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Abstract. This study incorporates a detailed experimental program executed to determine 
the degree up to which the autoclave expansion of fly ash mixtures is sensitive to curing 
temperature. Three types of fly ashes were used and free lime was applied to increase the 
free lime contents in different fly ashes up to 10%. The influence of curing temperature on 
autoclave expansion of the mixtures was evaluated by curing under two temperatures, i.e., 
23°C and 29°C for 24 hours after mixing. Experimental results exhibited that a higher free 
lime percentage resulted in a higher magnitude of autoclave expansion. It was observed that 
at a curing temperature of 23°C, the autoclave expansion was higher than the expansion of 
samples cured at a temperature of 29°C. Most of the mixtures, except the mixtures 
containing 40% fly ashes with the free lime amount of 10% and cured at a lower curing 
temperature, showed autoclave expansion values below the allowable limit recommended 
by ASTM C618. 
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1. Introduction 
 
Fly ash, a byproduct of coal combustion in thermal 

power plants is a waste material that is produced and 
disposed of in landfills in huge quantities. Various 
applications of fly ash were researched and introduced 
over time but still, the use of produced fly ash is limited to 
around 50% of worldwide production [1, 2]. The most 
widespread method to manage this huge amount of coal 
fly ash is to dispose of it or use it as landfill material. Fly 
ash is found to be beneficial for soil improvement, during 
the preparation of road bases, and as a raw ingredient for 
cement production. Furthermore, like several other 
industrial byproducts [3–8], fly ash also imparts valuable 
characteristics to cementitious materials. Numerous 
studies [9–19]  indicate that fly ash can be used as a partial 
replacement for cement to improve compressive strength 
in the long term and concrete durability due to its 
pozzolanic reaction. The calcium hydroxide (Ca(OH)2) 
formed during the hydration of Portland cement is 
consumed in the pozzolanic reaction with fly ash. 
Consequently, calcium-silicate hydrate (C-S-H) and 
calcium-aluminate hydrate are produced leading to the 
refinement of microporosity and hence improved 
compressive strength of cement fly ash mixtures is 
achieved. Moreover, the inclusion of fly ash resulted in 
reduced drying shrinkage and porosity of the concrete 
which ultimately led to lower chloride permeability and 
water sorptivity.  

The mineralogy, characteristics, and various 
properties of fly ash differ considerably as the burning 
process used in electricity-generating power plants, source, 
type, and chemical compositions of fed coals are different 
in Thailand. Around 95% of fly ash is mainly produced by 
the Mae Moh power plant in Lampang province, Thailand. 
The Thai concrete industry has used fly ash to replace 
cement in concrete up to a certain limit in extensive 
amounts since 1997. Recently, fly ash from the Mae Moh 
power plant exhibited elevated free lime content [20, 21] 
which may cause an adverse effect on volume stability 
when added to concrete as a partial substitution of cement 
[22, 23]. Hence, it is essential to pay attention to the 
durability and other vital basic characteristics of concrete 
while using fly ash with a high percentage of free lime. 

Volume stability is an important and desirable 
durability property of cement mixtures. The mortar or 
concrete with extensive volume instability is more 
probable to yield cracking and intolerable volume changes, 
which consequently results in damaging the structures. 
The expansion of concrete due to the usage of the 
unsound binder has been a serious cause of such 
deterioration. For years, the causes of unsoundness and 
expansion in cement and its mixtures containing fly ashes 
have been recognized and tested using various methods 
including accelerated soundness tests. In 1904, ASTM 
approved the pat test ASTM C189 as the accelerated 
method to check soundness and this test remained in use 
until 1940 when the autoclave test was first developed [24]. 
In the case of hydraulic cement, the hydration reactions of 

magnesium and calcium oxides cause possible delayed 
expansion, which can be determined by using the 
autoclave expansion test [25]. The performances of fly ash 
mixtures depend on several factors; for example, water-to-
binder ratio, particle size distribution, chemical 
composition, and curing conditions as identified and 
characterized by many studies.  

Curing temperature affects various concrete 
properties. Montri et al. [26] explored the influence of 
curing temperature and particle size on the mechanical 
properties of fly ash concrete and reported the strength 
development of fly-ash concrete using three curing 
temperatures (room temperature, 40°C and 60°C) and 
three plant-classified particle sizes. Three water-to-binder 
ratios were used i.e., 0.40, 0.45, and 0.50. The fly ash 
utilized by Montri et al. [26] was from the Mae Moh power 
plant. The test results showed that among the three 
cement replacement percentages used (20%, 30%, and 
40%), 20% replacement resulted in the highest strength 
gain for all particle sizes and curing temperatures. 
Although the impact of raising the curing temperature 
from 40°C to 60°C was insignificant, the effect of curing 
at 40°C as compared to the room temperature was found 
relatively considerable. The rate of strength development 
increased as the curing temperature increased. This trend 
was very obvious at an early age of 7 days. 

Hanehara et al. [27] observed the impact of mix 
proportion and curing temperature on the pozzolanic 
reaction of fly ash in cement paste by carefully 
investigating the production of Ca(OH)2 and the 
pozzolanic reaction ratios. It was observed that in 
hardened paste, the pozzolanic reaction of fly ash cured at 
20°C initiated at the age of 28 days while for the paste 
cured at 40°C, the reaction initiated even before the age of 
7 days. Therefore, it was concluded that the curing 
temperature directly affects the reaction ratio which 
increases as the curing temperature increases. 

ASTM C511 [28] specifies a curing temperature of 
23±2°C in a moist cabinet or room and water storage tank 
for the testing of hydraulic cement and concrete. This 
temperature is also specified in ASTM C151 [25], which is 
the standard autoclave expansion test method of hydraulic 
cement. The 23±2°C curing temperature standard is 
widely used as the reference and applied in many Thai 
cement and concrete laboratories. However, it is expected 
that under higher curing temperature than 23°C (i.e. 29°C) 
paste mixtures tend to exhibit lower expansion. In tropical 
countries such as Thailand, where average annual 
temperature is much higher than 23°C (around 29-30°C in 
the case of central Thailand [29]), maintaining 23°C curing 
temperature is not close to real environment conditions. 
Recently, many standards have allowed 27±2°C as 
standard testing temperature for some laboratory tests as 
well as a range of 22°C to 32°C for some field tests in 
tropical regions [30]. Interestingly, even for autoclave test, 
some standards prescribe to maintain the temperature of 
the moulding room, dry materials, water and moist closet 
or moist room at 27±2°C [31]. As the difference of curing 
temperature can affect cement-fly ash mixtures reactions, 
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it is vital to consider the influence of temperatures of 
different regions while formulating standards and 
specifications. 

Therefore, this study is aimed at addressing the 
influence of free lime content and curing temperature on 
the fly ash concrete basic properties, emphasizing 
autoclave expansion, which was not included in our past 
research. In this study, along with the standard 
temperature of 23°C, another set of specimens was cured 
at a curing temperature of 29°C to evaluate the influence 
of curing temperature on the autoclave expansion. The 
basic properties of various cement-fly ash mixtures 
containing different free lime contents are also studied. 

 

2. Experimental Program 
 

2.1. Materials 
 

Three natural fly ashes, designated as F(X), F(Y) and 
F(Z), from the Mae Moh power plant in Thailand and 
locally produced ordinary Portland cement (OPC) type I 
cement were used as the binders. The chemical and 
physical properties including the percentages of some of 
the main constituents of the cement and fly ashes along 
with the specific gravity and Blaine’s fineness are shown 
in Table 1 and 2, which shows that each of the tested fly 
ash fineness is in a similar range. According to Thai 
industrial standards, TIS 2135 [32], F(X), F(Y) and F(Z) 
are categorized as Class 2b i.e., high CaO fly ashes. 
Moreover, the sulfur trioxide contents (SO3) in F(Y) and 
F(Z) are greater than the allowable SO3 content of 5% as 
identified by TIS 2135 [32].  

In Thailand, the main source of fly ash production is 
the Mae Moh power plant and fly ash produced by this 
source has recently shown high content of free lime which 
may result in undesired expansion in concrete. Moreover, 
EN-450 limits the free lime content in fly ash not more 
than 2.5% [21]. As it is not possible to obtain fly ash 
samples that have different free lime contents while 
having the same other chemical compositions; therefore, 
free lime was added in the existing fly ashes to determine 
the behaviour of higher free lime fly ashes. The outcomes 
obtained from this investigation not only prove to be of 
immediate significance but also exhibit prospective value. 
This is particularly applicable in scenarios where higher 
free lime contents manifest in Mae Moh's fly ash in the 
future. To examine the influence of free lime content in 
fly ash on the fly ash concrete mixtures properties, the 
natural F(X), F(Y) and F(Z) fly ashes with free lime 
contents of 1.71%, 3.93%, and 3.06% were mixed with 
free lime from an outside source. In order to create three 
other high free lime fly ashes with 5%, 7%, and 10% free 
lime contents from each natural fly ash, external free lime 
was applied to all three natural fly ashes. In total, nine high 
free lime fly ashes with designations of F(X5), F(X7) and 
F(X10), F(Y5), F(Y7), F(Y10), F(Z5), F(Z7) and F(Z10) 
were prepared. The free lime content of the fly ashes was 
measured using a titration method adopted in a previous 
study [20]. River sand having a specific gravity of 2.60 

conforming with ASTM C33 [33] was used as the fine 
aggregate. 

The particle shape of Mae Moh fly ashes taken from 
SEM is presented in Fig. 1 which demonstrates spherical 
particles of the fly ash sample along with the irregular 
particles of free lime scattered around the fly ash particles. 
From EDX (Energy-dispersive X-ray) analysis, the 
irregular particles (#2) were confirmed to contain rich 
calcium content as demonstrated in Fig. 2, implying that 
they were free lime particles, while the spherical particle 
(#1) was rich in Si content, indicating that it was a fly ash 
particle. 

 

 
 
 

 

Fig. 1. SEM images of fly ash and free lime. 

 

 

Table 1. Chemical properties (from XRF analysis) of the 
materials used as binder. 
 

Component 
(%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO3 
Free  
lime 

OPC 
Type I 

18.93 5.51 3.31 65.53 1.24 2.88 0.75 

Fly ash F(X) 35.71 20.44 15.54 16.52 2.00 4.26 1.71 

Fly ash F(Y) 26.61 13.6 18.34 24.97 2.33 8.53 3.93 

Fly ash F(Z) 25.22 13.88 17.39 26.25 2.38 9.44 3.06 

 
 

Table 2. Physical properties of the materials used as 
binder. 
 

Properties  
OPC 

Type 1 
 

F(X) 
Fly ash 

F(Y) 
 

F(Z) 

Specific 
gravity 

3.15 2.21 2.57 2.57 

Blaine 
fineness 
(m2/kg) 

310 287 282 272 
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(a) Particle #1 

 

(b) Particle #2 
Fig. 2. EDX analysis results of (a) particle #1 and (b) 
particle #2. 

 
2.2. Experiments and Sample Designations 

 
The experimental program of this study is comprised 

of two phases. In the first phase, the influences of free 
lime content on the basic and durability properties of fly 
ash concrete mixtures were studied. The basic properties 
including setting time, water requirement and compressive 
strength were tested. A normal consistency test was 
conducted in accordance with ASTM C187 [34] to find 
out the required quantity of water to prepare hydraulic 
cement pastes for autoclave and setting time tests. In order 
to prepare the paste, 650 grams of binder is mixed with a 
measured quantity of water, as per ASTM C305 [35]. 
Setting times were found according to ASTM C191 [36] 
by means of the penetration of Vicat needle in the pastes 
of normal consistency. Compressive strength tests of 
hydraulic cement mortars were conducted as per ASTM 
C109 [37] using 50mm cube specimens. The mortar 
comprised of 1:2.75 parts by mass of cement and sand. 
The amount of water used for each test specimen, 
determined as per ASTM C311 [38], was sufficient to 
attain a flow of 110±5mm in 25 drops of the flow table. 
The water retainability of fly ashes was determined by 
following the methodology established in a prior research 
investigation [39]. Compressive strength tests of all 
mixtures were carried out using a Universal Testing 
Machine (UTM). 

For the second phase, the influence of curing 
temperature on autoclave expansion was determined by 
exposing the test mixtures to two different temperatures 
during the curing phase i.e., 23°C and 29°C. Volume 
stability was measured by testing the autoclave expansion 
of paste specimens according to ASTM C151 [25]. To 
prepare test specimens for autoclave test, 25x25x285mm 
prisms having a 250mm gage length were prepared with 
pastes of normal consistency, as per ASTM C490 [40] and 
later on the test specimens were exposed to two different 
temperatures during the curing phases i.e., 23°C and 29°C. 
Curing temperature is defined as the ambient temperature 
of curing room in which test specimens were stored for 24 
hours after mixing and before placing them in the 
autoclave chamber. After curing period, length of all 
samples was measured using a length comparator before 
placing in the autoclave chamber.  

Test samples contained different fly ash types with 
20%, and 40% of replacement of fly ash. At least three 
samples were prepared for each mixture to carry out 
autoclave expansion tests. Sand to binder ratio was 
controlled at 2.75 by weight for casting mortars. The 
designations for various mix proportions are given in 
Table 3 along with the ratio of cement and different fly 
ashes used for each mix. 

 

3. Results and Discussions 
 
To better understand the behavior of various fly ash 

mixtures under different curing temperature, outcome of 
first phase is briefly discussed here before proceeding to 
the results of second phase. 

 
3.1. Water Requirement 

 
It was noticed that mixtures of all natural fly ashes 

needed lower water content than the cement-only mixture, 
to exhibit a similar degree of flow, as presented in Fig. 3(a). 
At 20% fly ash replacement, F(X), F(Y) and F(Z) mixtures 
had almost identical water requirement. As the amount of 
fly ashes increased from 20% to 40%, all fly ash mixtures 
had lower water requirement. At 40% fly ash replacement 
it was found that water requirement of mixture containing 
F(X) was slightly higher than those of mixtures containing 
F(Y) and F(Z), due to its higher water retainability [39] (see 
Fig. 4). It can be seen that F(X) has the highest water 
retainability of 18.54% whereas F(Y) and F(Z) have 14.27 
and 14.97%, respectively. It implies that water is more 
absorped and adsorped by F(X) than F(Y) and F(Z). 
Therefore, the water requirement of mixtures containing 
40% of F(X) to obtain the flow of 110% is higher than 
that of the mixtures containing 40% of F(Y) and F(Z). 
Figures 3(b) to 3(d) illustrate the correlation between the 
free lime contents and water requirements of F(X), F(Y) 
and F(Z) mixtures. It can be comprehended that an 
increase in the amount of free lime resulted in an increase 
of water requirement for different fly ashes to attain same 
degree of flow. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 3. Water requirement of fly ash mixtures containing 
different fly ash and free lime content. 
 

 

Fig. 4. Water retainability of basic fly ashes. 

 
3.2. Setting Times 

 
Figure 5 shows the outcome of initial and final setting 

time tests of the mixtures comprising of control mix and 
natural fly ashes F(X), F(Y) and F(Z). It can be seen from 

 

Table 3. Ratio of cement and fly ash as binder for 
different mixtures. 
 

Mix 
designation 

OPC Type 
I 

Fly ash 

F(X) F(Y) F(Z) 

C100 1 - - - 
C80F(X)20 0.8 0.2 - - 
C60F(X)40 0.6 0.4 - - 
C80F(X5)20 0.8 0.2 - - 
C60F(X5)40 0.6 0.4 - - 
C80F(X7)20 0.8 0.2 - - 
C60F(X7)40 0.6 0.4 - - 
C80F(X10)20 0.8 0.2 - - 
C60F(X10)40 0.6 0.4 - - 
C80F(Y)20 0.8 - 0.2 - 
C60F(Y)40 0.6 - 0.4 - 
C80F(Y5)20 0.8 - 0.2 - 
C60F(Y5)40 0.6 - 0.4 - 
C80F(Y7)20 0.8 - 0.2 - 
C60F(Y7)40 0.6 - 0.4 - 
C80F(Y10)20 0.8 - 0.2 - 
C60F(Y10)40 0.6 - 0.4 - 
C80F(Z)20 0.8 - - 0.2 

C60F(Z)40 0.6 - - 0.4 

C80F(Z5)20 0.8 - - 0.2 

C60F(Z5)40 0.6 - - 0.4 

C80F(Z7)20 0.8 - - 0.2 

C60F(Z7)40 0.6 - - 0.4 

C80F(Z10)20 0.8 - - 0.2 

C60F(Z10)40 0.6 - - 0.4 
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Fig. 5(a) that when 20% of the cement is replaced with 
F(X), F(Y) or F(Z), both initial and final setting times of 
the mixtures are prolonged. Also, the mixtures containing 
F(Y) and F(Z), set faster than the mixtures containing 
F(X). In the case of F(Y) and F(Z) mixtures, higher CaO 
and SO3 contents, as shown in Table 1, as well as lower 
water requirement than F(X), as discussed earlier, resulted 
in faster initial and final setting times, as compared to the 
mixtures containing F(X). Moreover, for mixtures with 40 
% fly ash replacement, longer setting times were noticed 
(see Fig. 5(b)) as compared to mixtures containing 20% fly 
ash replacement, due to higher dilution effect and more 
delayed hydration reaction. 

The influence of increasing the percentage of free lime 
on the setting times of F(X), F(Y) and F(Z) fly ash 
mixtures is displayed in Figs. 6, 7 and 8, respectively. The 
setting times of mixtures were shortened when their free 
lime contents were increased in both replacement 
percentages cases. This is because fly ash reacts with 
additional Ca(OH)2 contributed by free lime, leading to 
quicker reaction and so shorter setting times. 
 

 

(a) 20% fly ash replacement 

 

(b) 40% fly ash replacement 

Fig. 5. Initial and final setting times of cement and 
natural fly ashes mixtures. 
 

 

(a) 20% 

 

(b) 40% 

Fig. 6. Setting times of 20% and 40% fly ash F(X) 
mixtures. 
 

 

(a) 20% 

 

(b) 40% 

Fig. 7. Setting times of 20% and 40% fly ash F(Y) 
mixtures. 
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(a) 20% 

 

(b) 40% 

Fig. 8. Setting times of 20% and 40% fly ash F(Z) 
Mixtures. 
 
 
3.3. Compressive Strength 

 
The 1-, 7-, 28- and 91-day compressive strength of 

cement-only mixture along with mixtures containing 20% 
and 40% natural fly ashes are shown in Fig. 9. It indicates 
that the 1-day compressive strength of F(Y) mixtures is 
slightly higher than that of F(X) and F(Z) fly ash mixtures. 
At 7 days, the compressive strength of F(Y) mixtures was 
clearly higher than that of the mixtures containing F(X) 
and F(Z), as presented in Fig. 9(b). The early-age 
compressive strengths of F(Y) mixtures are higher than 
F(X) and F(Z) mixtures because of higher percentage of 
free lime in F(Y) than F(X) and F(Z). It is observed in Fig. 
9(c) and Fig. 9(d) that at the age of 28 and 91days, the 
compressive strengths of F(Y) mixtures were 
comparatively not much different from those of F(Z) and 
F(X) mixtures, particularly when 20% replacement was 
considered. This implies that the influence of free lime 
content of fly ash on long-term compressive strength is 
insignificant. However, the 91-day compressive strengths 
of mixtures containing 20% of F(X), F(Y) and F(Z), were 
higher than the compressive strength containing only 
cement, as displayed in Fig. 9(d). This is because of long-
term pozzolanic reaction of the fly ashes. 

 

 

(a) 1 day 

 

(b) 7 days 

 

(c) 28 days 

 

(d) 91 days 

Fig. 9. Compressive strength up to 91 days of mixtures 
containing natural fly ash. 

 
Figures 10 to 12 show the relative early-age and long-

term compressive strengths of fly ash mixtures with high 
free lime contents as compared with the compressive 
strength of their respective natural fly ash mixtures. Figure 
10 indicates that the mixtures containing F(X) with free 
lime content of 5%, 7% and 10%, show improvement in 
compressive strength, especially at the age of 1 day 
(around 10% to 20% improvement). This can be noticed 
for mixtures comprising of both 20% and 40% fly ash 
contents. The 91-day compressive strengths of F(X5), 
F(X7) and F(X10) mixtures were relatively equivalent to 
those of F(X) mixture. 
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(a) 1 day 

 

(b) 91 days 

Fig. 10. Relative compressive strength of F(X5), F(X7) 
and F(X10) mixtures with respect to F(X) mixtures. 

 

(a) 1 day 

 

(b) 91 days 

Fig. 11. Relative compressive strength of F(Y5), F(Y7) 
and F(Y10) mixtures with respect to F(Y) mixtures. 
 

 

(a) 1 day 

 

(b) 91 days 

Fig. 12. Relative compressive strength of F(Z5), F(Z7) 
and F(Z10) mixtures with respect to F(Z) mixtures. 

 
Figure 11 shows that mixtures containing F(Y) with a 

free lime content of 5%, 7% and 10%, resulted in an 
obvious increase in 1-day compressive strength beyond 
their control F(Y) mixture (up to 35% improvement). The 
91-day compressive strengths of F(Y5), F(Y7) and F(Y10) 
mixtures were slightly lower than that of F(Y) mixtures. It 
can be observed from Fig. 12 that the mixtures comprising 
of F(Z) with increased amount of free lime, F(Z5), F(Z7), 
F(Z10), had enhanced 1-day strength (up to 30% 
improvement). The compressive strength of F(Z) at 91 
days was not much influenced by the increased free lime 
content. 

According to Fig. 10 to Fig. 12, the increase in the 
early-age compressive strengths of fly ash mixtures with 
the free lime inclusion is caused by the fly ash pozzolanic 
reaction with the supplementary Ca(OH)2 produced from 
the reaction of water and the added free lime in the system. 
However, too high free lime content provides no further 
early-age strength improvement, as can be observed in Fig. 
11(a) and Fig. 12(a) that the compressive strength of the 
F(Y) and F(Z) fly ash mixtures, consisting of 5% free lime 
is higher than that of mixtures containing fly ashes with 7% 
and 10% free lime contents. This attributed to the 
incompatibility of very high free lime amount in the 
mixtures with the low SiO2 contents of F(Y) and F(Z).  By 
comparing 1-day and 91-day compressive strengths, the 
improvement of compressive strength because of 
increased free lime is more noteworthy at an early age. The 
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reduction of 91-day compressive strength of F(Y) 
mixtures as the free lime is increased to 5%, 7% and 10% 
can be observed in Fig. 11(b). However, their compressive 
strength was still higher than 92% of the respective 
original compressive strength of F(Y). 

 
3.4. Autoclave Expansion 
 

The concept of autoclave expansion is to check the 
volume instability caused by the hydration of free oxides, 
which are mainly free CaO and free MgO, to produce their 
respective hydroxide compounds [25]. Figures 13(a) and 
(b) demonstrate the results of autoclave expansion of the 
control mix along with the mixtures containing 20% and 
40% of natural fly ashes, cured at 23±1°C and 29±1°C 
before the autoclave test. It can be observed that the 
cement-only mixtures as well as the F(X) mixtures showed 
shrinkage in comparison with the F(Y) and F(Z) mixtures. 
This is due to low free lime contents in F(X) and cement. 
Low free lime fly ash usually exhibits this shrinkage 
behavior [20]. Likewise, it can be noticed that autoclave 
expansion is higher when free lime content in fly ash is 
increased. As free lime content of F(Y) is the highest, it 
exhibited the highest expansion under both curing 
temperatures and fly ash replacement percentages cases. 
Higher replacement percentage also causes higher 
expansion. 

The influence of both tested curing temperatures on 
autoclave expansion of different mixtures containing 
natural fly ashes, is also displayed in Figs. 13(a) and 13(b). 
It is shown that cement-only mixture and F(X) based 
mixtures showed shrinkage under 23°C and 29°C curing. 
Mixtures with F(Y) and F(Z) showed expansion in both 
23°C and 29°C curing temperature cases. Mixtures 
comprising of 20% and 40% natural fly ashes and cured at 
23°C showed higher expansion than the mixtures cured at 
29°C. Even though the autoclave expansion of mixtures 
containing natural fly ashes was higher than that of 
mixtures containing only cement, particularly for the fly 
ashes containing higher CaO and free lime contents, the 
expansion results were still below the limitation of 0.8% in 
ASTM C618 [41]. 

Figures 14, 15 and 16 show the influence of total free 
lime content in the binders on the autoclave expansion 
under two curing temperatures. The binders in each figure 
contain F(X), F(Y) or F(Z) having free lime contents up 
to 10%. The reported total free lime content represents 
the total free lime content of the binder as determined by 
titration method [20] i.e., the total free lime content of the 
cement and fly ash mixtures not that fly ashes only. 
 

 

(a) 23°C 

 

(b) 29°C 

Fig. 13. Autoclave expansion of fly ash mixtures 
exposed to curing temperatures of 23°C and 29°C. 
 

 
Fig. 14. Autoclave expansion of F(X), F(X5), F(X7) and 
F(X10) mixtures exposed to different temperatures. 
 

 
Fig. 15. Autoclave expansion of F(Y), F(Y5), F(Y7) and 
F(Y10) mixtures exposed to different temperatures. 
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Fig. 16. Autoclave expansion of F(Z), F(Z5), F(Z7) and 
F(Z10) mixtures exposed to different temperatures. 
 

Figure 14 illustrates that at 23°C, the magnitude of 
autoclave expansion increases as the total free lime 
content in the binder of F(X) mixtures increases. Higher 
total amount of free lime in the binders caused higher 
expansion. A total free lime content of 4.7% in the binder, 
in the case of C60F(X10)40 mixture, produced an 
expansion of 2.104%, which was much higher than 0.8% 
as limited by ASTM C618 [41]. At the curing temperature 
of 29°C, the similar trend of increased expansion with 
increasing total free lime content in the binder was also 
observed. However, the expansion values of the mixtures 
were smaller when compared with the values of the 
mixtures cured at 23±1°C at the same total free lime 
contents and were all below 0.8%. 

Similar results were exhibited by the F(Y) and F(Z) fly 
ash mixtures as presented in Fig. 15 and Fig. 16, 
respectively. Mixtures prepared with these fly ashes 
showed increase in expansion with higher total free lime 
exposed in both curing temperatures. The expansion 
results of all mixtures exposed to both curing 
temperatures were still within the ASTM C618 limitation 
[41], except for the mixture with 40% F(Y10) (total free 
lime content of 4.8% in Fig. 15) and the mixture with 40% 
F(Z10) (total free lime content of 3.9% in Fig. 16) at the 
curing temperature of 23°C. The mixtures cured at 29°C 
showed lower expansion in comparison to the mixtures 
cured at 23°C, and their expansions were all lower than 
0.8%. 

The autoclave expansion occurs due to the 
development of Ca(OH)2 and Mg(OH)2 caused by the 
delayed hydration of free lime and MgO since the high 
steam pressure and high temperature in autoclave 
chamber quickens the hydration of both magnesia and 
lime [25]. However, other forms of CaO in the fly ashes 
are usually compounds which are not free, therefore 
different CaO contents in the tested fly ashes have an 
insignificant effect on the autoclave expansion when 
compared to the free lime.  The SO3 content also has little 
influence, since the reactions to produce primary ettringite 
have been completed before the samples get hardened 
while secondary ettringite is not stable under high 
temperature [42] in the autoclave. Therefore, the 
expansion due to free lime is dominant. Lower expansion 
in the case of higher curing temperature is seemingly 

according to the accelerated hydration reaction of free 
lime during the curing period prior to placing the mixtures 
in the autoclave chamber, whereas in the case of the 
mixtures exposed to a lower curing temperature, free lime 
experiences lower hydration degree during the curing 
phase. These explanations are supported by the fact that 
the hydration reaction of free CaO is exothermic reaction 
(Eq. (1)), and its hydration reaction rate follows the 
Arrhenius equation (Eq. (2)), as described by Shi et al. [43]. 
It supports that curing sample at 29°C causes higher 
hydration degree than curing sample at 23°C, providing 
that the generation of Ca(OH)2 are accelerated during the 
curing period of the sample; therefore, delayed autoclave 
expansion is reduced. This agrees with the test results 
showing that expansion of sample cured at 29°C is 
decreased. 

 
CaO+H2O→Ca(OH)2 (1) 

  
K=Ae-Ea/RT (2) 

 
where K is the reaction rate, A is the Arrhenius factor, Ea 
is the activation energy, R is the universal gas constant and 
T is the absolute temperature. 

From the test results, most of the fundamental and 
mechanical properties of high free lime fly ash mixtures 
have no adverse effect when compared with cement-only 
mixtures. However, high free lime fly ashes create more 
concern on volume instability or expansion. The autoclave 
expansion is selected to test expansion of high free lime 
fly ash mixtures due to its simplicity. As can be seen, 
higher free lime percentage in the mixtures causes higher 
expansion values. In most cases, the expansion values are 
lower than the recommended limit by ASTM C618 
standard [41] except F(Y10) and F(Z10) mixtures cured at 
23 °C. On the contrary, all high free lime fly ash mixtures 
exhibited expansions lower than 0.8% when cured at 
29 °C. From this finding, it seems that the specified 
autoclave expansion limit of 0.8% is rather not appropriate 
for tropical countries. The limit of 0.8% may be too 
conservative for hot climate since the hydration of CaO 
and MgO can be accelerated before the setting resulting in 
lower expansion after hardening as compared with the 
case of low temperature climate. However, future 
intensive study is required for proper modification of the 
limit for an appropriate evaluation in hot climate. 

 

4. Conclusions 
 
The following conclusions can be drawn from this 

study: 
1. The free lime inclusion in fly ash mixtures affects 

the fundamental properties of the mixtures, depending 
upon the amount of the added free lime. As increasing free 
lime content, the water requirement of mixtures increases. 
Moreover, the fly ash mixtures with higher free lime 
percentage cause accelerating setting times. 

2. Higher free lime percentage in the tested fly ash 
contributes to improved early-age compressive strength. 
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However, free lime content has a negligible effect on the 
long-term compressive strength. 

3. Variation of free lime content and curing 
temperature significantly influence the autoclave 
expansion. In general, the increase in free lime percentage 
in fly ash mixtures leads to an increased autoclave 
expansion. Higher curing temperature causes lower 
autoclave expansion. 
 

Acknowledgment 
 
The first author would like to thank to Center of 

Excellence in Material Science, Construction and 
Maintenance Technology, Thammasat University as well 
as the Chair Professor Program (P-19-52302), the 
National Science and Technology Development Agency 
(NSTDA). 

 

Conflict of Interest 
 
On behalf of all authors, the corresponding author 

states that there is no conflict of interest. 
 

References 
 
[1] C. Heidrich, H. J. Feuerborn, and A. Weir, “Coal 

combustion products: A global perspective,” in World 
of Coal Ash Conference, Kentucky, 2013, pp. 22-25. 

[2] X. Lu, B. Liu, Q. Zhang, Q. Wen, S. Wang, K. Xiao, 
and S. Zhang, “Recycling of coal fly Ash in building 
materials: A review,” Miner, vol. 13, no. 1, 2023.  

[3] P. Chindasiriphan, B. Meenyut, S. Orasutthikul, P. 
Jongvivatsakul, and W. Tangchirapat, “Influences of 
high-volume coal bottom ash as cement and fine 
aggregate replacements on strength and heat 
evolution of eco-friendly high-strength concrete,” J. 
Build. Eng, vol. 65, p. 105791 2023.  

[4] P. Chindasiriphan, H. Yokota, Y. Kawabata, and P. 
Pimpakan, “Combined effect of rice husk ash and 
superabsorbent polymer on self-healing capability of 
mortar,” Constr Build Mater, vol. 338, p. 127588, 2022.  

[5] H. Salahuddin, L.A. Qureshi, A. Nawaz, M. Abid, R. 
Alyousef, H. Alabduljabbar, F. Aslam, S. F. Khan, 
and R. F. Tufail, “Elevated temperature performance 
of reactive powder concrete containing recycled fine 
aggregates,” Materials, vol. 13, no. 17, 2020.  

[6] M. S. Zafar, U. Javed, R. A. Khushnood, A. Nawaz, 
and T. Zafar, “Sustainable incorporation of waste 
granite dust as partial replacement of sand in 
autoclave aerated concrete,” Constr Build Mater, vol. 
250, 2020.  

[7] I. U. Haq, A. Elahi, A. Nawaz, S. A. Q. Shah, and K. 
Ali, “Mechanical and durability performance of 
concrete mixtures incorporating bentonite, silica 
fume, and polypropylene fibers,” Constr Build Mater, 
vol. 345, 2022.  

[8] S. Farhan Mushtaq, A. Ali, R.A. Khushnood, R. F. 
Tufail, A. Majdi, A. Nawaz, S. Durdyev, D. D. 
Burduhos Nergis, and J. Ahmad, “Effect of 

bentonite as partial replacement of cement on 
residual properties of concrete exposed to elevated 
temperatures,” Sustainability, vol. 14, no. 18, 2022. 

[9] P. Chindasiriphan, P. Nuaklong, S. Keawsawasvong, 
C. Thongchom, T. Jirawattanasomkul, P. 
Jongvivatsakul, W. Tangchirapat, and S. Likitlersuang, 
“Effect of superabsorbent polymer and 
polypropylene fiber on mechanical performances of 
alkali-activated high-calcium fly ash mortar under 
ambient and elevated temperatures,” J Build Eng, vol. 
71, 2023. 

[10] H. W. Iqbal, K. Hamcumpai, P. Nuaklon, P. 
Jongvivatsakul, S. Likitlersuang, C. Chintanapakdee, 
and A. C. Wijeyewickrema, “Effect of graphene 
nanoplatelets on engineering properties of fly ash-
based geopolymer concrete containing crumb rubber 
and its optimization using response surface 
methodology,” J Build Eng, vol. 75, p. 107024, 2023. 

[11] P. Chindasiriphan, H. Yokota, and P. Pimpakan, 
“Effect of fly ash and superabsorbent polymer on 
concrete self-healing ability,” Constr Build Mater, vol. 
233, 2020. 

[12] P. Nuaklong, K. Hamcumpai, S. Keawsawasvong, S. 
Pethrung, P. Jongvivatsakul, S. Tangaramvong, T. 
Pothisiri, and S. Likitlersuang, “Strength and post-
fire performance of fiber-reinforced alkali-activated 
fly ash concrete containing granite industry waste,” 
Constr Build Mater, vol. 392, 2023.  

[13] T. Chompoorat, T. Thepumong, P. Nuaklong, P. 
Jongvivatsakul, and S. Likitlersuang, “Alkali-
activated controlled low-strength material utilizing 
high-calcium fly ash and steel slag for use as 
pavement materials,” J Mater  Civ Eng, vol. 33, no. 8, 
2021. 

[14] P. Nuaklong, P. Worawatnalunart, P. Jongvivatsakul, 
S. Tangaramvong, T. Pothisiri, and S. Likitlersuang, 
“Pre-and post-fire mechanical performances of high 
calcium fly ash geopolymer concrete containing 
granite waste,” J Build Eng, vol. 44, 2021.  

[15] A. K. Saha, “Effect of class F fly ash on the durability 
properties of concrete,” Sustain. Environ. Res., vol. 28, 
no. 1, 2018, pp. 25–31, 2018. [Online]. Available: 
https://doi.org/10.1016/j.serj.2017.09.001 

[16] F. U. A. Shaikh and S. W. M. Supit, “Compressive 
strength and durability properties of high volume fly 
ash (HVFA) concretes containing ultrafine fly ash 
(UFFA),” Constr Build Mater, vol. 82, pp. 192–205, 
2015. [Online]. Available: 
https://doi.org/10.1016/j.conbuildmat.2015.02.068 

[17] P. Nath and P. Sarker, “Effect of fly ash on the 
durability properties of high strength concrete,” 
Procedia Eng, vol. 14, pp. 1149–1156, 2011. [Online]. 
Available: 
https://doi.org/10.1016/j.proeng.2011.07.144 

[18] C. W. Tang, “Hydration properties of cement pastes 
containing high-volume mineral admixtures,” Comput 
Concr, vol. 7, pp. 17–38, 2010. [Online]. Available: 
https://doi.org/10.12989/cac.2010.7.1.017 



DOI:10.4186/ej.2023.27.10.67 

78 ENGINEERING JOURNAL Volume 27 Issue 10, ISSN 0125-8281 (https://engj.org/) 

[19] C. S. Poon, L. Lam, and Y. L. Wong “A study on high 
strength concrete prepared with large volumes of low 
calcium fly ash,” Cem Concr Res, vol. 3, pp. 447-455, 
2000. [Online]. Available: 
https://doi.org/10.1016/S0008-8846(99)00271-9 

[20] K. Kaewmanee, P. Krammart, T. Sumranwanich, P. 
Choktaweekarn, and S. Tangtermsirikul, “Effect of 
free lime content on properties of cement-fly ash 
mixtures,” Constr Build Mater, pp. 829-836, 2013. 
[Online]. Available: 
https://doi.org/10.1016/j.conbuildmat.2012.09.035 

[21] A. Nawaz, P. Julnipitawong, P. Krammart, and S. 
Tangtermsirikul, “Effect and limitation of free lime 
content in cement-fly ash mixtures,” Constr Build 
Mater, 2016. [Online]. Available: 
https://doi.org/10.1016/j.conbuildmat.2015.10.174 

[22] C. D. Atiş, A. Kiliç, and U. K. Sevim, “Strength and 
shrinkage properties of mortar containing a 
nonstandard high-calcium fly ash,” Cem Concr Res, vol. 
1, pp. 99-102, 2004. [Online]. Available: 
https://doi.org/10.1016/S0008-8846(03)00247-3 

[23] V. G. Papadakis, “Effect of fly ash on Portland 
cement systems Part II. High-calcium fly ash,” Cem 
Concr Res, pp. 1647-54, 2000. [Online]. Available: 
https://doi.org/10.1016/S0008-8846(00)00388-4 

[24] H. F. Gonnerman, W. Lerch, and T. M. Whiteside, 
“Investigations of the hydration expansion 
characteristics of Portland cement,” Research 
Department Bulletin, vol. 45, pp. 1-6, 1953. 

[25] Standard Test Method for Autoclave Expansion of Hydraulic 
Cement, ASTM International Standard No. ASTM 
C151, American Society for Testing Materials 
(ASTM), West Conshohocken, 2013. 

[26] N. Montri, S. Suvimol, and S. Prasert, “Effect of fly 
ash size and curing on concrete strength,” The 
International Association for Bridge and Structural 
Engineering (IABSE) Colloquium, Phuket, 1999. 

[27] S. Hanehara, F. Tomosawa, M. Kobayakawa, and K. 
Hwang, “Effects of water/powder ratio, mixing ratio 
of fly ash, and curing temperature on pozzolanic 
reaction of fly ash in cement paste,” Cem Concr Res, 
vol. 1, pp. 31-39, 2001. [Online]. Available: 
https://doi.org/10.1016/S0008-8846(00)00441-5 

[28] Standard Specification for Moist Cabinets, Moist Rooms, and 
Water Storage Tanks Used in the Testing of Hydraulic 
Cements and Concretes, ASTM International Standard 
No. ASTM C511, American Society for Testing 
Materials (ASTM), West Conshohocken, 2013. 

[29] Thai Meteorological Department. "The Climate of 
Thailand, Bangkok Thailand." Accessed: August 
2015. [Online]. Available: 
http://www.tmd.go.th/en/archive/thailand_climat
e.pdf 

[30] Method of Tests for Strength of Concrete, Indian Standard 
No. IS 516, Indian Standard (IS), New Delhi, India, 
2004. 

[31] Methods of Physical Test for Hydraulic Cement, Indian 
Standard No. IS 4031, Indian Standard (IS), New 
Delhi, India, 1988. 

[32] Standard Specification for Coal Fly Ash, Thai Industrial 
Standard No. TIS No. 2135, Thai Industrial Standard 
(TIS), Bangkok, Thailand, 2002. 

[33] Standard Specification for Concrete Aggregates, ASTM 
International Standard No. ASTM C33, American 
Society for Testing Materials (ASTM), West 
Conshohocken, 2013. 

[34] Standard Test Method for Normal Consistency of Hydraulic 
Cement, ASTM International Standard No. ASTM 
C187, American Society for Testing Materials 
(ASTM), West Conshohocken, 2011. 

[35] Standard Practice for Mechanical Mixing of Hydraulic 
Cement Pastes and Mortars of Plastic Consistency, ASTM 
International Standard No. ASTM C305, American 
Society for Testing Materials (ASTM), West 
Conshohocken, 2015.  

[36] Standard Test Method for Time of Setting of Hydraulic 
Cement by Vicat Needle, ASTM International Standard 
No. ASTM C191, American Society for Testing 
Materials (ASTM), West Conshohocken, 2013. 

[37] Standard Test Method for Compressive Strength of Hydraulic 
Cement Mortars (Using 2-in. or [50-mm] Cube Specimens), 
ASTM International Standard No. ASTM C109, 
American Society for Testing Materials (ASTM), 
West Conshohocken, 2013. 

[38] Standard Test Methods for Sampling and Testing Fly Ash or 
Natural Pozzolans for Use in Portland-Cement Concrete, 
ASTM International Standard No. ASTM C311, 
American Society for Testing Materials (ASTM), 
West Conshohocken, 2013.  

[39] S. Tangtermsirikul and P. Kitticharoenkiat, “Water 
retainability and free water in fresh concrete,” Res Dev 
J Eng Inst Thail, vol. 1, pp. 42-49, 1998. 

[40] Standard Practice for Use of Apparatus for the Determination 
of Length Change of Hardened Cement Paste, Mortar, and 
Concrete, ASTM International Standard No. ASTM 
C490, American Society for Testing Materials 
(ASTM), West Conshohocken, 2015. [Online]. 
Available: https://doi.org/10.1520/C0490 

[41] Standard Specification for Fly Ash and Raw or Calcined 
Natural Pozzolan for Use as a Mineral Admixture in 
Portland Cement Concrete, ASTM International 
Standard No. ASTM C618, American Society for 
Testing Materials (ASTM), West Conshohocken, 
2012.  

[42] T. Jeyakaran, N. Pornsiri, W. Seangsoy, and S. 
Tangtermsirikul, “Test methods for performance-
based evaluation of concrete containing ironsulfide-
bearing aggregates: Development and application,” 
Results Eng, vol. 18, pp. 1-13, 2023. 

[43] H. Shi, Y. Zhao, and W. Li, “Effects of temperature 
on the hydration characteristics of free lime,” Cem 
Concr Res, vol. 5, pp. 789-793, 2002. [Online]. 
Available: https://doi.org/10.1016/S0008-
8846(02)00714-7 



DOI:10.4186/ej.2023.27.10.67 

ENGINEERING JOURNAL Volume 27 Issue 10, ISSN 0125-8281 (https://engj.org/) 79 

 

 
 
 
Adnan Nawaz, photograph and biography not available at the time of publication. 
 
Parnthep Julnipitawong, and photograph and biography not available at the time of publication. 
 
Somnuk Tangtermsirikul, photograph and biography not available at the time of publication. 
 


