  

a nd compressive streng t h a t  the i nitia tion f reeze-t haw test i n g ;  no re-

la ti ip  between percen t fly ash an d wei t loss is appa rent. It is 

doubtful tha t weight loss I s  nt on  comp re s sive strengt h pe r se ; 

lower s t rength concrete are usua1 1 y  more po rou s and  thus more suscepti -

b l e  t o  f rost damage .  
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CHAPTER V 

I N F LU EN C E  OF  F LY A S H  ON C HA RACTER I STI C S  O F  CONCRETE  

5 .  1 B a ckg roun d  

5 . 1 .  1 I n tr od u ct io n  

I t  is bec oming inc reasing l y  app a re n t  th at fly as h c an not  be rega rd­

ed as a g ene ric ad m ixt u re for  co n c rete. The physic a l and chem ic al prop­

erties of f l y a sh can vary g rea t l y, depend i n g  o n  t he source  of coa l , t he 

t ype of e quipment u sed for combus t ion , a nd col lec t ion a nd opera t ing con ­

d it ions at t he t im e  o f  combust ion. A s  a r es ult,  t h e 1 ite ratu r e  con ta i ns 

numerou s conf lict ing  o b se rva t i o ns .  I n  t he fo ll ow ing s e ct ion s, t he in f lu­

en ce of  fl y a sh o n  s e lec t ed t op i c s  w it hin t he gene ral s cope o f  t h i s  re ­

search  p rog r am w ill be p re sen ted . To the extent p os s i b le ,  i nf orm ation  

is p rov i ded which i s  proba b l y  co rrec t  for t he t ype of  f l y  ash u sed  in 

this s tudy ; an effort has bee n ma de to e xclud e informat io n  o n  a sh e s  no t 

s imil a r  t o  t h os e  p re s e n t ly avail a bl e  in  Ok lahoma. Thu s  mos t  i nf orma t ion 

is b ased o n  test s inv olv ing f ly ash with h ig h  f in e ne s s ,  l ow carbon, a nd 

- - to  t he ext e n t pos s ib 1 e - - h  g h  lime .  

5. 1 . 2  I n f l ue n ce of  F ly Ash  o n M i x  Propo rt ions 

Fl y a sh part ic l es  a r e  sma ll i n  s i z e a n d  s omewhat s pherica l in s ha pe , 

res u lt ing in a ba ll -bearing effec t wh ich a l lows the  conc ret e pa r t ic les to 

f l ow w it h  l ess fr i c t io n. Num erou s st ud ie s  are cited  by Abd u n-Nur ( 4 ) ,  

35  



Be r ry an d  Ma ho t ra ( 1  ) a nd S n  

ash exh i b i t i mp rove d workabii i 

r e t  a l , ( 2 8 )  w he r· e  conc re t e s  1.-1 i t h f l y  

an d req u i r e l es s  w ate r compared to  p or t -

l a nd cement conc r et e  wit h  t he s ame consi ste nc y . How ever, t h ese au t hors 

a l so cit e a few s tud ie s  where t h e  f l y  ash h as res u l ted in an in crea s e  in 

t he water requir em ent s  of  t he m i x-- u suall y  as a res ult o f  rel ative ly 

h gh c arbon cont e nt. l n  a n  e va lua t i on f ly a s h  conc rete ,  Abd u n-Nu r 

) reported t ha t  red uced b l eed ing a nd red uced seg regation we re  ob s erved 

repeatedly ma ny inv es t iga t ors . I n  s ome ins tances,  t he im prov e d  work-

a b il i t y a s sociat ed w i t h  t h e  p res enc e of f ash may permit s ome modif i ca-

tion  in t he ra t io of  f ly as h p lu s  c emen t  to tot a l  agg re g ate or  r a tio  of 

f ine agg regate to c oarse a g g re g ate . 

I n  add i t i o n, f l y  ash can i mp rove the f i ni s h i ng cha r a c t e r ist i cs of 

conc r et e. I n  certain c ases , conc ret e f ni sher s who w orked w i t h  f ly a s h  

1 n  pa st s peci fica lly requ e s ted  f ly ash co nc r e t e  ( 3 5 ) .  

The inf l uen ce f ly as h on AEA demand i s  apparen t l y  v a riab l e  as 

p r e v i ou sly  d i scu ssed  in sect ion 4 .  1 .  

. l . Reta  rd i Act i on of F l  Ash 

Dav s et al . ( 36 )  repor t ha t  i n  a ·1 1 cases t i me of se t for f ly 

as h-port l and cement concre t e s  wa s grea t e r  than f or con c r ete s contain i n g  

no f ly as h .  r et al. ( 2 8 ) , hovvever, repor conflic t in g  re su l t s . 

I n  th eir repor t  t h ree me t hod s wer e u sed to meas ure s et ting time s of mar-

ta r .  O ne me t h od was b as ed on  evo l ut i on h ea t  a s s ocia ted wit h hyd ra -

t i on, whil e t he s econd and third met hod s u s ed t he ASTM Vicat te s t . In 

some t e s t s  t he water-to-cemen t ) ratio wa s c ons ta nt and in o th er 

tes t s  t he w/c ratio was varied i n  ord e r  to main t a i n a con st ant co ns i s-

t ency . Re sul t s  f rom t h e  f ir s t me i nd i cated t hat the temperature p eak  
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associa ted  w i t h  ni tia l and f i n al set w as n ot i nf l ue n ced by the use  of 

f ly as h. In t he secon d met hod , w hen th e w/c ratio wa s he ld cons ta n t ,  

t he t ime of s e t  appeared t o  i ncre a s e  with the add i t i on of  f l y  a s h .  How ­

eve r ,  t he i nc rea se a ppea red to be a f unc tio n  of  con s i s tency ra the r t han 

f ly a sh ,  a s  t he l es s  fl u id mixes tended to s et f irst. Res u lt s  from t h e 

th ird test  conc luded t ha t  the add i t i o n  o f  f ly ash did no t sign i f i ca n t l y  

i nc rease the t ime of s e t  of t he mix .  

5 . 1 . 4  S treng th  a n d  C uring C on d i t ions 

A v alua b le prop e r ty of f ly a s h  is it s pozzolan i c  n at u re.  A s  p r ev i ­

ous l y  d i scus s ed ,  f ly ash w i l  I rea c t  w i t h  t he f r ee l i m e  produced  by the  

hydra t ion of  po rt la nd ceme n t  l n  t he p r es en ce of moi s t u re to p roduce a 

s t able cemen ting med ium . Th i s  qua ]  i p rodu ce s a subs t a n t ia l  i n c reas e  

in s treng t h  a t  l ate r ages . Wh i l e t h is i ncrea se i n  s treng t h  i s  b enef i ­

cial , mos t  re searc he r s  have foun d that wh e n  a C las s F f l y  a s h  is u s ed to 

rep lace a po r t i on o f  t he po rt land cement ,  lowe r e ar l ier s tre ng th s res u l t .  

I n  or d er to at t ain e q u i v a l ent or  hig he r st rengths  t han a p la i n co nc rete  

a t  an e a rl y  a g e ,  s t udie s hav e sh ow n t ha t  C l ass F f 1 y  ash ca n be  added i n  

g reater q uant i t ies t han  t he po r t l a nd  cemen t removed o r  used t o  rep l ace a 

p ort io n  of  t he f ine agg rega te.  Abdun- N u r  ( 4 ) , Berry a nd Mal ho tra ( 1 1 ) ,  

and Sny de r e t  a l. ( 2 8 )  c i t e numerous s tud ies i nvo lv ing s u c h  resu l t s .  I n  

orde r to obtain i mproved st ren g t h  a t  la ter  ag es wit h C lass  F f ly as h ,  

p rolonged curi ng may be  n ece s sary ( 3 7 ) . 

A lthou gh a n umber of s tudies have bee n  c ondu cte d  a nd o t her s are 

unde rway invo l vi ng C las s C f l y  a sh ,  few res u lt s  h av e  been pub l i sh ed . 

Recen t l y, Cook ( 39 )  h a s  pre s en ted result s which s how that  when 20  to 30 

percent of t h e po rt la nd c ement is r ep l a c ed w i t h  Class C fl y as h on a 
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we i t b a s i s , t he re i s  a sign i f i c an t  inc rea se  i n  compre s s i ve s t re ng t h  a t  

a 1 i a ges. However . possibly because the retard i ng action of t he fly  

as h, t he 1 - a nd 3-day compres sive streng t hs cannot be used to predict 

the st rength at days.  Cook po i n t s  out that t he use of C lass C fly 

ash perm i tted a lower w/c ra tio wh  ch was icial to streng t h .  

I n  earlier wo r k  wit h l ign i t e an d s u bb l t uminous f l y ash , Dunstan  

(34 )  held t he w/c  rat i o  and  slump cons tant , which resul t ed in a lower 

total weight of cementitious materials per unit volume. Al though lower 

in streng th than the control mix , concretes made w ith l i gni te and sub­

bit uminous f ly as h exhibited be t ter strengt hs t han conc rete w i th  a C lass 

F fly ash--especially at early ages. 

In general cons t r uct ion, C l ass F fly ash has seen l im i ted usage be ­

cause of  t he need of p ro i onged cu ring if t he full poten tia l of  the cement  

and fl y ash are  t o  be reali Find i ngs  such a s  t hose of Davis e t  al . 

(36 ) ,  where f l y  as h conc rete is wea ker at  early ages  but consider ably 

stronger than convent i ona l concre te  a t  l ater ages, have found t heir way 

i nto most r eferences on  concrete mate r a l s. The l i m i ted data discussed 

a bove suggest t hat  concrete made w i t h  C lass C f l y  ash may be more suit � 

able for ge ne ra l p u rpose applica tions. 

Was ha and \tlithey ( 1 9 ) and B l oem ( 20 )  report t hat a dverse cur i ng con ­

d i t i ons i n fl uence the pozzolanic react i on i n  the same manner a s  t he hy­

drat i on of po rt l and cement. However ,  Bloem ( 20 ) repor ted  t ha t  wh i le low 

tempera ture or of mo i st ure p a sim i l ar det r i mental i n fl uence 

on f ly a sh and plain concre t e , fly a sh concrete lost t he bene fi t  of  hig h ­

e r  streng t h  a t  later ages . The in fluence of a dverse cur i ng conditions 

on t he propert ies of concret e  made w i th C l ass C fly ash h ave not been r e ­

ported. 
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Mod ulus o f  E l a s t ic i  

Da v i s e t  a l .  ( 3 6 )  reported t he ini tial tan gent mod ulus of e l as t i ­

city w as appar ent l y  a f unct i on of streng t h. Three f ly ash-por t l a nd ce­

men t co ncrete m i xes  we r e  compa red  with a mix  co ntai ni ng no fly a s h , w i th 

the mod u l us of ela st i c it y  mea s u red in in te rvals of  7 ,  2 8 ,  90,  a nd 36 5 

day s . O n  t he averag e, t h e mod ulu s  of ela s t ic it y  f or ':: he f ly as h-po r t land 

ceme nt m i xes  were lower a t  7 and  28 d a y s. The corres pond ing  compre s sive 

s tr engt h s  were al so s omewh at l ower. The modu l u s of elas tic i ty  and com­

pres s i ve s t reng ths  for 90 a nd 365  d ays ,  h owev er ,  we re highe r i n  al l ca se s .  

The r epor t  conc l ude s  t ha t  the variat io n  i n  el as t ic i ty f r om l owe r a t  ear ­

lier age s  to h igh er at l at e r age s tha n  concre t e s  cont aini ng no fly a s h  

is not s ig nif icant e noug h t o  aff ect de s i g n. 

5 , 2  Experi me nt Proced u res 

M ix ing and tes t ing of p la st i c  con c re te , i nc l udin g tim e  of set , was 

perfo rmed in a test  c hamber mainta ined a t  5 5 ,  70 ,  or 90 F ( 13, 2 1 , or  

32  C ) .  P rio r  to mix i ng ,  a l l mate rials and equ ipment were p l aced i n  t he 

chambe r a n d  all owed to reach  te mpe ratu re equ i li br ium . 

Af ter init i al mixing ,  c onc ret e  was d i s charg ed f r om t h e  mixer .  The 

t emperature,  s lump ,  a i r  cont en t , a n d  unit weigh t  were meas u re d  in accor­

d ance with relev ant A STM procedur e s . Th r ee 6 by 12- in. ( 152 by  305-mm ) 

cy li nde r s ,  one 3 by 4 by 1 2-i n. ( 76 by 102 by 406-mm ) p r ism , and o n e  

6- in. ( 15 2-mm ) c ub e  w ere  ca s t . A l l  s pec imen s  were ca s t  i n  s teel mold s  

wh ich had bee n sea l ed w l t h  wax . The cube  wh i ch w as ca st w ith mort a r  

s cre ened f rom t he con crete u sing a No . 4 ( 9 , 7 5 mm ) s iev e w as t e sted in 

accor d ance w ith A STM Te s t  for Time of Setti ng o f  Con c rete M i xt ure s by 

Penetr ation Res is t ance (C 403 ) . 
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Unused  concrete i nc lud i ng that u sed i n  t he  slump and a i r  conten t 

tes t s  was returned  to t he mixer which was res tarted at a reduced speed 

o f  2 rpm. At 30-minute i nterval s or un til t h e  conc rete became unwork-

a ble, t he m i xer was s topped a nd t h e  ra ture, slump , ai r content, and 

unit wei gh t  were mea sured and a s ingle pr i sm was cast. 

Cy l inders and prisms were removed from the cast i ng chamber a f ter 24  

hours. S pecimens cast with f ly ash at 55 F ( 1 3  C )  were sometimes too 

weak to be removed from mol ds a t  this t ime ; i n  such  cases, s peci mens 

were exposed to ambient laboratory temperature  r several hours. The 

cyl i nders were cured i n  a mois t room described above, and tested in com-

pression af t er 28  days . The prisms whi 

fo r  m i croscopic exam i na tion t 

i n t he mo i s t  room a minimum 28  

were used to ob t a i n  sample s  

a i r  void s y s tem  were cured 

5 . 3  Exper i mental Results 

• • l Mix P rt i on s  

T�b l es 6 ,  7 ,  a nd  8 pres ent mix proportions fo r concre te cas t at 55 , 

7 0 , and 90 F ( 1 3 ,  21,  and 32 C ) . The rat i o  is the ratio of the 

wei o f  wa ter to t he wei t cement plu s f l y  as h; t he lat ter we igh t 

is constan t. In Fig ure 1 0 ,  i t  can be seen t hat t he mix wa ter ten d s  to 

decrease as t he percent f ly  ash increases . No definite t i s  a ppar-

ent regarding mix ratu re  and water 

ure 1 1 ,  AEA demand i n creased as pe rce n t  f l y a 

ra ture of the mix i nc reased . 

o f  Cone 

As can be seen i n  Fig ­

increased a nd as  t he 

As  s hown in Fig ure 1 2 ,  as t he percent fly as h wa s i n creased  the 

for 
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TAB L E  6 

CON CR ETE  DATA FO R TAS K  NO . 2 ,  55  F ( 1 3  C )  

I t e , q  

Ba t c h  -�---------�--- --·-- -·-

Ceme n t  ( l b ) 
F l y  A sh  ( l b )  
Wa t e r  ( l b )  
F i ne Agg . ( I b )  
Coa rse  Agg . ( I b ) 
A l  r En t. Agen t (m l ) 
Wa t e r /Cemen t Rat i o  

T i me of Se t 

I n  i t  i a 1 ( h r s :rn i n )  
F i na l  ( h r s  : rn i  n )  

S l ump (i n . )  

T ! rne (m i n ) : 0 
30 
60  
90 

1 20 

A i r ( % )  

T i me (m i n ) : 0 
30 
60 
90 

! 20 

Un i l We i g h t  ( l b/f  t 3 )  

T i me ( m i n ) : 0 
30  
60 
90 

1 20 

Temee r a t u r e  ( C )  
T i me ( m i n ) : 0 

30 
60 
90 

1 2 0 

S ta t i c  Modu l u s o f 
E l a s t i c i t y  ( ks i ) 

Com.p r e s s  I ve S t reng t h  
28 days  ( k s  I )  

I I b / f  t � 1 6 . 0  

51, 1, 
n 

2 30 
1 1 92 
1 88 /  
2 1 6  

0 .  4 l 

9 ;  5 4 
J I, :  4 8  

2 '/4 
2 11, 
2 
I '!, 
I '/., 

5 . 6 
4 . 9 
4 . 6  
4 . 4 
4 . 4 

1 4 5 
! 1, 7 
1 4 7 
1 47 
1 1,7 

1 5  
1 6  
1 &  
1 5  
1 5  

42 1 0  

5 .  5 1  

_ ..... - ·  - - ----.. -- ·-

2 - ------------��--�-------------·-

56 4 452  1, 5 2  39 5 39 5 
0 ! 1 2  l 1 2  1 69 1 69 

2 3 6  22 1 2 1 6 209 209 
l 1 92 l l 9 2  1 1 92 I l '12 1 1 9 2  
1 88 7  1 88 7  1 88 7  1 88 /  1 887  
2 2 5  23 4  2 43 2 6 1  270 

0 . 4 2 0 . 3 9 0 . 38 O . 3 7 0 . 3 7  

t 2  00 1 6 : <, 8  1 4 : 3 6  20 :  I 2 1 8: 1 2  
1 7 : 1 8  22 : 09 2 0 : 1 2 2 6 :0 6  2 3 : 36 

3 'l. 11,, 3 'I, 2 1/(f 3 
3 3 2 ';, l % 2 '!, 
2 ';,, 2 3/,, 2 1;, 

l 1
1,, 2 1/4 

2 '!. 2 1r. 2 '/,., 
"j

/
11 2 

2 11 " 2 L/1_.. I ';, 

6 . 6  5.:1 7 .  () 5 . 9  7 . 0 
5 . 0 s . o 5 . 6 4 . 6  s . o 
5 . 0 5 . C . 4  4 . 4 5 . 0 
4 . 6  4 . 9  5 , 0 4 .  4 . 9 
4 . 6  4 . 9 5 . 0 fL )  4 . 9  

1 1i 3 ! 4 S 11,2 1 44  1 42 
1 45 1 46 1 46 1 4 7 1 46 
1 4 5 1 46 1 1, 7 1 48 1 4 6 
1 4 5 1 47 1 4 7 1 48 1 46 
1 4 5 1 4 7 1 4 7 1 48 1 4 7 

1 4  1 4  ! 4  ! 4  1 5  
) 4  1 5 1 4  1 5  1 5  
1 4  1 5  J I, 1 5  1 5  
1 4  1 5  ) lt 1 5  1 5  
1 4  l 5 1 4  I 5 1 5  

3900 3890 4030 4 1 40 )840 

4 .  S c.;  4 .  8')  4 .  96 5 . 70 S .  39  

--- - - ·  --------
- 50  ------�- --

----�·�- --- ---�-·---

3 38 3 38 282 282  
226 226 282  282 
1 88 1 89 1 82 1 9 5  

l 1 92 1 1 92 1 1 9 2  I 1 9 2 
1 887 1 887  1 887 1 887 
26 1 2 7 0  288 2 97 

0 . 3 3 0 .  3 1, 0 . 3 2 0 . 3 5  

2 3 : 5 4  2 5 : 2 4  25 : 4 8  26: 36 
3 3 : 1 8 32 : 30 35 : 2 4 37 : l 8  

3 3 I �/ 11 2 '!, 
2 1/4 1 -"Ji. I '!,, 2 '!. 
2 '!:, 2 I '!; 2 
z l I I 1, " 
I l

h 1 

5 . 8 6 . 8  5 . 6 6 . 4  
4 . 6  5 . l 5 . 0 4 . 6  
4 . 6  4 . 4 4 . 9 4 6 
4 . 6  4 . 4  5 . 2 4 . 6  
4 . 6  4 . 6  5 . 0 4 . 6  

1 4 5 1 4 3 1 4 5 1 4 4 
1 4 7 1 46 1 4 6 1 47 
1 46 1 4 7 1 47 1 1, 7 
1 4 7 1 4 7 1 4 7 1 47 
1 4 7 1 4 7 1 4 7 1 47 

1 4 1 4 1 4  i 4 
1 5  1 5  1 4  1 4  
1 4  ) 5 1 4  1 4  
1 5 1 5  1 4  1 4  
1 5 1 5  1 4  1 4  

3850  4 1 70 4260  3970 

I; . 84 5 . 48 5 .  77 5 . 49 
--------�- - .·-·------- --- � ---- - --- ------�---

r'il , j  i ll . - ? ) . 1 m l : 
6 .  MP a 

4 1  

2 

Quantit;cs Per Yd3 

5 

d 



TAB L E 7 

CONC R ETE  DATA FOR TAS K  N O .  2 '  70 F ( 2  l C )  

-,�·------ -

I t em 

Ba t c h  

Ceme n r.  ( l b ) 
F l y /\. s h  ( l b ) 
Wa t e r  { l b )  
F i ne Agg . { I b )  
Coa r s e  Agg . ( l b ) 
A i r E n t.  Age n t  (m l )  
Wa t e r /Cemen t Ra t i o  

T i me o f  Set  ----
I n  i t  i a I ( h r s  : m i n )  
F i na l ( h r s  : m i n )  

T i me ( m i n ) : a 
30  
60 
90 

1 20 

T i me ( m i n ) : 0 
JO  
60 
90 

1 20 

T i me ( m i n ) : 0 
30 
60 
90 

1 20 

T i  rne (m i n ) : 0 
30 
60  
90 

1 20 

S t a t i c  Modu i u s o f 
E l a s t i c i t y ( k s  i )  

S t renq t h  Comp re s s i ve 
{ k s  i )  

--
28  da y s  

- ------,-- ·- - - --- --·--·---· 

! 
" " " ·---- ------

56 4  564 
0 0 

2 4 1  2 1;1 
l l 7 0  ll 7 0  
2064 2 064 
2 2 5  

0 . 43 0 .  

5 : 42 6 00 
8 : 0 0  8 : 00 

3 
I '!, 
I 1;1� 

I 
- - - a  '!, 

5 .  5 6 .  I 
3 . 6  !1 . 7 
3 . 4  1, . 5 
2 . 1, 4 5 
- - - a  3 . 9  

1 49 1 50 
1 5 3 1 52 
1 5 3 1 5 2 
1 5 3 i 52 
- - - a  1 5 3 

2 2 . 0  2 1. 0 
2 1. 5 2 1. 0 
2 l. 5 2 1. 5 
20 . 5  Z l. 0 
- - - a  2 L O  

4850 472 0  

4 .  96 5 . 26 

452  1, 5 2 
1 1 2 1 1  
! 98 

1 1 70 
206ii 

270 
0 . 3 5 

8 : 54 8 : 06 
l l :  48 1 1  2 4  

l 1/1, z 
1;, 1

1, 
'!; 

+< - - a  _, - -a 
- - -a - -- - a  

5 . 8 6 � 0  
1, . 2 4 . 4  
4 .  l 4 . 4  
- - - a  -- - - a  
- - - ,:;1 - - - a 

i S  i 1 5  I 
1 5 3 1 53 
1 5 3 5 3 
- ·- - a - - - a  
- - - a  ·· - - a  

2 l. 0 2 1. 0  
2 l .  0 2 l. O 
2 1  0 2 1. 0 
- -- ·- a - - -a 
- - ·  a - - - a  

4800 4&30 

6 . 26 G . 3 3 

__ _ _ ___ ______ .. _._ ·- ·----- ----------------

2 
-- .- ------- - --�---------·---

395 338  282  282  
l 1 69 2 2 6  2 8 2  2 8 2  
2 0 3  20 .3 1 8')  20 3 1 94 2 0 3 

1 1 7 0  I 1 70 ll 70 l 1 70 1 1 70 
206• 2064 2064 2064 2064 

306 32 4  3 42 3 4 2  3 5 1 
0 . 36 0 . 3 4  o .  36 0 . 34 0 . 36 

: o : 4 9 1 0 , 00 1 2 : 1 2  1 3 : 42  1 7 : 00 1 4 : 42 
' 3  30  1 3 :  1 8  !6 : 30 1 8 :  1 2 2 1 : 1 8 1 9 : 5 4  

I 
·1/4 3 2 1;, 3 

3 
11" 3 

i 1h , 11;, 1 1/;  2 I 31, 
3;, I '!, I 'I, I 31. 1 '!, 

- '" - a  3/ri 'lz 31. % I 
- - - a  - - - a  - - -a - - - a  - - · a 11, 

5 . 9  6 . 8  5 . 0 6 . 7 5 . 8 6 � 5  
4 . 7  4 . 4  4 . 8  5 . 4  4 . 4  4 . 7  
4 . 4  4 . 3  4 J, 4 . 5  4 .  l 4 . 2  
- - - a  4 . 2  4 . 8  4 . 5 4 .  ! 4 . 2  
- - - a  - ·- - a  - - - a  - - - a - - - a  3 - 9  

1 4 9 1 5 2 1 49 1 48 1 49 
1 5 3 1 5 2 1 5 2 1 5 1 1 52 
1 1 5 3 1 5 3 1 5 1 1 5 3 

·· - - a  1 52 1 53 1 52 1 52 
- - - a  - - - a  - - -a - - - a  - - -a 1 5 3 

1 . 0 2 1. 0 20 . 5  2 0 . 0  20 . 0  20 . 5  
2 l . O 2 1. 0 20 . 5  2 0 . 0  2 1. 0 2 I. 0 
2 1  0 20 . 5  2 0 . 5 20 . 0  2 1. 0 2 0 . 5  
- - - a  20 . 5  20 . 5  20 . 5  2 1. 0 20 . 5 
- - - a  - - - a  .. - - a  .. ,� - a  ---a  20 . 5  

4600 4420 4440 4 2 80 4 1 30 4 1 50 

5 . 64 5 . 64 5 . 6 3 5 .  1 1  4 . 59 4 .  4 1  -------------------------·---·---· 
a Te s t  t e rm i na t ed . 

I I o .  kg /m3 ; I m l i . 3 I ni l ; I i n .  2 5 . 4  rnm ; 
l b / f t 3  � 1 6 . 0  I k s i  6 . 89 M F c1 . 

4 2  

20$ 

11 

234 288 

43 o. 36 

unit Weight (lb/ft 3 j 

Temperature (c) 

39S 
69 

1170 
2064 

297 
0.36 

53 
154 



TABL E  8 

C ON C R  E DATA FO R TAS K NO . 2 ,  9 0  F ( 3 2  C )  

I ten - 0 
·- "" -·---------··-. - --- 'e-·--··---- -

Ba t c h  

. · - 20 
· -- - · ---· ------ ·----<•-

·
40

- - ·· ·  
5 0  -----------·-------" '"---------.... 

-----�----- -----·-�-------�-----·-·------------· �----··- --�----�--·· 

Ce rnen t ( I b )  
F l y  1\ s h ( ! b i  
Wa t e r· ( I b )  
F i ne ,,;gg . ( l b )  
Coa r s e  Agg . ( l b 
A i r E n t. ,�g e n t  

Wa t e r /Ceme n t  Ra 

T i me o f  Se t -----
l n i t ;  a l  ( h r 5 ; m i  
F i na l ( h r s : m i n )  

S 1 ump { i_r:1_:...l 
T i me { m i n ) : 

�ill 
T i me ( m ; n ) : 

0 
30 
60  
90 

0 
30 
60 
'.JO 

rn \ ) 
l o  

un ; t \4e i ght ( l b/ f t 3 ) 

T i me (m i n } : 0 
30  
60 
90 

Tempera �_\.Cl 

T i 111e ( m i n ) : 0 
30 
60 
90 

S t a t i c  Mod u l us of 
E l a s t i c i t y ( ks i ) 

Comp r e s s i ve S t  ,-en g t h  
2 8  days ( k s i ) 

561+ 564 452  
0 (, l i 2 

2 2 2  
1 1 9 2  i I 
1 88 7  1 887 1 88 7  
2 2 5  288  

0 . 39 o .  0 . 3 7 0 .  3 5  

2 : 39 3 :  0'.] 5 1  3 : 38 
4 : 09 14 : 2 3  4 : 2 4 5 : 42 

l i;._ l; .. 
I 'I 3/1. 

11. 3/i, 
1; .. 1/ ; 

5 0 6 . o  5 . 0  6 . 0  
4 . 3 4 . 5  4 . 5  4 . 8  
4 . 2 4 . 2 4 . 5 4 . 3 
4 . 2  IL S 4 . 5  4 . 3  

1 46 1{4 5 1 46 1 4 5  
1 4 7 i 4 7 1 4 7 1 46 
1 48 1 4 7 I 1 4 7 
1 4 8  1 46 1 47 

3 5  34 33  3 3  
3 1, 3 1, 3 3  34 
34  3 4  3 3 3 4 
34  33 3 3  34 

4040 4000 4 2 90 3890 

5 . 02 4 . 99 5 . 6$ 4 . 7 5 

2 95 395 33 8  3 38 282  282  
1 6'.:)  1 &9 2 2 6  2 2 6  282  282  

2 1 2  203 2 1 9 1 9 7 
1 1 9 2  1 1 9 2 1 1 9 2  1 1 92 I 
1 887 1 887  1 88 7  1 88 7  1 88 7  
3 2 4 3 4 2 369 3 5 1 360 

0 , 37  0 .  38 0 . 36 0 . 3 9 0 . 3 5  0 . 36 

5 :  1 1 4 : 59 5 : 48 5 : 36 5 : 00 6 : 39 
6 :  56  7 : 0 5 7 : 50 7 :  I l 7 : 48 1 0 : 2 6 

2 l/2 2 'I: 2 '/; 
j/,.,, 'J, ';4 '/,. '/4 
1./ 1, 1/; '!, 1;, 

'!, 
- - � a  - - - a  - - - a  1 - - - a  - - - a  

s . s 6 . 0  5 . 7  6 . 4  5 . 7 6 . 0  
4 . 0  I;. 5 4 . 0  4 . 8  4 . 2  3 . 8 
4 . o 4 . 5 I+ . 2 4 . 8 4 . 2  4 . 0  
_ _ _  a _ _ _  a _ _ _  a 4 . 8  - - - a  _ _ _  a 

1 46 1 45 \ / ;5 1 44 1 4 5 1 4 5 
1 48 1 48 1 48 1 46 1 47 1 4 7 
1 48 1 48 1 4 7 1 46 1 47 1 4 7 
_ _ _  d _ _ _  a -- _ a  1 46 - - - a  _ _ _  a 

3 3  3 3  3 3  3 4  3 3  3 3  
3 3 3 4  3 3  3 4 3 4  33  
3 3  3 4  3 3  34 3 4  33 

- - __ a - - _a  -- _a 34 _ _ _  a _ _ _  a 

3930  4 290 3880 3 590 3800 38 1 4  

5 . 2 7 S . 5 7  4 . 78 4 . 25 4 .  7l � . 60 ------��----��-------------·-�----------�-----
aTe s t  t e rm i na ted � 
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kg 
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in itia l  and f inal t i me of s e t  were s tr ong l y  reta r ded ; th e time s of  se t 

f o r  mi xes w it h  50 perc e nt f ly ash were app ro ximately doub le those  for 

m i xe s  wit ho ut f ly a s h . P rio r to remov al o f  mo l d s , cylind ers were ma i n ­

t a ined a t  th e mixing t emperatu re;  t h e reaf t e r, cy l in d ers u sed to e s tab­

l is h  the com pres siv e s t r e n g th and modu l us o f  e l a s ti ci ty we re  s ubj e c ted  

to  s t and ard  cur ing cond i ti ons. Specime ns made w ith f ly as h us ua l ly ha d 

h ig h er comp res si ve streng t h  a t  28 d ays  t ha n  the con trol s p ecim en; how­

ev e r ,  spec imens w it h  50  p e rc e n t  fly ash  we re  abou t t he same stre ngth  o r  

sl ig ht l y  weake r than  cont rol cy linde r s. D ata reg arding t he h a r dene d  

air void sy s tem  a re g iven in Ta b l e s 9,  lO , and l l .  

5 . 3. 3 I n f lu en ce of Ex t ended  Ag i tat i on 

I n  F i g u r e  13, th e s tif fe ning , or  l oss o f  s l ump, d urin g ag i tation i s  

s hown. When the  tempe rature wa s 55  F ( 1 3 C ) ,  t he rate of s t i f f en i ng was 

approx imat e l y  constan t  d u r in g  1 20 minutes of  agitation .  At h igher tem­

pera t u res t h e  ra te  o f  s l u m p  l os s  du r ing t h e f i r st 30 mi nu t e s  was u s ua l l y  

g re ater t ha n  t he remainde r of t he ag i t a t io n  pe riod . The inf l uence o f  

f l y ash o n  st f f en i ng w as very l i m ted .  During agita t ion the  t empera­

t ure of a l l b at ch es remai ned  es se n t i a l l y  const ant .  

5 . 4 Discu ssion of Re s u l t s  

5. 4. l M ix Prop or t i ons 

Ov� ra l l ,  t he replacemen t  of port land cement wit h  an equal w ei g ht of 

f l y  ash wa s found to requ ire modes t u s tments  in the quant it i e s  o f  m i x  

wa t er and AEA. Th i s  su ggest s t h a t  f l y  as h can be used s u cces sf ul ly in 

t he f i e l d w it hout g r eate r  d if f i cu lty than wo uld be e xp ec ted w i th othe r 

commo n adm ix tu r es. How ever, a l l d at a  w ere  de ve l oped us i ng a s ing l e  

47 
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TAB L E  9 

A I R  VO I D  DATA FROM M I C ROSCOP I C  EXAM I NAT I ON , TA S K  NO . 2 , 55 F ( 1 3  C )  

. ---- �--- -----------------·----"-·-----
I t em I \,;.,,. . ..... ..... ;! J I,.  I , 1 Ash 

Ba tch 
"�--

A i r Con 

T i  me (m in ) : 0 6 . 8 7 . 2 8 . 5  8 . 7 1 0 . 2  8 . 7 8. 2 4 . 7  4. 9 
3. 5 6 . 8 8 . 5 6 . 4 5. 5 6 . 4 7 . l+ 5 . 1 4 . 7 

60 4. 7 7 . l 6 . 6  7 . 4  4. 9 9 , 3 7 . 2  5. 6 4. 0 
4 . 8  6 . 6  8 . 6  8 . 6  3 , 7  9 . 2 7 , 2 4 . 2  4. 2 

120 5 . 1 5 . 9  6 .  l 6 . 9 4. 7 l l. O  7 , 3  6 . 9 4.  i 

3 
l f l c  Su rfa ce n .  

T ime (m in ) : 0 520 4 1 0  320  440  480 l� l O 
380 330 320  410  430 360 270 

60 450 620 380 4 1 0  3 70 4 1 0  230 3 70 430  370 
90 4 1 0  460 3 50 3 50 290 590 280 380 

1 20 630  340 3 50 3 70 390 260 3 50 

Spacing Factor ( i n . )  

T 1 m e  ( rn i n ) : 0 0. 0 1 2  0 . 007 0 . 009  0 . 007  0 . 007  0. 008 0. 008  0 . 006 0 . 010 0 .  0 l l 

3 0  0 . 0 1 2  0 . 0 1 0  0 . 0 1 1 0 . 009 0 . 009 0 . 0 10 0 . 0 1 0  0 . 0 1 2  0 . 009  0 . 0 1 4  
60 0. 0 1 2  0 . 008 0 . 009 0 . 009  0 . 009  0 . 0 1 1 0 . 0 1  l 0 . 009 0 . 0 1 0  0 . 0 1 3 
90 0 . 0 12 0 . 0 1 0  0 . 0 1 1 0. 008 0 . 0 10 0 . 009  0. 009 0 . 00 9  0 . 008 0. 0 1 2  

1 20 0 . 0 1 7  0 . 0 0 7  0 . 0 1 2 0 . 0 1 1 0 . 0 1 0  0. 0 1 2 0. 008 0 . 009  0 . 008 0 . 0 1 3  

in . 2/ i n . 3 = 0 . 0 394  mm2 /mrn3 ; l in. = 25 . 4 mm. 

tent 

Spec 

f 

(%) 

30 

90 

30 

(' 2/' In. I 

0 

290 360 
550 

290 

i. 

D.o.t"'ronT" i:-1 \I 

20 30 1io 50 
2 2 2 2 

390 550 
520 340 

620 400 
440 390 

[ 



' I  

TAB L E  1 0  

A I R  VO I D  DATA F ROM M I C ROSCOP I C  EXAM I NAT I ON , TASK  NO . 2 , 70 F ( 2 1 C )  

I t em · Pe rcent  F l  i'. As h 
20 30 40 so 

Ba t ch 1 2 1 2 1 2 1 2 l 2 

A i r Conten t ( % )  

T i me (m i n ) : 0 3 . 6 7 , 4  3 , 7  4 . 7 3 . 8 6. 9 5 , 5  3 , 3  8 . 0  3 , 8 
30  - - - 5 . 2 2 . 8 2 . 9 3 . 4 5 . 6 7 . 0 2. 9 1 0 .  1 3 .  1 
60 3 , 2 5 . 4 2 . 7 2 . 5 2 . 9 7 , 5  5 , 5 4 . 0 6. 5 3 , 3 
90 3. 2 5 , 5  - - - - - - - - - 6 .  1 6. 8 3 . 4  6 . 5 3 , 5  

1 20 - - - 8. 6 - - ·- - - - - - - - - - - - - - - - - - - 2 . 7 

Spec i f i c  Su rface ( i n . 2 / i n . 3 ) 

T 1 me (m I n ) : 0 '2 �(\ '2 ? (\ I: 1 C 4 '· "  r , "  l . n "  420 570 3 1 0 520 _, __ _,; .. ,., -r v  ;) I V  -,::,v 

3 0  3 70 290 360 280 350 340 270 440 320 430 
60 4 1 0 290 460 480 380 270 380 450 3 30 270 
90 260 300 - - - - - - - - - 370 330 420 340 330 

1 20 - - - 1 90 - - - - - - - - - - - - - - - - - - - - - 440 

Seac l ns Fac to r  { i n . ) 

T i me (m i n ) : 0 0 . 0 1 4  0 . 0 1 0  0 . 0 1 2  0 . 0 1 0  0 . 0 1 0  0 . 007  0 . 0 1 0  0. 009 0 . 009 0 . 0 1 0  
30  0 . 0 1 6  0. 0 1 6  0 . 0 1 6  0 . 020 0 . 0 1 5 0 . 0 1 2  0 . 0 1 2  0 . 0 1 3 0 . 00 7  0 . 0 13 
60 0. 0 1 4  0 . 0 1 6  0 . 0 13 0 . 0 1 3 0 . 0 1 5 0 . 0 12 0. 0 1 1 o .  0 1 1 0 .  0 1 1 0 . 0 20 
90 0 . 022  0 . 0 1 5  - - - - - - - - - 0 . 0 1 0  0 . 0 1 0  0 . 0 1 3 0 . o  1 1  0 . 0 1 6  

1 20 - - - 0 . 0 1 5  - - - - - - - - - - - - - - - - - - - - - 0 . 0 1 4  

i n . 2 / i n . 3 � 0 . 0 3 94 mm2 /mm3 ; 1 i n . = 2 5 . 4  mm . 

0 

---------



TAB L E  1 1  

A IR  VO ID DATA FROM M IC ROSCO P I C  EXAM INAT I ON, TASK N O .  2 ,  90  F ( 32 C )  

·------· 
I t em 

Ba tch  
-·-

A i r Con ten t ( % ) 

T i  me 1 n )  : 0 
30 

] 20 

rf a ce { i n . 

0 
30  
60 
90 

1 20 

Spac i ng Factor ( i n , l 
T '  ( • ) , 1 me m 1  n : 0 

3 0  
60 
90 

1 20 
--

. 3 
1 n  

8. 3 9. 1 3 . 6  
7 . 7 1 0 . 0  3. 4 
7 , 9 7. 4 4. 4 
8 . 3 1 0 . 3 3. 5 

300 290 390 
3 1 0  2 70 480 
300 3 1 0  3 50 
260 220 380 

0. 0 1 0 0 . 009  0. 014 
0 . 01 1  0 . 009 0 . 0 1 1 
0 . 0 1 0  0 . 01 1  0. 0 1 4  
0 . 0 1 2  0 . 0 1  l 0 . 0 1 4  

i n. 2/ i n . 3 = 0. 0 394 mm2 /mm3 ; l in. = 2 5. 4  mm. 

i -..... 1 ....... � IJ L i • r A s h  

7 . 9 3 . 1 1 0 . 9 3. 8 9 , 1 
5 . 3  3 . 8  7 . 7 4.  1 8 . 8  
7. 0 3 . 7 9 . 0  2 . 9 8 .  l 
8 .  l --- - - - - -· - 8 . 5 

260 480 250 330 350 
330 390 280 3 30 3 30 
250 320  330 500 3 50 
290 - - - - - - - - 340 

0. 0 1 2  0 . 0 1 2  0 . 009  0. 01 6  0. 008 
0 . 0 1 3 0. 013 0 . 0 1 1 0 . 015  0 . 009 
0 . 0 1 4  0. 0 1 7  0 . 008  0 . 01 2  0 . 009 
0 . 0 1 0  - - - - - - - - - 0 . 009 

---· 

7 . 3 4 . 8 
6. 0 4 . o 

6. 8 4 . 0  

330 580 
380 570 

0. 0 1 1 0 . 0 1 0  
0. 0 1 2 0 . 0 1 8  
0 . 009 0 . 0 1 5 

(m 

60 
90 

s if i c Su 2 

Time (min): 300 450 
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sh i pment of port l and cement an d  fly a s h .  The re , influence  of  

variable material s on mix p roport i on s  was no t e s tabli s hed. 

As disc ussed above, a relative l y  h alkali content in the m i x 

water from por tland cement or fl y a s h can cause a g iven dose of neutral­

i zed  v i nsol resin to e n tra i n  more a i r. However, laboratory ana l yse s of  

the por tland cemen t and fly a used i n  t his s tudy  ind i cate t h a t  bot h  

mate rials had  neglig i ble water  solub l e  alkal ies. , i t  is be-

l ieved t hat  t he AEA demand increased w t h  fly ash percent age in this 

study because o f  t he chemical cha racteristics of the mater ials used. If  

the fly ash and port i and  cement ha d conta ined highe r, more typical alkal i 

pe rcentages, the A EA demand wou l d 

t he trend ob tained in t his inve s ti 

s maller--p robab l y  reversing 

ion . 

The dat a  reg arding t he rat io a t  var i ous percen tages of fly ash 

and m i x tempera t ures have some unavo i d able scatter- - s ome of which was re-

lated to labo r a  procedures and a p p a ra tus. Simultaneous adj ustme nts 

i n  AEA dosa ge as well as m i x  water- -wh ch  have in teractive influences-­

plus a t ole rance in slump and a i r content we re partially respons ible for 

f l uctuations. Some ag g regate may have been  used cas ting before 

reaching the air dry cond i t i on which would have p rod uced varia tions in 

s l ump o r· m i x  water. In 

fo r a sma l l  m i xe r  c ha 

i t  on , the  m i x  p to be relatively s t i f f 

to capaci t y . t is be l i e ved  that f l y  as h simi-

l ar to t hat us ed in the p re sent s w ill permi t a sig nif i can t  red uc-

t i on in mix wa te r. Howeve r, a p recise rela t i onship bet1A1een t he red uction 

and t he percen t a ge o f  f l y  ash and t he n fluence of  mix tempera t ure was 

not poss i ble with con s t ra i nts a n d  p roced ures assoc i ated with t he experi­

mental prog ram. Howeve r ,  t he i n f l uence of  t empera ture on mix propo rtions 

ap peared to be rela tive l y mino r .  Consequen t l y  when  fly  a sh i s  used in 

tory 

add 

rged 

sh 

w/c 

igh 

have been 

gat 

tudy 
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f ie l d app l i cat i on ,  f l u c t uat in g  temper at u re s  wi l I p r obab l y not req u i re 

s ig nific an t  mi x adj ustmen t s .  

5. 4 . 2 Co nc rete  P rope r t ie s  

i n  orde r for f ly a s h  to  be u se d  fo r �Je n e ra l  p u rpos e const ru ct i on  

app l i cations ,  t he resu lting co nc rete must po ssess me ch an ica l p r ope r t ies 

which a re sim il ar to t hose  of conve nt i ona· concre te.  Da t a  ob t ained he re 

ind i cate tha t  f ly a sh can be u sed t o  rep l ace u p  to 50 p er cent of the 

po rt l an d  cement w i t hout ser i ou s  i mpa ct  on  t he c omp ressiv e s tr e ng t h  at 28  

days . As s hown in F i gu re  1 4 , f l y  a sh concret e  wit h  20 to  40 per cent re-

p lacemen t  wa s u su al l y s t r ong er t h a n  t he con t ro l  mix; th i s  r e s u l t  wa s 

l arg e ly re l ated t o  t h e r educ t i on in m i x water made pos s i b l e  wit h t he use 

of f l y a sh. I f  t h e r at i o of wat er t o  cement p l u s  f l y a sh had b een he ld  

cons tant a nd  t he p ropo rt io ns of  cement , f l y  ash ,  and agg reg at ed ad j us ted  

to  ma i nta in con stant s l u m p, f l y  as h would p r oba bl y r e s u lt i n  r ed uced 

s treng t h. Th e AC ! B u i l d i ng Code ( 40) exp r e ss e s  th e m od u lu s  of e l as t i c it y  

of c onc re t e as 

where 

l. 5 3 3 w ,If! 

E = mod u lus of ela s ti c ity , ps i ;  c 

c 

w = unit wei g h t  o f  con c r ete ,  p c f ;  a n d  c 

f '  = comp ress iv e  st rengt h of con crete , psi. c 
1 5 ;-;::-;-· I n  F i gure  1 5 , E �· (w · v f 1 ) is  p l o t ted aga i n st per cent f ly ash .  i t  can c c c 

b e  s een th at the con s t ant of p ropo r t i onal t y  wa s a p p rox i m ate l y  eq u al to 

3 3 i n  th is s t ud y  a nd that t he con s t ant wa:, i nd ep e n d ent of percen t f l y  a s h . 

S in ce t he un i t  w e i g ht  was app rox imat el y constant , i t  was conc l uded t ha t  

5 3  

E = c c 
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the mod u l u e ast i c  t a l concre te was pr i n c  pally re l ated  to com-

pres s i ve s t  eng t h ;  any luence resu t ng f rom f y a  was m inor . 

nfluenc e  f l y ash was on the t ime Proba b y he mos t p 

of se t. Da ta  ob tained at  F ( 3 s uggest t hat  t he ra te re tarding 

a c tion increases wit f l y  ash  pe 

l i near  rela t i ons h i p  was no t noti 

f l y  a s h  percent a ge on st h 

at 

(see F i g ure 1 2 ) . This curv i-

F C ) . in fl uence 

ined at var ous  cur i ng ratures 

wa s not i nvestiga 

t a rdlng i n fluence 

Da ta obta i ned a t  F ( C )  suggest t hat the re -

fly a s h  s mited to the f i rst day o r  two a f te r  

cast i ng,  an d t af ter t hi s  per iod pl i n  conc rete and f l y  a s h  g ain 

s tre n g th with addit iona l c u r i a t  a s i m lar ra te .  When cons truction 

proced ures requ i re a m  n l mum s tren h at an earl y age--e . g . , for form 

removal--or require a ter s t reng h to est i ma f rom s treng t h  a t  early 

a ges, t influence fl y  ash s hou  be  carefully i nves t igated .  

Hard ened a i r vo i d  dat a  take n du r i n g th i s  

d u rab i l i rel a t requ i ed s everal 

exam inat ion. To comp e te t h is t w th i n  

was neces sary to use eve ra l mic scopi s ts .  

essen tial l y  complete , ana l  s i s data revealed 

se of the s and the 

red hours m i croscopic 

t i me span ava i lable , i t  

t i me read in gs  we re  

ous  discrepanc es in 

meas urement s  ta o u s  nd  i dua s .  I n  a a t  t to improve the 

accuracy of  data, many  samples were reexam i ned once  or  even twice. How-

eve r, t hese e f forts were J y  pa r t i a l ly success I .  The m i croscope rea d-

ing s , inheren tly ec t i ve, we re und to be sens i tive to magn i 

powe r u s ed t he va r o u s  i ndivi a s . Based on the q uanti ty  of d a ta 

ing 

dec i sion was to compute a r void parameters us ing a pas te con-

tent based on mi i ons . is a pproach wou l d  be sa tisfac tory i f  a 

c r os s  sec tion w i t h  rep re sen ta t i v e pe rcen of fine  a g g regate , 
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coarse agg r egate, a n d  ai r were exam i ned ; i n  a f ew i ns t ance s , a curso ry  

exa m i nat i on sugge st ed t he pe rce n ta ge of  coa r se agg regate was q uite va r i ­

ab l e. 

Furthe r ref i neme n t s  in exp er i men t a l  techniq ue s  d id not s eem j u s t i­

f ied a t  th e comp le t i on of m eas u r ements . A ll f reeze - thaw s pec ime ns h ad 

pe rformed we l l regard l es s  of  f l y  a sh perce nt ag es- - a  fac t  tha t  s ugges t s  

a n  acc ep tab l e  a i r vo i d  s y s tem wa s p r es e nt .  The l ow a 1 ka l  i con ten t  fou nd 

i n  t he po r t l a nd ceme n t  and f l y  a s h  wou l d  have p r omot ed t he en t ra i nm en t  

o f  s ma l l ,  s tab l e bu bb le s , thu s m inim i z ing  the opport u nity t o  detect 

t rends  b etween the q ua l i ty o f  the a ir vo id sy s t em a nd o the r test pa r a ­

met ers .  Cons eq uent l y , air vo i d  data p r es ented  i n  T ab l es 1 0 , 1 1 , a nd 1 2  

s ho u l d  b e  cons i d e red  a s  qua l ita tive. 

5 . 4 . 3 I nf l ue nce of Ex tended Ag i tat ion 

As  can be see n  in F i gu r e  16 , the percen tage f ly a s h  and p robably 

th e t empe rat ur e  had 1 it t l e  i nf l uen ce on a ir l os s  d uring a g it at ion. The 

m i x es w i t h a h i gh er in it ia l  a i r content ( 6  to  7 % )  oft en had a sl ig h t ly  

greater  air l os s  d u r i ng the f i rs t m in u t e s  of a g ita tion than m i x es w ith 

a lowe r air con t ent (5 to 6% ) . Af ter th e f i rst minu t e  of ag ita t i on ,  the 

sub sequ en t  air l oss d i d  not seem to be  re l a t ed t o  the in it i a l  a ir con­

tent . 

I t  is we l l k nown tha t s l ump  and air con t e n t  are re l a ted ; t he r e fo re , 

any t e nd en cy fo r m ix e s w ith  a h igher air con t en t  to  los e  mo re  air d ur i n g  

th e f i r s t  30 mi nutes o f  ag i ta t io n  s ho u l d b e  ref l ec t ed in s lump d ata t a ke n  

dur ing  t hi s  period. 

Not ing t he r eta rd ing ac t i o n ca used  f l y  a sh  on  time o f  set , some 

e n g i ne ers s ugg es t  tha t  f ly a s h  conc rete  m 3y be i dea l l y  su i t ed to hot 
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weat h e r  appl i cat i ons. Da t a  p resen ted  i n  F i gure 1 3  s ugg es t  tha t a t  a 

given tempe r a t ure , f l y ash w il l not re t ard s t iff en i ng o f  t h e  p l a s t i c con ­

c ret e ; i n  f ac t , the s lum p  l os s  ma y actua l l y  fn c rease w it h  f ly ash pe r­

ce n tage . The re fo r e, fr om a wor kabi li ty st a nd point f l y  ash a ppea r s  to 

s l i gh t l y  acce lera t e  s ti f f eni ng .  i f t hi s  behav io r  is ev idenced in the 

f ie l d , workme n  wi 1 1  be t empted to retempe r t he con c r et e w i t h  adve r s e  con­

seq uence s  to  t he propert i es of  t he hardened  conc ret e. H owever , if m i xe s  

cont a i ning f l y  a s h a r e  p roper ly d es i g ned and adequa te f ie l d  supe r v i s i on 

is exe r c ise d , p rob l em s  a r i si ng f rom p remat ure s t i f fen ing caus ed by f ly 

a s h  s ho u l d  be minimal . 
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C HAPTER 

SUMMARY AN D C ON C L U S I ON S  

The behav o concrete m ixes conta i ning various amounts o f  a fly 

a s h  conforming to ASTM C 6 1 8, Class  C, was investiga ted. Behavio r  was 

re renced to a m i x wh ich sat i s f i ed Oklahoma r tmen t of Trans porta-

tion ) s peci ficat ions for a C l as s  A m i x .  Class A Concrete con-

tains six sacks  of port l and cemen t pe r cu bic yard ( 3  /m3 ) and i s  used 

for pavement s  and genera l cons true ion where very h gh s treng th and 

durab ili ty are not r equ i red .  Twen to f f  percent the portland ce-

--on a we i g  t basis --a n d  the mix wa te r a nd t he  a ir en-ment was rep ] 

tra i n ing aqen t  dos age we re u to  keep t he  slump and a ir con-

tent w i  i .n he l i m its spec i f ied r a C las s  A concre te . 

Tvw areas of inve s t i g a tion , des i 9na as tas k  I and tas k I I,  were 

pursued s i mul t aneously . l n  one t ask of the p 

he var i ous mixes wa s i nves ti ed u s i ng P 

Resis t ance o f  Conc rete to i d  Freez and 

ect, the d urabi 1 i 

ASTM Test fo r 

ing i n  Wa ter ( C  ) . 

I n  t he other t ask, t he I nf luence of ambi en t ra tu re \vas stud i ed .  I n  

t hi s  work  conc r e t e  wa s ba and m i xed  at 55, , o r  F ( 1 3, 21, o r  

C ) ;  the nfluence of ra ture on the quant ties of mix wate r and 

AEA dosa ge and on the time of set  was es lished. In t hi s ta s k  t he  in -

t i a l  mix ing was fo l l owed a pe r iod of  prol ag i tation ; d u  I ng t h is 

t i me , s l ump , rat re and  a 1  content were monitored. 
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6 .  1 I n f l ue nc e  of Fl y A sh o n  Fre ez e-Thaw Du ra b i  1 i t y  

Th r ee ser ie s  of freez e- thaw te st s  w ere per f o rm ed .  Each s e ries in ­

vo lved on e b atch of  concre te w it hout  f l y  a sh--t he C l a s s  A m i x--and fou r 

ba tches o f  f ly a s h  conc re te ; t h e we i g h t  o f  fly a sh in these ba t c he s  wa s 

2 0 ,  30 ,  40,  o r  50 pe rce n t  of t he weight o f  ceme n t  in t he C la ss A mix . 

Th ree p risms f rom e ac h  batch o f  conc re t e  w e re subj ect ed to f reeze-t haw 

a ct io n. 

A l l  con cre te te s t ed n t h i s p h a se  of t h e  i nve st i  t i on e xh i b i te d  

ve r·y h ig h  resis tance to  the free ze-tha,v a c t ion. Af ter comp l et i on of  t he 

free ze- thaw te s t s ,  spec i men s wer e cu t from the p r i sms a nd pol i s he d .  A n  

exam i na t i on of the ha rd ened a ir v oid syste m i nd i ca ted t h at most con c rete 

con ta i n ed what i s  n or ma l l y con s id e red a n  acce pt ab le e n t ra ine d air s y s t em. 

Dat a re la ted to  the hard ened ai r vo i d  s y s t em a re somewha t sub j ect ive a nd 

were obt ained by more tha n on e m i cr oscop ist .  Air v o id paramete rs we r e  

based on  a compu ted rat h er t ha n  a me as ure d  paste co nte nt . F or t h ese re a ­

s ons , the a ir vo id data exh ib ite d  r athe r la r g e  sca t te r; howev e r, no co r­

re l a t ion be tween the f l y  ash pe rce n t a ge and t he re s u l ting  a ir vo i d  sy s ­

t em was e viden t . 

5. 2 I nf luence of F l y  A s h o n  M i x  P ropo r tions 

I n  t h i s  st udy the t o tal weig h t of ceme nt itious ma teri al--po r t l and  

cement plu s  f l y  a sh-- a nd t he we i g  s of t he f ine and coarse aggre ga t e s 

were held constant. O nl y  the  amount o f  m ix wate r  and A EA w e re vari ed  to 

a chieve a s l ump w it h i n t he r a n ge of l to 3 in . ( 2 5  to 75 mm ) a n d  an a i r  

conte nt b etwee n 5 and 7 percent. Ba s ed on  data ob tain ed d u ring b oth  the 

fre eze-t haw a nd ambient tempe ra ture pha s e s  of the proj e c t ,  i t  wa s  fou nd 
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t ha t  as t percen t age f l y  a s h  wa s i nc rea sed , t he rn x wate r d e c re ased 

wh i l e  t he quan t i t y  t\ E/1. nc rea s ed .. he r resea  s t ud ies have a l so 

obse  t ha t  a C l a s s  C f ] y  a s h  ca n p e rm!  a r educt on  in mix wa t e r . 

Howev er, t he i n fl u en ce of f y a s h  on t he qua nti t y  of  A EA ap pe ar s  to be 

c l o sel y t i ed t o  t he a kali con ten t of  h t por t la n d  cemen t  a nd f l y  

as h .  I n  pa rt i cul a r, t fly a s h  in th s s t  con tain ed very sma l l 

qua n ti t ie s  wate r so lu b l e  a l ka li e s. , it i s  be li e ved t ha t  

finding s i n  thi s  i nv es t igation regard i ng air e n t rainm e nt s ar e 

pr ob ab l y n ot ap pl ica b l e to  o t her  s h i pmen t s  of  f l y  a s h  f rom t he s ame o r  

d i f fer e n t  sou rces. 

6 . 3 I n f l uence o f  F l y  Ash  on  the 

As t h e pe rcen t a ge  

ed .  A concre t e  w i t h  

rope r t i e s Con c r et e  

f l y  a s h  w as i nc rea , t he tim e  o f  s e t  i n c reas -

p e rce n t  f l y as h r e p la ceme n t  took a pp roxima te l y  

twice a s  lon g  to  set as a co n t ro l  raix wi t f l y  as h .  How e ver , this re-

t a r d i n g ac t ion wa no t ev i 

da ta ob t ained d ur i ng 

con c ret e in the p la s tic con d it io n; 

ag i tat on u ggest t ha t f l y  as h wil s l i  t·· 

ly acce le rate th e st ffening ra te  of a concr e t e .  

F l y a sh d i d n o t s g n i f i ca n t l y  in f l ue nce l a s s  n a ir cont e nt d u r-

i ng agit at i on .  A s  d i scus sed above, he cemen t a nd f ly a s h  used i n  t h  s 

s t  conta i ned un u sua l l l ow amoun t s  of a l ka l i e s ; a s  a res u l t , the i n -

f luence of f l y a s h  o n  air los s  whe n con c r e te is ma w it h  ma teria s hav-

i n g no rma l o r abov e no rmal a lka l i  conte nt s  was n ot e s ta blished . 

M xes it h 20 to pe rc en t  f y as h u s u a ll y  h ad hi 1- comp re ss 1 ve 

s t reng t h  t han co nc r ete w it hou t f l y  as h .  Dat a  i nd i c ated  t h e mod u lus of 

e l a s t ic i t y wa s nden t on t he c�npre s  i ve streng th of con c rete . Any  
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influe nce fly a s h  p roduced  o n  t he comp r e s s i ve s t reng t h  res u l ted  i n  a 

corresponding c h ange  i n  t h e mod u lu s  o f  e l as ticity . 

6 . 4  Recommend atio n s  

Data obt a i ned in this prog ram a s  we l l  as re s u lt s  report e d  e lsewhere 

p rov ide  conv incing e v id ence t ha t  c la s s  C f l y  a s h  can be u sed  to manuf a c­

tur e  a concret e  of a q u a lity equ al to  o r  s upe rio r  to a conven t ion a l con ­

c re t e .  A s  a res u l t , t he u se o f  f l y  a s h  should b e  e ncou raged  when the re ­

su l ting concre te w i l l  satisf y  appl i ca t ion r eq uir emen t s . 

The quant ity of f ly a s h  wh i ch s h o u ld be u sed in a conc rete dep end s 

on many factors. At th e p r e s en t  t ime , i t  is not po ss i b l e t o  reliab l y  

predic t  all  the characte r istics  of a co n cre t e  mix ture knowing t he c hem i ­

cal a n d  p hysica l p rop er t i e s of portland  cement,  f ly a sh, agg rega t e , and 

o t h er a dm i x t u res . Results he re  s ug g e s t  t ha t  rep lac i ng 40 t o  50 percen t 

of  po r tland  c eme n t  w it h  f ly a s h is pot en t ia ll y  p ract ica l .  

Unt il t he beh av i or of  f l y a sh in con cr ete is more fu lly e st ablished , 

f ly as h u s a ge s houl d  be b a sed not on l y  o n  econom i cs and sit e par a me te rs 

such as amb i en t  t empe ra ture b u t  o n  t he actua l per forma n ce of mate ria ls i n  

tr i a 1 m ixes. 

B ec au s e  f ly a sh is a n  admixt u re wh i c h can h ave variab l e  phy s ical and 

chemical prope r t i e s , i t  i s  import an t  t o p rovide p r oper i ns pec t i on of con­

c re ti ng ope rat i ons .  Pa rt i cu l ar a t t en t ion sho u ld be  g iven to  th e m i x 

wa ter  requ ireme nt , air e nt ra i ning agent demand,  and s e t ti ng c h ara cte ris-

t i  cs o f  a m ix. I f  abnormal var i a t i o ns i n  the se  parame ters a re e ncoun te r-

ed , it may be necessary to 

on th e use of f l y  a s h .  

u s t  mix p roport io ns o r  place re st r i c t ions 
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f l y  a vvas  s cope t his s t  How -l t y  contro l 

e ve r ,  con s truction ures s hou d be ut i lized wh i insure consis ten t 

f l y  ash sh i pment s .  This may require t ha t  s pecifications be ut i l i zed 

which are more restr c tive t han t hose contained in ASTM 6 1 8. In addi-

t i on, a i l s hipments a g i ven p ect s hould probab  y be ob tained from 

t he same source . Fina l ly ,  s h i pments should be te s ted to veri 

requ rements a re sat i s fied. 
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