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Abstract

The correlation between autogenous shrinkage and degree of hydration of fly ash was determined with the selective dissolution method.

Then, the relationship between the degree of hydration of fly ash and autogenous shrinkage was examined. The results showed that the

degree of hydration of fly ash increased as its Blaine surface area increased. The degree of hydration of fly ash increased with time, and

autogenous shrinkage increased corresponding to the increase in the degree of hydration of fly ash. Moreover, it was found that the total

quantity of Al2O3 in cement–fly ash samples affected autogenous shrinkage at early ages, but the long-term influence was very small.

D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The recent development of certain kinds of high-

performance concrete such as high-strength and self-

compacting concretes tends to reduce the water-to-binder

ratio and increase the paste content. These kinds of concrete

show greater autogenous shrinkage than conventional

concrete does, and cracks appear under certain circum-

stances [1–4]. One explanation is that the driving force

comes from capillary tension brought about by self-

desiccation in the pore structure of concrete as the moisture

is consumed during the hydration process [5,6]. Cracks at

early ages of conventional concrete generally occur due to

improper curing and may be avoided by workmanship of

good quality. However, autogenous shrinkage in high-

strength concrete cannot be avoided even when there has

been a good curing process [7,8].
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Many previous studies showed that fly ash, as a

pozzolanic material, is effective for improving the various

properties of concrete. It has also been reported that damage

due to autogenous shrinkage is significantly reduced in

concrete or cement paste when fly ash is added [9].

However, in particular, when fly ash with a very much

smaller average particle size than cement was used, larger

autogenous shrinkage was found [10,11]. This implies that

very small fly ash particles act like silica fume. A larger

content of small particles in the paste leads to a closer

distance between the particles, thereby bringing about

smaller pores in the paste. Smaller pores result in a greater

capillary pressure in the paste when water is consumed by

the hydration of cement [10].

Many researchers have reported on the correlation

between autogenous shrinkage and the degree of hydration

of ordinary Portland cement (OPC; [12–15]). However, only

a few papers have been issued that report on fly ash–cement

mixtures.

In case of OPC, the degree of hydration can be measured

by many methods such as nonevaporate water content,
rch 35 (2005) 473–482



Table 1

The physical and chemical properties of fly ash and OPC

PR/BA TU CA OPC

Ignition loss (%) 1.8 0.1 2.3 0.77

SiO2 (%) 68.8 57.4 58.6 20.84

Al2O3 (%) 18.5 23.47 25.11 5.95

Fe2O3 (%) 3.79 7.71 5.02 2.62

CaO (%) 0.76 3.22 2.8 63.63

MgO (%) 0.46 1.25 1.13 1.79

Na2O (%) 0.19 0.11 0.21 0.18

K2O (%) 0.69 1.91 1.32 0.33

TiO2 (%) – 1.06 – 0.34

MnO (%) – 0.12 – 0.1

Density (kg/m3) 2130 2300 2260 3150

Bulk specific

density (%)

57.3 69.1 59.5 –

Blaine surface

area (m2/kg)

279 210 426 347

Particle smaller

than 45 Am (%)

21 28 12 –

C3S – – – 51.2

C2S – – – 21.2

C3A – – – 11.3

C4AF – – – 8
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ignition loss of samples, X-ray diffraction and so on [12,16–

18]. In the fly ash cement mixtures, the total degree of

hydration can be estimated by the rate of heat evolution

from the isothermal calorimeter [13,14]. However, it is not

possible to measure the individual degree of hydration of fly

ash using this method. In other words, this method is

incapable of identifying the amount of unreacted fly ash.

In fact, fly ash, like other mineral admixtures, contributes

to the properties of concrete as to both the filler effect and

the pozzolanic effect [19]. In paste with a high replacement

ratio of fly ash and considerably low water–binder ratio,

unreacted fly ash behaves like a part of the microaggregates

[16]. The problem is that methods for measuring the degree

of hydration of OPC cannot be applied to measuring fly ash

hydration. For example, the degree of hydration, which can

be interpreted from the nonevaporate water of OPC, is

reliable, based on the results of an experiment in which 1 g

of anhydrous cement produced 0.23 g of nonevaporate

water when it hydrated completely [20]. However, in the

case of fly ash, the weight of nonevaporate water after full

hydration was found to vary due to the quality of the fly ash.
Table 2

Mix proportions

W/C Sample F/(C+F) s/a (kg/m3)

(wt.%) (vol.%) (%)
W C F S G

22 OPC 22 0 43 165 750 0 647 880

30 OPC 30 0 48.5 165 550 0 804 880

30 PR/BA 25% 25 48.5 158 431 97 804 880

30 PR/BA 50% 50 48.5 151 300 202 804 880

30 CA 25% 25 48.5 159 429 102 804 880

30 CA 50% 50 48.5 152 296 212 804 880

30 TU 50% 50 48.5 153 295 215 804 880
There were two purposes of this research: (1) to find the

method for precisely determining the degree of hydration of

fly ash and (2) to clarify the correlation between the degree

of hydration of fly ash and autogenous shrinkage. The effect

of the chemical composition of fly ash on autogenous

shrinkage is also discussed.
2. Materials and methods

2.1. Materials

Ordinary Portland cement (OPC) and three kinds of fly

ash were used. The chemical and physical properties of

OPC and fly ash are shown in Table 1. A polycarbox-

ylate-based superplasticizer was used as the chemical

admixture.

The fly ash replacement ratios were 25 and 50 vol.% of

powder. The fly ash–OPC samples were prepared with a

water/powder ratio of 0.30 by weight, whereas the OPC

samples were prepared with a water/powder ratio of 0.22

and 0.30 by weight. The proportion of concrete was

designed to produce a diameter of slump flow of 650F50

mm, corresponding to that of self-compacting concrete. The

concrete mix proportions are shown in Table 2.

To measure the degree of hydration of fly ash, paste

samples were prepared with exactly the same water/powder

ratio and fly ash replacement as used in the concrete test. We

assumed that the degree of hydration of fly ash in the

concrete is equal to that in the paste made with the same fly

ash replacement and water/powder ratios.

2.2. Determination of degree of hydration of fly ash

To stop the hydration reaction, the paste samples were

cracked and soaked in acetone for 1 day. These samples

were dried at room temperature (20 8C) for 2 h and further

dried at 40 8C for 3 h. Then, the samples were ground

until the powder passed through a 150-Am sieve. After

that, the samples were dried again at 110 8C for 12 h.

The degree of hydration of fly ash was determined by a

selective dissolution method. Takashima [21] reported that

the unreacted fly ash in hardened fly ash–cement paste was
Slump flow diameter Air void Temperature

SP(SP8HU)
(mm) (%) (8C)

(C�wt.%)

10.5 1.40 624 1.2 22.5

4.95 0.90 674 1.2 22

4.75 (0.90) 671 1.4 20.5

6.02 (1.20) 694 1.7 21.0

4.25 (0.80) 691 2.1 20.0

3.96 (0.78) 640 2.6 19.5

3.88 (0.76) 699 1.7 20.0



Fig. 1. Measuring the method of strain and temperature of specimen. The

strain gauge and the thermocouple were placed vertically. A polytetra-

fluoroethylene (Teflon) sheet was set between the concrete and the mold to

reduce friction so that any initial strain could be measured.

Table 3

Weights dissolved in selective dissolution method

1.66 N HCl,

5% Na2CO3

2.00 N HCl,

5% Na2CO3

3.00 N HCl,

10% Na2CO3

Weight dissolved

by HCl solution (g)

0.645 0.647 0.654

Weight dissolved by

Na2CO3 solution (g)

0.036 0.036 0.038

Weight of unreacted fly

ash (g)

0.322 0.315 0.312
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successfully separated with a picric acid methanol solution

and the subsequent addition of water.

Ohsawa et al. [22] also measured the degree of hydration

of fly ash in coexistence with a CaSO4.2H2O and Ca(OH)2
solutions. However, his recent report [23] showed that the

picric acid methanol solution is not capable of completely

dissolving unreacted cement. Then, he proposed a selective

dissolution method using solutions of HCl and Na2CO3

[22]. In this study, an HCl and Na2CO3 solution was

selected for the dissolving solution.

A preweighted centrifuge tube was filled with 1 g of

hydrated sample and 30 cm3 of HCl solution. To accelerate

reaction, the centrifuge tube was placed in a 60-8C hot water

bath for 15 min. From time to time during this process, the

solution was stirred with a glass rod. Then, the liquid phase

was extracted centrifugally from the paste using a centrifu-

gal separator at 4000 rpm for 30 s. The liquid phase was

decanted without disturbing the solid phase in the bottom of

centrifuge tube. Only the solid phase would be used in the

next step.

To protect the reaction between the HCl and the Na2CO3

solutions, it was necessary to wash out the HCl solution

from the sample. The solid phase in the centrifuge tube was

filled with hot water, centrifuged again at 4000 rpm for 30 s

and decanted. This step was repeated three times. Then the

residual specimen was dried at 110 8C for 12 h and

weighed.

Following this, the centrifuge tube was filled with 30 cm3

of Na2CO3 solution and placed in an 80 8C hot water bath

for 20 min and stirred occasionally. Next, it was again

centrifuged at 4000 rpm for 30 s. The supernatant was

discarded, and the tube washed in hot water three times to

remove the remainder. Next, the tube with the residue

sample was dried at 110 8C and weighed.

In these processes, hydrated products such as Ca(OH)2,

ettringite and monosulfate were detected using differential
thermal analysis (DTA) and thermogravimetric (TG)

analysis.

2.3. Determination of autogenous shrinkage

The autogenous shrinkage of concrete was measured

according to a method proposed by Nawa et al. [15]. To

measure the concrete strain, a thin strain gauge with an

elastic modulus of 0.98 N/mm2 covered with silicon

material was used. Fig. 1 shows a schematic figure of a

strain gauge and a thermocouple. The strain gauge and the

thermocouple were placed vertically in the center of a

cylindrical mold 125 mm in diameter and 250 mm in height.

A polytetrafluoroethylene (Teflon) sheet was set between

the concrete and the mold to reduce friction so that any

initial strain could be measured.

The mold was filled with concrete just after mixing. To

prevent any evaporation of moisture, the top of the mold

was sealed. Then, the samples were kept in a control

chamber at a temperature of 20 8C and a humidity of

60F5%. The changes in internal temperature and shrinkage

strain were automatically measured and recorded by

computer.
3. Results and discussion

3.1. Degree of hydration of fly ash

3.1.1. Verification of method for determining the degree of

hydration of fly ash

In the previous study, the effects of the concentration of

the HCl and Na2CO3 solution on the dissolution of cement

and its hydrate were not examined. Thus, this time, the first

thing that we examined was the effect of the concentration

of the HCl and Na2CO3 solution. The results of the

experiment are shown in Table 3. From the results, it is

obvious that any difference in the amount of sample

dissolved by 1.66, 2 and 3 N HCl is negligible. The same

result occurred for the 5% and 10% Na2CO3 solutions. In

this study, we selected a 2 N HCl and 5% Na2CO3 for the

dissolving solution.

Figs. 2 and 3 illustrate the differential thermal analysis

(DTA) and thermo gravimetric (TG) analysis, respectively.

To dissolve the component including the Ca ion from the



Fig. 2. Differential thermal analysis shows that after the 2 N HCl solution

was added, the endotherm peaks at 470, 120 and 160 8C disappeared (Panel

b). After the 5% Na2CO3 solution was added, the DTA curve became very

similar to that of 100% fly ash.

Fig. 3. Thermo gravimetric analysis shows that after the sample was

dissolved with 2 N HCl and 5% Na2CO3, the TG curve of the residual

extracted sample was almost the same as that of 100% fly ash.

P. Termkhajornkit et al. / Cement and Concrete Research 35 (2005) 473–482476
unhydrated OPC and the hydrated products, 2 N HCl was

added. Gel composed of SiO2, Al2O3, Fe2O3 and unhy-

drated fly ash was left. After that, 5% of Na2CO3 was added

to dissolve the SiO2, Al2O3 and Fe2O3 gel. Finally, only

unreacted fly ash was left.

Fig. 2 shows how the paste that had been hydrated for 28

days and incorporated with 25% fly ash PR/BA containing
Ca(OH)2, ettringite and monosulfate corresponded with

endotherm peaks at 470,120 and 160 8C, respectively.
After the 2 N HCl solution was added, the endotherm

peaks at 470, 120 and 160 8C disappeared. This is due to the

dissolution of Ca(OH)2, ettringite and monosulfate. At this

stage, a new endotherm peak below 100 8C was observed.

It is well known that SiO2 gel absorbs moisture very

readily. As described previously, 2 N HCl dissolves

unhydrated OPC and hydrated products, leaving only the

SiO2, Al2O3 and Fe2O3 gels and the unhydrated fly ash. The

peak below 100 8C of DTA data after the addition of 2 N

HCl confirmed that SiO2 gel existed in this stage.

Next, after the residual sample was filled with a 5%

Na2CO3 solution, the endotherm peak below 100 8C
disappeared, and the DTA curve became very similar to

that of 100% fly ash. This result means that the final residual

sample was fly ash.

As shown in Fig. 3, after the sample was dissolved with 2

N HCl, the slope of the TG curve resembled that of the

100% fly ash. In the final stage, after the sample was

dissolved with 5% Na2CO3, the TG curve of the residual

extracted sample was almost the same as that of 100% fly

ash. Therefore, from both DTA and TG data, it can be

concluded that the dissolution method using solutions of 2

N HCl and 5% Na2CO3 can determine the degree of

hydration of fly ash.

3.1.2. Degree of hydration of fly ash

Table 4 shows the mass of samples after the selective

dissolution process of 100% of unhydrated fly ash. These

data show that the fly ash was slightly dissolved. This was

because some components of the fly ash, such as CaO and

MgO, were also dissolved by 2 N HCl. Therefore, this effect

should be taken into consideration in the calculation of the

degree of hydration of fly ash.



Fig. 4. The degree of hydration of fly ash at different replacement ratios.

The hydration process of fly ash can be divided into two periods: (1) the

accelerated period (before day 56) and (2) the slow period (after day 56).

Fig. 5. After day 56, the amount of Ca(OH)2 decreased considerably and

then became quite constant, resulting in a slow and/or constant degree of

hydration of fly ash.

Table 4

Residual weight of 100% fly ash

100% Fly ash

PR/BA TU CA

Weight of residual fly ash (g) 0.947 0.914 0.913
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The degree of hydration of fly ash was calculated for

each ignition loss so that it would not include unburned

carbon. It was calculated by the following equations.

a ¼ 1� xs 1� IgsVð Þ
a1a2

��
ð1Þ

a1 ¼
ð1� Igf ÞR

1� Igf ÞRþ ð1�IgoÞð1� RÞð ð2Þ

a2 ¼
xf � IgF
1� Igf

ð3Þ

In the above, a is the degree of hydration of fly ash. a1
is the ignitial fraction of fly ash before the dissolution

process, a2 is the residual ignition weight of 100% fly ash

after the dissolution process, R is the replacement ratio of

fly ash by weight, and xs and xf are the weights after the

dissolution process of the hydrated sample and unhydrated

fly ash, respectively. Igf, IgF, Igo and Igs’ refer to the

ignition loss of unhydrated fly ash, unhydrated fly ash

after the dissolution process, unhydrated OPC and the

hydrated sample after the dissolution process, respectively.

In Eq. (1), xs(1�Igs’) shows the ignition weight of

unhydrated fly ash in a hydrated sample after the dissolution

process and a1a2 shows the ignition weight of unhydrated

fly ash in an unhydrated sample after the dissolution

process.

The degree of hydration of fly ash with a different

replacement ratio is shown in Fig. 4. From this figure, it can

be seen that the hydration process of fly ash can be divided

into two periods: (1) the accelerated period (before day 56)

and (2) the slow period (after day 56).

The period where the degree of hydration is accelerated

corresponds to the increase of amount of Ca(OH)2, as

shown in Fig. 5. In the slow period (after day 56), the

amount of Ca(OH)2 decreased considerably and then

became quite constant, resulting in a slow and/or constant

degree of hydration of fly ash.

For the degree of hydration of fly ash PR/BA, the sample

with 25% PR/BA showed a higher degree of hydration than

that of 50% PR/BA. In the accelerated period, the degree of

hydration increased gradually, regardless of the replacement

ratio of fly ash. The gap in the degree of hydration between

25% PR/BA paste and that of 50% PR/BA paste tended to

increase with time. However, for that of fly ash CA, a

different tendency was observed. The degree of hydration of

25% CA paste showed a markedly higher value from an

early age of 7 days, and after this, the hydration of fly ash

did not progress, while that of the 50% CA paste showed an
accelerated and slow period. These phenomena can be

explained by the size of the particles.

From Table 1, the Blaine surface area of fly ash PR/BA

was relatively low (279 m2/kg). This means that the fly ash



Fig. 7. Shows that autogenous shrinkage increased when the replacement of

fly ash was 25%. However, when the replacement ratio reached 50%, the

autogenous shrinkage had become remarkably small.
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PR/BAwas relatively inert, compared with the OPC and fly

ash CA. On the other hand, the Blaine surface area of fly ash

CAwas quite high (426 m2/kg). This implies that fly ash CA

reacts easier and faster. Particularly, in 25% CA paste, the

degree of hydration was high even at an early age.

Fig. 6 shows the degree of hydration of different kinds of

fly ash at 50% replacement ratio. Fly ash CA gave the

highest degree of hydration, followed by fly ashes PR/BA

and TU. The order of degree of hydration of fly ash

coincided with the order of the Blaine surface area of fly

ash, as shown in Table 1. Thus, this result confirms that the

degree of hydration of fly ash is proportional to the particle

size of fly ash, indicated by the Blaine surface area.

3.2. Autogenous shrinkage

3.2.1. Results of the experiment

Fig. 7 shows the autogenous shrinkage as age increases.

As shown in Fig. 7a, the autogenous shrinkage increased

when the replacement of fly ash was 25%. However, when

the replacement ratio reached 50%, the autogenous shrink-

age had become remarkably small. The rate of autogenous

shrinkage strongly changed between 0 and 12 h, but changed

slowly after 12 h. From Fig. 7, the behavior of autogenous

shrinkage can be separated into four stages as follows.

3.2.1.1. Stage 1: Start of sedimentation. After the concrete

was laid, the solid fractions instantly started to move

downward under the gravity force, and then some of the

water rose or bled to the surface. The change in the volume of

the concrete was very small in this stage. Several ions rapidly

dissolved from cement particles, corresponding to the

preinduction period in the hydration process of OPC. A

small quantity of hydrated product precipitated in the region

of the surface of the cement particles and in the paste

solution. The reaction tended to slow down due to the

deposition of a layer of hydration products around the cement
Fig. 6. The comparison of degree of hydration for different kinds of fly ash.

Fly ash CA gave the highest degree of hydration, followed by fly ash PR/

BA and fly ash TU.
particle surface [24]. It seems that the hydration process in

this stage did not have much effect on the shrinkage.

3.2.1.2. Stage 2: Accelerated sedimentation. This stage

occurred almost simultaneously with the induction period in

the hydration process, in which the hydration of all the

clinker minerals progressed very slowly. The change of

temperature in Fig. 8 shows that the temperature in this

period was quite constant. Thus, it seems that its large

shrinkage does not derive from hydration but from the rapid

sedimentation of particles.

3.2.1.3. Stage 3: Autogenous shrinkage due to hydration of

OPC. This period corresponds to the acceleration stage in

the hydration process of OPC (3 to 12 h after mixing). When

the hydration rate increased, the temperature of the concrete

sample also increased. As the cement hydrated, the

hydration products formed around the cement particles

and filled up the water-filled spaces between the solid



Fig. 9. Autogenous shrinkage up to 400 days.

Fig. 10. Autogenous shrinkage and degree of hydration of fly ash.

Fig. 8. Temperature inside the sample.
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particles in the concrete. All the cement particles had

become bounded by their hydrates. The water between the

surface of the cement particles and/or their hydrates held

small capillaries and formed such menisci. The water in the

small capillaries exerted hydrostatic tension. As a result, this

capillary pressure reduced the distance between the solid

concrete particles, making the concrete shrink [2].

Real autogenous shrinkage started to develop after the

initial setting. Sedimentation of particles still continued in

this stage, but the effect tended to become less important as

the rate of cement hydration increased. At the end of this

stage, the temperature of the samples had reached the

maximum.

3.2.1.4. Stage 4: Post autogenous shrinkage. This stage

started when the temperature of the sample started to decline,

corresponding to the post acceleration period in the hydra-

tion process. The temperature decreased gradually, as the

amount of still nonreacted cement declined and the rate of

the hydration process of cement became diffusion controlled

[24]. The particles had become fixed to each other by the

hydrated product, thus, the effect of particle settlement was

negligible. The autogenous shrinkage up to 50 and 400 days

is shown in Fig. 9. At day 5, the fly ash–OPC sample showed

some kind of expansion behavior. The autogenous shrinkage

of the sample with 25% fly ash was no different from that of

the OPC sample. This means that 25% fly ash was not

enough to mitigate the autogenous shrinkage.

3.2.2. Discussion

In general, concrete prepared with a lower water–binder

ratio shows a higher autogenous shrinkage. However, the

results of the experiment in this study showed that at an

early age, the autogenous shrinkage of OPC concrete with

water–cement ratio (W/C) 0.30 was higher than that of OPC

concrete with W/C 0.22. This could be explained by the

effect of the superplasticizer.
It is well known that after superplasticizer is added, it

adsorbs on the particle surface. The main chain of polymer

is adsorbed on the powder surface. After that, the graft

chains stretch out. The particles are covered with a macro-

molecular-adsorbed layer. Repulsive force is induced when

such layers overlap so that the particles are stably dispersed

[25–27]. However, the superplasticizer delays the hydration



Fig. 11. Autogenous shrinkage and degree of hydration of fly ash

considered at the same age.

Fig. 12. Autogenous shrinkage and total amount of Al2O3.
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of OPC. When a large amount of superplasticizer is used,

the hydration is significantly delayed, accordingly providing

a delay in autogenous shrinkage.

In as much as the mix proportion of the concrete in this

experiment was designed to have the same flow ability, the

amount of superplasticizer was adjusted to suit the given

slump flow. The OPC concrete W/C 0.22 sample contained

a larger amount of superplasticizer than did the OPC

concrete with W/C 0.30. Thus, OPC concrete with W/C

0.22 showed a lower autogenous shrinkage at an early age.

However, over a long period, when the retarding effect of

the superplasticizer became negligible, the autogenous

shrinkage of OPC concrete with W/C 0.22 became higher

than that of OPC concrete with W/C 0.30.

Fig. 10 illustrates the relationship of autogenous shrink-

age and the degree of hydration of fly ash. It appears that

autogenous shrinkage increased as the degree of hydration

of fly ash increased. For concrete mixed with 50% of fly

ash, there was a relation between autogenous shrinkage and

the degree of hydration of fly ash. However, for the sample

with 25% of fly ash, no distinct relation could be found.

Therefore, it might be concluded that, for the sample with

25% of fly ash, autogenous shrinkage was superiorly

affected by the hydration of the OPC.

Fig. 11 shows the relation between autogenous shrinkage

and the degree of hydration of fly ash at different ages,

regardless of the kinds of fly ash. In early ages, there is no

relation. This indicates that only a degree of hydration of fly

ash is insufficient to explain the mechanism of autogenous

shrinkage.

Many researchers reported that the autogenous shrinkage

of OPC mixes was higher than that of high-belite Portland
Table 5

The amount of total Al2O3

OPC PR/BA 25% CA 2

Total Al2O3 (%) 5.95 9.09 10.74
cement mixtures [12,15,28]. One reason given was the

lower amount of C3A or lower reactive Al2O3 in high-belite

Portland cement [12]. It might be possible that the same

phenomena occurs in fly ash–cement mixes.

Berry et al. [19] reported that during 2 to 5 h after

mixing, the amount of ettringite in fly ash–cement mixes

was higher than that in the OPC mixes. The chemical

reaction of Al2O3 of fly ash to produce ettringite is shown

by the following equation [29]:

Al2O3 þ 3CaðOHÞ2 þ 3CaSO4 þ 29H2O

¼ 3CaO:Al2O3:3CaSO4:32H2O ð4Þ

This equation shows that the reaction that produces

ettringite consumes much water. As a result, this might

cause the pores to empty. Accordingly, the autogenous

shrinkage becomes larger.
5% PR/BA 50% CA 50% TU 50%

12.23 15.53 14.71



Fig. 13. Slope (DS) of the curve in Fig. 12 at different ages. As the age of

the specimens increases, the DS value reduces conversely. When the sample

age increases, the effect of Al2O3 may be smaller; after an age of 56 days,

DS value was quite constant.
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Moreover, Justnes et al. [30] reported that in an OPC

mixture, the total volume change of C3A reaction in Eq. (4)

was reduced by 0.273 cm3/g of C3A when it reacted with

water and calcium sulfate to produce ettringite. Therefore,

the solid fraction might shrink due to the reaction, to

produce ettringite at early ages.

However, it should be noted that the volume change

calculated by Justnes [30] might not include the spaces

between the crystals of ettringite, the shape of which is

needle like. When a large quantity of ettringite crystals are

produced, it is quite likely that they are not parallel to each

other. At this time, it is possible that spaces form between the

ettringite crystals. At very early ages, cement mixes might

shrink, but after a large quantity of ettringite is produced, the

cement mixes might exhibit expansion. In this study,

expansion was noticed at around day 5, as shown in Fig. 9a.

Table 5 shows the total amount of Al2O3 content, the

calculation based on the replacement ratio and the amount

of Al2O3 in the fly ash and OPC. The total amount of Al2O3

varied depending on the replacement ratio and amount of

Al2O3 in the fly ash.

Fig. 12 shows the relation between autogenous shrinkage

and the total amount of Al2O3 at different ages. The slope

(DS) of the curve in Fig. 12 indicates the significant effect of

Al2O3. It seems that the effect of Al2O3 varies with time.

The large DS value implies that Al2O3 had a large effect on

the autogenous shrinkage. The change of slope (DS) in Fig.

12 is illustrated as a function of age in Fig. 13. This figure

shows that, as the age of the specimens increases, the DS

value reduces conversely. This implies that when the sample

age increases, the effect of Al2O3 may be smaller; after an

age of 56 days, DS value was quite constant.

After day 56, the effect of Al2O3 may become less

important. It is possible that autogenous shrinkage mainly

depends on the degree of hydration of fly ash in the long

term. A corresponding result can be found in Fig. 11. From
day 56, the relation of autogenous shrinkage and the degree

of hydration of fly ash started to show a tendency. Regardless

of the kinds of fly ash, autogenous shrinkage tended to in-

crease with the increase in the degree of hydration of fly ash.

In addition, in the paste with 50% replacement of fly ash,

the degree of hydration of fly ash was considerably low.

Thus, the proportion of unhydrated fly ash was quite high.

The unreacted fly ash may act like a microaggregate.

Because the unhydrated fly ash cannot shrink, the total

autogenous shrinkage can be reduced.
4. Conclusions

This study investigated the degree of hydration of fly ash

and then used the degree of hydration of fly ash and its

chemical component to explain the mechanism of autoge-

nous shrinkage. Based on the test results obtained in this

research, the following conclusions can be drawn.

4.1. The degree of hydration of fly ash

The dissolution method with the 2 N HCl and 5%

Na2CO3 solutions is suitable for measuring the degree of

hydration of fly ash. The degree of hydration of fly ash is

proportional to the particle size of the fly ash. The hydration

mechanism of fly ash can be divided into two periods: (1)

the accelerated period (before day 56) and (2) the slow

period (after day 56).

4.2. Autogenous shrinkage

The process of autogenous shrinkage could be divided

into four stages. The shrinkage in Stages 1 and 2 mainly

resulted from the movement of particles downward due to

gravity formation. In Stage 3, autogenous shrinkage tended

to depend on the hydration reaction of OPC and the reaction

of Al2O3 to form ettringite. In Stage 4, autogenous shrinkage

tended to slow down. After day 56, the effect of Al2O3 may

become less important and autogenous shrinkage may

depend mainly on the degree of hydration of fly ash.
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