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SUMMARY 

Dry fly ash, fly ash coming out from the electrostatic precipitator, was namally 
collected in the storage silo and used directly when demand exists. Weathered fly ash, the 
unused fly ash to be disposed of as waste, was commonly mixed with water from a nearby river 
and pum ed ro the storage ponds. This weathered fly ash was often kept in the pond for a 
period o at least 6 to 12 months until the pond was fdled and subsequently disposed to the 
landfill. 

P 
Since weathered fly ash was kept under a wet condition for a long period of time, it is 

believed that the glassy phase may have been resolved and therefore the weathered fly ash may 
be more reactive than the dry fly ash. The effect of dry and weathered fly ashes on the 
properties of cementitious materials is then investigated here. Dry and weathered fly ash were 
used as a replacement .and as an additive to cement-mortar mix. Compressive strength of the 
fly ash mortar and control mortar were tested at ages of .I, 3,7, 14, 28,56, 90, and 180 days. h 
addition, the chemical composition of the fly ashes and the setting time of these fly ash cement 
based matrices were also investigated. 

The results show that dry fly ash gives higher compressive strength than weathered fly 
ash. The replacement of fly ash in mortar reduces the compressive strength at the early ages. 
Usually, the addition of fly ash in the mix produces higher compressive strength of m o m  than 
the control mix at all ages. The use of fly ashes in the mix prolongs the initial and final setting 
time of fly ash-cement paste. The study of chemical composition of fly ashes reveals that the 
main constituents of weathered fly ash was not affected when stored under wet conditian in 
the pond. It was found that one of the key parameters affecting the reactivity of fly ash in 
cement-based matrices may be the article sue and its distribution of fly ash. The resolved 

concrete. 
F glassy phase of fly ash shows no signi icant effect on the overall strength development of fly ash 

- INTRODUrnON 

ACI 11611 defines fly ash as "the finely divided residue resulting from the combustion of 
ground or powdered coal which is transported from the firebox through the flue gases" 111. 
Although it was originallfidentified as an artificial pozzolan, fly ash is now used as a pan of the 
composite that forms the concrete mass, used as a substitute for binder and/or the aggegates 
of concrete. Regardless of what it substitutes for in concrete fly ash is known to atfect a11 
aspects of concrete properties 121. 

The ozzolanic reaction is the reaction between constituents of the glass phase of the fly 
ash and ca I' cium silicates. It is generally assumed to take place on the surface of fly ash 
particles, between silicates and aluminates from the glass phase and hydroxide ion in the pore 
solution [3]. As a poaoian, it is essential that fly ash be in a finely divided state as it is oniy then 
that silica can combine with calcium hydroxide (liberated by the hydrated portland cement) in 
the presence of water to form stable calcium silrcates with cementitious properties (41. During 
the hydration portland cement produces a surfeit of lime that is released to the pore spaces. 
Excessive lime weakens the concrete mass by making it more vulnerable to acid, carbon 
dioxide and sulfate attacks. He Jun-yuan, Scheetz, and Roy [5]  showed that the content of 
crystalline calcium hydroxide in the fly ash-portland cement pastes is decreased as a resuit of 
the addition of fly ash. This is most likely resulting from the additional reaction of the calcium 
with alumina and siliczfrorn the fly ash to form additional calcium-silicate-hydrate (C-S-H). Fly 
ash due to its fineness gets in the pore spaces and combines with this lime to produce C-S-H, 
unlike the hydrates oE cement. This process stabilizes the concrete, reduces permeability and 
increases resistance to chemical attacks. In considering pouolans in general, we should note 
that silica in fly ash has to be amorphous, as crystalline silica has very low reactivity. 



In general, fly ash has been used as partial replacement of cement, fine aggregate, 
cement and fine aggregate, or fine and cqarse aggregate [q. At present the construction 
industry utilizes fly ash in two distinct ways, as a raw materiai for cement and as a constituent 
material for concrete. Usually fly ash used in concrete is collected dry and stored in the silo. 
Generally, because of limitations in dry storage capability, a decision as to whether the fly ash 
will be used or waste must be made within 24 hr. by the utility or the fly ash marketing agent 
(71. It is more advantageous to an electric utility to sell a higher percentage of its ash, even at 
low or subsidized price, since this avoids the cost of disposal. In the 60's and 70's this was not 
too important since the cost of ash disposal was typically less than $ 1.00 per ton. However, due 
to the more stringent environmental regulations of the late 19703, the cost of ash disposal has 
typically escalated to at least the $ 2.00 to 5.00 per ton range and often higher (81. The Electric 
Power Research Institute, EPRI, recently estimated that the average cost of disposal of coal 
ash currently exceeds $lO.OO/ton. Some utilities currently report disposal costs in excess of 
$50.00/ton due to limitations and restrictions on landfills in their States [9]. 

Dry fly ash was the ash that is directly collected from the hopper. The. weathered fly ash 
which has been mixed with brackish water from the river was picked up from the pond where 
't is often stored for more than 6-12 months. These two types of fly ash were believed to have 

d i f f e r e n t  characteristics on the properties of fly ash concrete. In this study, the roperties of 
: these two fly ashes were studied in order to identify the key parameters in uencing the 
: characteristics of fly ash in concrete. 

R 

EXPERIMENTAL PROGRAM 
Mnterinls 

Mate ials used in this study consisted of standard type I ortland cement, siliceous sand f passing siev No 4 (river sand), dry and weathered fly ashes, an  c r  water. 

Drv rind Weathered Flv Ash 

Fly ashes generated from the local power plants of the Public Service Electric & Gas 
Company (PSE&G) in New Jersey can be categorized into two kinds based on different 
storage conditions, dry and weathered. Dry fly ash was collected from storage silo. Weathered 

i fly ash was collected in a very damp state. Since weathered fly ash was stored in the pond, the 
I fly ash particles tend to set and compact together forming a denser and larger lumps. In this / experiment, the weathered fly ash was air-dried for about 1 week, then ground and sieved 
W u p h  sieve No. 50 (0.3 mm.) before mixing with cement. 

In this investigation, the following tests were carried out to study the chemical, physical, 
and mechanical roperties of fly ash, cement, and fly ash-cement mortar. These tests evaluate 

I for the chemica P composition and particle size distribution of fly ash, setting time, and the 
compressive strength of fly ash mortar. 

Mix Pro~ortions 

Table 1 summarizes all the mix proportions used in this study. All samples were cured in 
saturated lime water. The compressive strength of 2'"x2"X2" cube fly ash mortar was tested at 
ages of 1,3, 7, 14, 28,S6, 90, and 180 days. The data used in the strength analysis was obtained 
from the average of three specimens. 



Table 1 Mix Proportion o f  Cement-Fly Ash Mortar by Weight 

JC 

RDlO 
RD20 
RD30 
RD40 

1 RWlO 
RQ2 0. 
RW3 0 
RW40 

AD10 
AD20 
AD3 0 

If AD40 
AW1O 
AW20 
AW3 0 
AW40 

Cem. Dry FA. Wea. FA. 

500 

River Sand 
(4 

Sample designated as "JC' represents the control mortar which only cement was used 
and had no fly ash at all. Series I or "R" refers to mixes which fly ash was used as cement 
replacement whereas series I1 or "A" is for mixes which fly ash was used as additive in addition 
to cement. Symbols "D" and "15"' represent the "dry" and "weathered" condition of the fly ash 
used. 
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RESULTS AND DISCUSSIONS 

Chemical Composition of Flv Ashes and Cement 

? Chemical composition of fly ashes and cement were determined by X-Ray 
luorescence [lo]. Table 2 shows the chemical composition of fly ashes and cement used in this 

study. According to hSTM C 615 [Id], both fly ashes were classified as Class F fly ash. Dry and 
weathered fly ash have ve little difference in its chemical composition, Dry fly ash has 53.53% X of SiO while weathered y ash has 50.15%. Ma03 content for dry and weathered fly ash is 
26.702 and 29.11%, res ectively. The calcium oxide content which is believed to affect the 8' reactivity rate is only 1.6 % for dry fly ash and 1.70% for the weathered fly ash. In general, it 
can be concluded that there is almost no variation on the chemical compositions of fly ash as 
associated with the weathering conditions. Yasuda et al. [Z5] also indicated the same result that 
fly ash stored in wet condition in the field for about 3 months was not impaired in quality. 

Particle Size Annlvsis of Drv and Wenthered Flv Ashes 

For fly ash of particle sizes larger than 75 microns (retaining on 200 sieve) the 
distribution was determined by wet sieve analysis, for those smaller than 75 microns the 
distribution was determined by sedimentation process using hydrometer (111. 



The panicle size distribution of dry and weathered fly ashes are shown in Fig. 1. It can 
be observed that weathered fly ash has a little more finer particle than the dry fly ash. The 
extra finer particle was believed to be clay or  dust since the weathered ash was in the pond for 
a lons period of time and collected all kinds of contaminanu which came with .the river. 
Funhermore, the article size of fly ash depends a great deal on the location in the pond where 
ash was collected. %he closer to the inflow outlet, the larger is the panicle sire of fly ash. , 

Table 2 Chemical Composition of Fly Ashes and Cement 

DIAMETER ' (microns) 

Sample 

Cement 
Fly Ash (Dry) 

Fig. 1 Particle Size Distribution of Dry and Weathered Fly Ashes 

Chemical Composition ( $ )  
SiOZ A1203 CaO MgO Fe203 Na20 K20 SO3 Mois 

19.96 8.92 59.33 3.10 2.72 0.43 0.88 2.76 - 
53.57 26.70 1.65 0.77 5.08 0.30 1.99 0.70 0.23 

Settinrr Time 

@Fly Ash (Weal 50.15 29.11 1.70 0.81 6.12 0.51 1:95 0.10 0.65 

Setting time of cement and cement-fly ash pasre were determined by Vicat [12] and 
Gillmore [ 151 methods. 

Table 3 is the setting time of cement-fly ash aste. Sample RD and RW have the same 
mix proponion of cement and fly ash as shown in fable 1 except that no sand was used. The 
initial setting time by Vicat needle or Gillmore needles gives very close results. It seems that 
the Gillmore needles method gives a little longer setting time than the Vicat needle method. 



Considering in term of normal consistency, wlc, the normal consistency is higher with the 
higher content of fly ash. If we consider in term of water to cementitious ratio, w/(c+fa), it is 
nearly constant ai  28.0 which is the same value for the cement paste. 

The results show that the presence of fly ash in the mix increases the setting time. The 
higher the ercentage of fly ash, the longer the setting time is. The works reported by 
Meinlinger b], Ravina [16 , and Costa and Massana [17] also showed an increase in setting 
time with the increase of A y ash in cement. This is due to the Class F fly ash possesses no 
cementitious material and the presence of fly ash will dilute the concentration of the mix while 
other factors such as water, temperature, humidity, etc., remain constant. 

Table 3 Setting Time of Cement-Fly Ash Paste 

Normal Cons i s t ency  
( %  1 

Sam. 
No. 

CEM . 
RDlO 
RD20 
RD4 0 

RWlO 
RW20 
RW4 0 

-- 

I n i t i a l  S e t t i n g  I 

- V i c a t  
h r  : min 

S i l l m o r e  
h r  : min 

F i n a l  S e t t i n g  

The initial and f i n a ~ s e t t i n ~  times of cement paste by Vicat needle are 2 hr 20 min and 5 
hr 30 min, respectively. With the Gillmore needles test, the initial and final setting times of 
cement paste are 2 hr 40 min and 5 hr 30 min, respectively. Both methods seem to agree closely 
with each other. The use of high ercentage of fly ash resuits in longer setting time. RW2O and 8 RW40 had initial setting time of hr 15 min and 5 hr 35 min, respectively, by Vicat needle and 
Gillmore needles. These are much longer than the setting time of cement paste. It should also 

)be noted that the final setting time of RW4O is longer than 9 hr which is 3 hr 30 min longer than 
the cement aste. For the same amount of fly ash in the aste, weathered fl ash prolongs 
setting time f unher than the d p  fly ash. The initial and fina f setting time of R 8 40 are 3 hr 35 
rnin and 7 hr 55 min by Vicat needle while for RW40 are 5 hr 35 rnin and >9 hr, respectively. 
This means that the weathered fly ash is less reactive than the dry fly ash. 

ASTM C 150 (181 specifies that the initial setting time of standard portland cement type 
I by Vicat test and G~llmore test be not less than 45 rnin and 60 rnin, respectively. For the Einal 
setting time, it must not be more than 6 hr 15 min and 10 hr by Vicat and Gillmore tests, 
res ectively. It is crucial that the mix proportion be carefully selected when introducing fly ash 
in t R e cement paste since setting time may be the major factor. With high volume use of fly ash 
in the cement paste, the setting time may be longer than those specified by the ASTM C-150. 

Comaressive Strength of Flv Ash Mortar 

The dry and weathered fly ashes were used in two different approaches: 1) as a cement 
replacement, and 2) as an additive to the conventional mix. For the first case, the amount of 

\ 



water, sand, and cementitious (cement+fly ash) materials were kept constant. The amount of 
cement replaced by fly ash vanes from 10% to 40% by weight of cementitious matqrials. For 
the latter case, fly ash was simply added to the mix in addition to the existing materials used in 
the cement mortar. 

Flv Ash as n Cement Replacement 

Tables 4 and 5 show the compressive strength and the percentage compressive strength 
gained of fly ash mortars. It can be seen chat the use of fly ash as a cement replacement 
reduces the compressive strength of mortar at early ages. This result is the disadvantage of 
usins fly ash as cement replacement on a one-to-one ratio by wei ht [2,19]. Usually, weathered 
fly ash lowers the compressive strength more than the dry fly ash f or the same amount of fly ash 
used. After 180 days, the replacement of dry or  weathered fly ash up to 30% gives the same 
compressive strength as thecontml mortar. 

- 
Sam. 
No. 

JC 

R D l O  
RD2 0 
RD3 0 
RD4 0 
RWlO 
RW2 0 
RW30 
RW4 0 

A D 1 0  
A D 2 0  
AD3 0 
AD4 0 
A w l 0  
AW20 
AW3 0 
AW4 0 - 

Table 4 Compressive Strength of Dry and Weathered f ly  Ash 
Mortar as a Cement Replacement and as an Additive 

compressive Strength ( p s i )  

Replacement of Cemen t with DW Fh Ash 

The effect of replacing cement with dry fly ash on the strength of mortar is shown in Fig. 
2. It shows that RD40 has the lowest stren th at all ages. Its strength varies from 1,204 si. at 1 
day to 7,075 psi at 180 days or  56% .to 89 8 o of the control strength. The use of high vo f ume of 
fly ash as cement replacement, i.e. 10%, resulted to a low early strength which was only about 
50% to 60% and gradually increased with ages. 



Fig. 3 is the relationship between the compressive strength of the dry fly ash mortar and 
the dry fly ashkement ratio. At early age, the cornpressiv~ strength of fly ash mortar reduces 
with the increasing of fly ashkement ratio. After 90 days, fly ash starts showing its strength 
contribution and the optimum fly ash content is between 20 to 30% by weight of cementitious 
material. 

Re~lncement of Cement with Weathered Flv Ash 

Fig. 4 shows that the effect of weathered fly ash on the strength of mortar is airnost the 
same as the dry fly ash except that the weathered fly ash gives a lower compressive strength 
when the same amount of fly ash was used as cement replacement. The replacement oc'JO% by 
weight of cementitious materials with the weathered fly ash'gives the strength of 40% at 1-day 
and 69% at  180-day when compared with the control mortar. The strength of all weathered fly 
ash mortars gives lower compressive strength than the control strength at all ages up to 180 
days. In Fig. 5, the compressive strength of weathered fly ash and weathered fly ashkement 
ratio shows no optimum of fly ash when used in cement. 

Table 5 Percentage Compressive Strength of Dry and weathered ' F I ~  Ash 
Mortar ash Replicement and as an Additive 

- 
Sam. 
No. 

- 
JC 

RDlO 
RD20 
RD3 0 
RD40 
RWlO 
RW2 0 
RW3 0 
RW4 0 

AD10 
AD20 
AD3 0 
AD40 
Awl0 
AW2 0 
AW30 
AW4 0 - 

Percentage Compressive Strength 

1-day 3-day 7-day 14-day 28-day 56-day 90-day 180-day 

dumped a t  an ash 
cons~ders the 



However, the authors found that apparent particle size distribution tends to change with 
damped storage condition 

O X  (CONTROL. NO FLY 
+ R O 1 0  (REPLACEnENT OF 
0 ROZO ( 
A ROJO ( 
x R 0 4 0  ( 

ASH) 
DRY FLY ASH 10%) 

20%) 
JO*) 
40%) 

3 , , , 1 , , , , , , , , , , 1 , , , r ,  
J 2 0  4 0  6 0  8 0  100 1 2 0  1 4 0  160 1 8 0  2 

ACE (DAYS) 

Fig. 2 Effect of Cement Replacement with Dry Fly Ash on the Strength of Mortar 

'1  
- 

o NOTE. R E P L A C V l E N l  OF CEMNT BY DRY FLY ASH 

- T I I 

J 0.2 0 . 4  0 . 6  t 

ORY FLY ASH/CV(ENT RATIO 

Fig. 3 Relationshi Between Compressive Strengh of the Dry 
t. Fly Ash h? ortar and the Fly AshlCement Ratio 

Many investigators concluded that fly ashes with higher percentageXof finer B gave higher strengths [20,21,22,23]. Although the finer particle size of weathered y ash is 
higher than the dry fly ash, the use of weathered fly ash results in a lower compressive strength 
than the use of dry fly ash with the same quantity. The reverse result shown m this study may 
be due to the impurities of the weathered fly ash. An investigation was camed out by soaking 
both the dry and the weathered fly ashes in tapped water. The results indicated that the soaked 

- 



water from the weathered fly ash is much darker than the one from the dry fly ash. It is 
believed that the weathered fly ash may have gather some additional contaminants such as clay 
and dust while sitting in the storage pond with brackish water from the river. According to 
Kiattikomol and Jaturapitakkul [24] the corn ressive strength of concrete can be reduced 
approximately by 15% with the presence of 3 ? s of clay by weight of sand. Another reason may 
be that the crystalline phase in weathered fly ash does not dissolve to a glassy phase as 
expected during the ponding periods. These attributed factors may be the cause of the lower 
compressive strength of the weathered fly ash mortar than the one with dry fly ash. 

. 

a X (CWTROL. M) FLY ASH) 
+ R W ~ O  ( R C P C A C M N T  OF WEArnmEo FLY ASH 10%) 
o RW20 ( 20%) 

)OX) 

Fig. 4 Effect of Cement Replacement with Weathered Fly Ash on the Strength of Mortar 
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Wit: R B U C O # N T  OF C M N T  BY WEATWWED F L Y  ASH 

cra I OAY 

WEATHERED F L Y  ASH/CEnENT RAT10 

Fig. 5 Relationship Between Compressive Strength of the Weathered 
Fly Ash Mortar and the Fly AshKement Ratio 



\sh as an Additive 

Generally, the addition of fly ash u to 40% by weight of cement results in a higher E . ,,l~pressive strength of mortar at all ages. erry and Malhotra [7j] re orted that the addition !J 
,,I dry fly ash generally increased the strength of concrete a t  all ages. I! he addition of very high 
,,,lume of fly ash (more than 30%) causes lumps in the mix and sometimes redacts the 
,.,,lnpressive strength. 

,\,ldition of Drv Fly Ash 

The effect of adding fly ash on the strength of mortar is shown in Fig. 6. Addition of 
,lv   IS^ generally reduces the workability of mortar but increases the corn ressive strength. t P "r 
. ,,, be seen that the compressive strength tends to increase with the age o fly ash mortar. The 
i. L 

J ,idition of 10% dr)/ fly ash by weight of cement increases the compressive strength from 7,M2 
I,s, .1t 28 days to 9,342 psi at 180 days or from 103% to 118% of the control stren , 
,,.sl~ctively. The addition of 20% fly ash produces the highest compressive strength (See f? ig. 
1). For this optimum percentage, the compressive strength varied from 2,444 psi a t  l 4 a y  to 
9 ;(,Y psi at 180-day or 114% to 123% of the control strength. 

,\,ltiition of Weathered Fly Ash 
L- I 

In Fig. 8, the addition of weathered fly ash results in higher compressive strength than 
,lit: control mortar. The compressive strength of AW30 varied from 2,401 psi at 1 day to 20,554 

. ~ t  180 days or 112% to 133% of the control strength. The increase of compressive strength I, S 1 ~ ~ a l l  up to the age of 28 days but later shows a more pronounced effect a t  180 days. At early 
;,!:c, the addition of fly ash docs not effect the strength of mortar. In Fig. 9, the fly ash-cement 
r ; l ~ l ~ )  does not have any effect on the strength of fly ash mortar until the age of 28 days. After 
,~,,~t, an increasing trend was observed. The addition of 30% of weathered fly ash gives the 
],l,$cst - compressive strength. 

10 

9 

8 

- 
6 

0 JC (CDFPTROL. NO FLY ASH) 
5 + A 0  1 0  (AOOITION OF DRY FLY ASH 10%) 

0 A 0 2 0  ( 2OZ) 
.i A ,4030 ( 307;) 

X A O ~ O  ( 407.) 

3 

0 2 0  4 0  60 8 0  1 0 0  1 2 0  1 a 1 SO 180 2 0 0  

&CE (DAIS )  

Fig. 6 Effect of Addition of Dry Fly Ash on the Strength of Monat  
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DRY FLY ASH/CEflENT RATIO 

Fig. 7 Relationship Between Corn ressive Strength of (Addition) 
Dry f l y  Ash Mortar and F ly AshlCernent Ratio 

Fig. 8 Effect of (Addition) Weathered Fly Ash on the Strength of Mortar 



I .  - m a  1 ~ A Y  

NOTE: AOQITION Of WEATHEREO FLr ASH 

Fig. 9 Relationshi Between Compressive Strength of Addition) 
Weathered 8 ly Ash Mortar and Fly Ash/Cement k atio 

CONCLUSIONS 0, 

1. There is almost no variation on the chemical composition of fly ashes as associated 
with weathering process. 

2. The presence o'l fly ash prolongs the setting time. With the same quantity of fly ash 
used in the cement-fly ash paste, weathered fly ash prolongs longer setting time than the dry fly - 
ash. 

' 3. As a cement replacement, weathered fly ash mortar exhibits lower compressive 
strength than the dry fly ash. After 180 days, the replacement of dry fly ash or weathered fly ash 
up to 50% gives the same compressive strength as the control mortar. 

4. The addition of fly ash to concrete and mortar gives higher compressive strength thin 
the control mortar. The optimum addition of dry fly ash is at about 20% of cement and about 
30% for the weathered fly ash. 

5. The major differences between the dry and the weathered fly ashes are probably at 
the presence of extraneous contaminants and the potential variation of particle size and its 
distribution. 
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