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EFFECT OF HIGH TEMPERATURE ON STRENGTH PROPERTIES OF FLYASH
CEMENT MORTAR

Suvimol Sujjavanich , Prasert Suwanvitaya
Department of Civil Engineering, Faculty of Engineering
Kasetsart University, 50 Paholyothin Bangkok 10900, Thailand

ABSTRACT

Significant increase in volume of flyash concrete use in Thailand raises concemn in quality
control and means for corrective measure during construction. This paper proposed an adaptive
approach of using high temperature for strength estimation of flyash cement mortar.

Compressive strength of mortars cured at 75 and 95 °C for a short duration after casting
were studied, compared to 1, 7 and 28 day strength of normal curing method. The cement
replacement by local flyash at 0, 20, 30 and 40% were studied. Both curing temperatures were
found to strongly influence strength development of flyash cement mortar. A slight difference in
accelerated strength was observed. Repeatability to a certain level was also reported. However,
the moisture condition during heat acceleration significantly reduced the strength gain. Results of
the study provide information for the further study of heat acceleration for long term strength
prediction of flyash concrete.

Keyword: flyash, heat
INTRODUCTION

Local flyash has been introduced in That concrete industry only a few years ago. Mae-
Moh Electrical Power Plant in the north, currently outputting 9,000 tons of fly ash daily, is the
major local producer in Thailand. The uniformity of this by-product has been reported (1). Even
though Mae-Moh flyash is produced from burning Lignite, its chemical compositions lie between
class C and F, according to ASTM classification (2). The calcium oxide content is moderate, 7-
13% approximately.

Recently, volume uses of flyash concrete are significantly increasing. This reasons from
the low cost of local flyash, its potential for partial cement replacement uses, and the increasing
concern to environment and management problems. The large amount of replaced flyash
significantly affect concrete performances, both in fresh and hardened state.
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The delayed pozzolanic reaction required the longer period for property’s development
than normal concrete. This raise concern in quality control and means for corrective measure
*dun'n_g- construction. The common strength at 56 or 91 days is unpractical for field adjusting or
for quality control purpose. Therefore, the need to predict the potential characteristics of early
age concrete is essential for flyash concrete uses.

Curing temperatures strongly influenced cement hydration in normal concrete. Utilizing
heat to accelerate strength development is widely accepted (3,4). The American and British
standards allow shight different temperatures of warm water and boiling water-curing condition to
accelerate early strength for quality control purpose.

The effect of high temperature on both hydration and pozzolanic reaction in flyash
concrete is widely recognized (5,6). However, the effect of high curing temperature on strength
of 1-day concrete samples is moderate (7). At present, only a few information conceming this
issue is available (8,9). Therefore, this paper investigates thie effect of high temperature curing on
strength properties of flyash mortar. This 1s a part of the research which propose an adaptive
approach of using high temperature for strength estimation of flyash concrete.

RESEARCH SIGNIFICANCE

The study provides information on the effect of high curing temperature on strength
properties of flyash cement mortar, using moderate-calcium local flyash. The information is
essential for the further study to predict long term strength properties of flyash concrete. This is
expected to benefit the quality control application for flyash concrete construction.

MATERIALS AND SPECIMEN PREPARATION

The local lignite flyash which the chemical compositions and physical properties are
shown in Table 1 was used in this study. Two inches cube mortar samples with flyash partially
replaced cement at three levels, i.e. 20 %, 30% and 40% were cured under two different
temperatures, 75 and 95 °C in waterbath and under normal condition. Under 95 °C condition, two
methods, boiling and steam curing were comparatively studied. Since the accelerated cure was
conducted at the very early age, a special care was provided to prevent direct water contact.
Special plastic bags and accessories were used for this purpose.

Strength development curve under 95 °C curing was firstly established to study the effect
of curing duration. Finally, the curing duration 3 2 hours after casting were adopted for further
study for both curing temperatu_res. This is similar to the duration suggested by ASTM standard.

Coarse river sand and Portland Cement type I were used in this study. The cement to
sand ratio was 1:3 and water to binder ratios was 0.4 to 0.5 respectively.

The compressive strength test was conducted in half an hour after removing specimens
from the waterbath. The results were compared to strength of the normal curing condition at 1, 7

and 28 days.



Table 1 Chemical compositions and physical properties of Mae-Moh flyash and ASTM class

flyash

[ Description Maemoh Class C ClassF |
tflyash ASTM ASTM
Si0:+Al,03+Fe>0: Min.%) 86.2 50.0 70.0
SO (Max.%) .95 5.0 5.0125
CaO (%) 0.0. >10.0 <10.0
LOI (%) 0.23 6.0 6.0
Free lime 0.21
Specific gravity 1.63
Bulk density (g/cm’) 0.843
Specific surface area (cm™/g g) 3122
Mean diameter(pum) 108
Percent retained on 45um 533
sieve j

TEST RESULTS AND DISCUSSION

Compressive strength of mortars cured at 75 and 95 °C for a short duration after casting
were studied, compared to 28 day strength ot normal curing method.

95 °C strength development curve

The strength development curve of cement mortar with water binder ratio 0.4 and 20%
flyash as cement replacement is shown in Figure 1. The compressive strength tests were
conducted at 2 Y5, 3 Y%, 5., 7, 6 and 8 hours cured under 95 °C cunng condition. In¢creasing
strength as the curing duration increased indicates the strong etffect of high temperature curing
duration. However, this effect is less as water to binder ratio increases.

The curing time 3 % hr. was chosen through the study. This reasons from the compared
strength at this stage are more uniform than of the other ages, the similarity to ASTM
recommendation and the consideration of the convenience to finish the test during the working
hour.

The results also show an increasing strength of samples cured at 95 °C for 8 hours and left
for air cured until test at 24hours, compared to of the normal cured at the same age (1.59 times).
However when compared to strength of the same accelerated curing duration, the observed slight
increasing strength indicates the little continued effect of high temperature.
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Comparing the results of boiling-and steam curing under 95 °C condition, the sample’s
sean strength appears to statistically differ insignificant. These are consistent for both normal
nd flyash cement mortars almost all mixes. Only one mix (w/b 0.5-20% flyash) shows the
fifference.

Accelerated and normal curing strength Relationship

To compare the strength development, the ratio of accelerated strength at 75°C and 95 °C
to strength at 1 and 7 day and percent replaceirient of flyash is plotted in Figure 3. Compared to
cement mortar, At the early age, the strength ratio of cement mortar (not show in Figure) almost
close to one for both temperatures. The strength ratio for flyash mortar is more subjective to both
température level and flyash content. However, the relationship of strength at 28 days can not be
established at this stage due to the limited data.
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o f75/f1d  x f75/f1d .
1.6 x 95/f1d o P5/7d E RI=0355
o« 1.4 *
3 . %
e.fE' 1.2 035/11d ¥
K= 1 f75/11d E S
= 3 g R =07437
i;ﬂ 0.8 E 95/f7d : e )
2 06 | M | g R?=0.4195
'E 04 {75/47d .
V % R?=0.9018
0.2
0
10 20 30 40 50

percent flyash, %
Figure 3 Relationship of strength ratios at different age and flyash content

When only compressive strength is considered, the accele"rated strength at 95 °C and the
available 28 day strength is plotted as int Figure 4. The relationship is in a polynomial form as

y=-0.0171x2 + 7.5478x - 414.16  (R® = 0.6416)

Since the high temperature curing in this study is perforined after casting, the moisture
control strongly affects the accelerated strength. The strength significantly decreases if there is
water leaks in to the mold, especially during the early cure.



¥y =D01T1%* +7.5478% - 41416
250 | ¥ }_al._:-gi_ﬁ-;g,-:m

B

150
100 |
50

28 day strength, kse

100. 150 200 250

accelgrated strenigth, kse

Figure 4 Relationship between accelerated strength at 95 °C and 28 day strerigth

CONCLUSIONS

High euring temperatures strongly influence strength development of flyash cement
moitar. The curing duration 3 % houss after casting is proposed fm‘ pragticing, based on data
consistence arid ease of work. Compared to the ordinary mortar, the effect of temperature level on
the accelerated strength of flyash mortar i$ more essential. | |

The strength under 95°C curing is always sign ificantly higher than of 75°C euring,
regardless to the used method. The statistical analysis of most data from both beiling and stedm
curing conditions indicated an insignificant differénce. At the Tow temperature, strength
decreasing as flyash content increased is more pronouriced. The specimen preparation and care
during heat acceleration affect the strength gain.

Accelerated strength to strength at 7 days ratios lie between 0.4-0.5. The relationship
between accelerated and actual strength appears to be a p@ilyﬁﬁmi'a;;_] ¢quation. The predicted 28
day:strength ‘equation, when x is an aceelerated strength and yis a predicted strength, is

y=-0.01715% + 7.5478x - 414.16 (R'=0.6416)

. Resiilts of this stody indicate thie repeatability © a certain. level. These provide
information fot the further study of heat acceleration for long term strength prediction of flyash
congrete.
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Abstract

Sigmificant increase in the use of local tlvash in Tharland's concrete industry raises
concem in durability. and long term performance. This paper reported changes in
chlonide permeability of moderate calcium oxide flvash concrete in tropical chimate.
Cement replacement by plant-classified flvash at 0. 20, 320 and 40% were studied. Tests
for Rapid Chloride Permeability and compressive strength were conducted at the age of
150 days after 28 day curing at 28 °C and 40 °C,

It was found that both curing temperature and particle size strongly influenced the
permeability. Significant reductions in permeability were observed, particularly at higher
temperature as well as from finest particle size . Fiyash concrete showed better
improvement compared to both conventional and silica fume concrete of similar strength
levels and euring conditions. Concrete with 209 flyash yielded the best result for both
temperatures. The study indicated possible use of local flyash in tropical marine
environment.

Keyword: flyash, chloride permeability. tropical climate
1. Introduction

Thailand, located in Southeast Asia, has typical tropical climnate, with average daily
temperature between 27-30° C and the high humidity. These result in the rapid
deterioration of concrete structures. Corrosion and concrete deterioration are commonly
reported especially in the coastal area in the south and the east. There are at present
coordinated efforts at the improvement in the codes of practice in the construction
industry to bring about long service life of structures,
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their own weight n different hoppers (flyash A and thash ), The ehemical
compositions and physical properties ot thyash used ake shown m Table 1.

For silica fume concrete, coment was partially replaced at three levels, ie 3. 10 and 15%.
by .wei_g,h.t: The specifi¢ gravity and bulk deusity of silica fume were- 2,19 and 660 ke /im®

respectively. One  and  two pereent of  Napthalene Farmaldehvde  Sultomate
superplasticizer were wsed withsilica tome durmia owanyg,

Table [ Chemical compasitions and phystcal propertivs of Mae-Moh: flvash and ASTM
class flyash

Description ‘ © Coarse | fine flyash | ClassC | Class F
tlvash (A) (L) ASTM ASTM
S10,+ALO+Fe, O (Minf " g) | S6.2 1.5 ' 50,0 0.0 ]
SO, (Max Sy 0935 7R 3.0 ‘ 3.0
142
b}

Ca0 (%) 6.0, =100 ~10.0
LOT (%) 0,33 083 6.0 &0
Free Iime ' 0.2t 0.
Specific gruvity {63 25

Bulk density (g/cm’) 0.843 0760 |
Specific surface area (e g 222 7290
Mean diameter(um) 108 ) 3

| Percent rétained on  S5um S22 i
sieve ‘

Aggregates in this study siere crushed lime stone avitli maximum size of ' 37 5ind coarse
riversand. The mix proportions, bused on 78 days siréngth, are shown in Table 2.

Table 2 -Mix propertions of concreté

W/B Cement | Sand Agy Water | Flyvas | Siliea SP fovsday
(kg (kg.) (kg (kg h fume | (%6) MPa

(o) | (%)
—1 o [ S8

0.4 450 714 950 203

0.5 480 | 592 950 250 45
035 | 500 729 950 175 61 |
0.35 500 | 729 930 175 |

ololdlo
oo ol
K| — S| O

Specitmens, cast in 3 in. cubical mold for compressive sirength test and 4 in. x8 i,
eylindrical mold for Rapid Chleride Permeability test, were nwoist cured for 24 Hours.
The 3in.x3in.x3in. sample size was chiosen to aveid varijtion between mixes due to the
limited capacity of mixer. After demolding, two sets of specimens were water eured at
room temperature and in 40°C curing coritrolled tank tor 28 days. The 28%C and 40°C
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simulated the average and high temperature of tropical climate in Bangkok. All
specimens for chlonde test were continuously water cured at room temperature until the
age of testing, 150 days. The cybimdrical samples were cut and the 2 in. slices at the mid
height were used for testing.

4. Test Results and Discussion

4.1 General strength propertics

In tlus study, water cement ratio, amount of superplasticizer, and temperature affected
compressive strength of normal concrete to different degrees. Reducing water cement
ratio {from 0.5 to 0.4) resulted in increasing the strength by 27 percent. While
increasing superplasticizer from 1 to 2°5 and increasing cunng temperature from 28°C
to 40°C increased the compressive strength by 17% and 3%, respectively.

Adding flyash and silica fume yielded a ditferent result. An increasing strength is shown
at the high temperature cunng. However, particle size and percent replacement appeared
to be significant factors. The companson of compressive strength versus percentage of
cement replacement of flyash and silica fume are shown in Figure 1.

Compared to the effect of coarse particle {Flyash A), fine particle of plant classified
flyash (flyash C) is much more reactive at any age and any cunng temperature. The
strength of concrete incorporating 20% of flyash C is comparable to silica fume
concrete. However, strength decreased as percentage of cement replacement increased,
at all ages. for both flyash. both water binder ratios and both temperatures. For silica
fume concrete, increasing silica fume up to 10% significantly increased strength.
However, at 15% replacement the strength decreased.  Similar trend is observed for
both temperatures and superplasticizer levels. The dispersion effect of superplasticizer is
clearly seen, especially at lower dosage of silica fume (5%) for both temperatures.

4.2Chloride penetration resistance

For normal concrete, the measured chloride permeability in term of charge passed
significantly related to strength in a potynomial pattern (R’=0.9999). The higher the
strength, the lower the chloride permeability. The trend is shown by dotted line in Fig.2.
However, the test results indicated the tendency of increasing permeability as the
temperature increased. The studied concrete was classified in the range of medium to
high, according to ASTM C1202.

Adding superplasticizer strongly affected concrete permeability. Compared to the same
strength level, concrete with superplasticizer has lower permeability than normal
concrete. A significant reduction in charge passed could be the result of the more
uniform dispersion of cement particles. thus giving a denser and more uniform matnx.
The influence of amount variation of superplasticizer and curing temperature in the
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The reduction of the charge passed i1s even more pronounced for concrete with flyash
and silica fume. The performance of the concrete with classified ash changed from
moderate to low level. Flyash C yielded very low charge passed, comparable to, and in
some cases better than, silica fume concrete. The trend is shown by line 1-1 in Fig.2.
However, the charge passed increased for both fine and coarse flyash as cement
replacement percentage, and water cement ratio increased. As temperature increased to
40°C, both flyash revealed a significant charge passed reduction.

These phenomena are slightly different for silica fume concrete. In Fig.3 as the
percentage of silica fume increased, the chloride permeability dramatically decreased.
Temperature in the studied range did not show as strong an effect on silica fume
concrete as it did flyash concrete,

2000
© 1800 flyash A_%S r
S CooocmetTt
] 1600 M o m e = = = O
© 1400 flyash A 0.5 40C
£ 1200
= flyash A0 4r e
S 1000 i
g 10 flyash A 0.4 4000
5 800 et T
5 600 flyasli € 0.5 40C
8 400 fl ok
T 200 - “"fyash C 0.4 40C

0
0 10 20 30 40 50

Percent admixture, %
Fig. 3 Relationship of chioride permeability and amount of admixture
5. Conclusions

Mix proportion especially water binder ratio and admixture, and curing conditions are
key factors that influence both strength and durability properties. In this study both
curing temperature and particle size strongly influenced permeability. The smaller size
of plant classified flyash is much more reactive than the coarser one.

Significant reductions in permeability were observed, particularly at higher temperature
as well as from fine particle size . The permeability value in flyash concrete became
very low, compared to the high and low levels of conventional and silica fume concrete
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of similar strength levels and curing conditions. Concrete with 20% flyash revealed the
best result for both temperatures.

The smaller size of local flyash showed the potential as a substitute for silica fume,
focusing on strength and chloride permeability. The study indicated the possible use of
local flyash in tropical marine environment.
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Suvimol Sujjavanich and Prasert Suwanvitaya
Department of Civil Engineering, Kasetsart University
50 Phaholyothin Rd.,Bangkok 10900 THAILAND
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ABSTRACT

High temperature accelerates microstructure and strength development of fly
ash concrete differently from normal concrete. This paper investigated the effect of high
curing temperature and duration on microstructure and strength properties of mortar
incorporating local fly ash. Compressive, tensile and flexural strength of mortars cured
at 75 and 95°C promptly and after 24 hours casting were studied. The results were
compared to 28-day strength of normal curing method. The replacement percentages of
cement by fly ash were between 0 and 50%. Microstructure was studied on selected
samples, using SEM and XRD Techniques. Calcium hydroxide contents were estimated
from moisture losses from paste, at specified temperatures. The lower amount
corresponding to 95°C curing temperature and 28 day normal cure implied an increase
in C-S-H, compared to the one cured at 75°C. Concerning strength properties, both
curing temperatures strongly influenced compressive strength. Compressive strength
ratios of accelerated to 28-day normal cure were in the range of 0.25-0.65, depending on
replacement percentage. However both tensile and flexural strength ratios appeared to
be less sensitive to temperature, regardless of replacement percentage and curing
duration. The strength under 95°C curing was always significantly higher than that
under 75°C curing. The products from hydration and pozzolanic reaction, as well as
some micro cracks were observed in 3.5 hours under high temperature curing regime.
The curing duration of 3.5 hours after casting and curing temperatures of 75°C and
95°C were proposed for further study. Compared to ordinary mortar, the effect of
temperature level on the accelerated strength of fly ash mortar was more significant.
KEYWORDS: fly ash, accelerated curing, strength, microstructure

INTRODUCTION

High temperature affects both microstructure and strength development of fly
ash concrete as well as normal concrete. However, for fly ash-cement system, both
cement hydration and pozzolanic reactions appear to react dependently and benefit each
other. Higher reaction rate and 10% higher amount of hydrated C;S at the age of one
day, were reported in fly ash-cement paste, compared to that of the pure C3S paste [1].
Also, high temperature from early curing decreases the length of dormant period in
cement hydration and the early-established structure of hydrated product is a result.
The porous and loose structure is widely recognized in normal concrete as a result of
accelerated microstructure development |2]. This phenomenon as well as low gel space
ratio and possible development of fine cracks are reasons of high early strength and low
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jater strength [3]. However, high temperature favorably affects strength gain in fly ash
concrete. Several studies have reported strength increase of fly ash concrete, subjected
to accelerated curing condition [4,5]. This suggests different proportion and morphology
of the reaction products, from normal concrete [6].

The advantage of long-term strength prediction within a short time after mixing
or placing of concrete is recognized, especially for quality control purpose. It also makes
possible adjustment of mix proportions to meet the requirement if variations in material
properties at site are encountered.

The acceleration of concrete strength development by high temperature curing
for the purpose of later age strength prediction has been of interest since 1927 [7].
Accelerated curing test methods have been used for normal concrete in several
standards since mid 1950 [8]. ASTM C684-89 specified three test methods using normal
and high curing temperatures and one method with both high temperature and pressure
[9]. These methods are widely used for quality control. However, as a means to predict
later age strength, shortly after mixing, these methods are not reliable, even for
conventional concrete [8]. This is thought to be due to the variation in strength gain and
their sensitivity to environmental condition. As mentioned before, high temperature also
affects property development of concrete incorporating pozzolanic material well as
normal concrete. Based on earlier reported observations, extra precautions should be
taken, specifically for the following three aspects: the materials, sensitivity to
temperature and performances.

Currently, the use of fly ash concrete is increasing. Since slow pozzolanic
reaction requires longer time for strength development, the 56 or 91 days strength is
normally specified. However, these long term strength is impractical for field
adjustment or for quality control purpose. The need for means to predict the potential
characteristics of flv ash concrete for quality control is more essential. At present, very
little information concerning this issue is available [5,10]. It is the aim of this study,
therefore, to investigate the effect of high temperature curing on microstructure and

strength properties of fly ash cement mortar, using fly ash from local sources. The
relevant properties are compressive, tensile and flexural strength. The information will
be used for further study of strength prediction, which should benefit the quality control
application in fly ash concrete construction.

MATERIALS AND SPECIMEN PREPARATION

Local lignite fly ash from three different sources namely; Mae-Moh, Ratchaburi
and Rayong were used in this study. The first part of the test program was conducted to
investigate the effect of fly ash from different sources on compressive strength. Then, in
the second part, the effect of curing conditions on strength properties on cement mortar,
using fly ash from the largest source, Mae-Moh was investigated.

Properties of fly ash in this study were as follows. The specific surface varied in
the range of 3200-3900 cm’/g, mean diameter was 68-108 micron with the total amount
of Si0;, A1,05 and Fe,O of 70-85%, CaO of 4-15% and LOI between 0.4-6.9%. The
detail is shown in Table A, in the appendix. Four levels of cement replacement were used.

Coarse river sand and type 1 Portland cement were used in this study. The
cement to sand ratio was 1:3 and water to binder ratios were 0.4 and 0.5. Warm water
and Boiling Methods, specified in ASTM C684-99 [9], and some modifications were
applied to fly ash cement mortar as the following. Three curing temperatures; 35°C,
75°C and 95°C were applied to two sets of two inch cube specimens immediately and 24
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wurs after casting. The accelerated curing duration was 3 ¥ hours for 75 and 95°C, and
!4 hours for the temperature of 35°C. Since the accelerated cure was conducted at the
very early stage in water bath, a special care was provided to prevent specimens from
direct water contact. Special plastic bags and accessories were used for this purpose.
The compressive strength test was conducted in half an hour after removing specimens
from the water bath. The results were compared to strength of the normally cured
concrete at 2, 7 and 28 days. The 2-day strength was compared to the strength of 24-
hour delayed curing.

As the major source of local fly ash, the microstructure of cement paste with
Mae-Moh fly ash was investigated. The SEM and XRD Analyses Techniques were
conducted on cement paste samples, both with and without Ny ash under normal and
high temperature curing conditions. The specimens were casted in 7.5x7.5x7.5 ¢m. mold
as of compression specimens, to reduce size effect on temperature gradient.

RESULTS AND DISCUSSIONS

Strength Properties

The effect of curing conditions in terms of delayed time, temperature, and
duration, compressive strength of mortars cured at 75°C and 95°C promptly, and 24
hours after casting were studicd.

From the test results, different sources of fly ash appeared to affect strength gain
from high temperature curing. However, the strength ratios of accelerated strength to
the normal cured, 28 day strength (fi.c/fisa.y) from each source, slightly varied. The
strength ratios of the studied sources were in the range of 0.25-0.65, depending on the fly
ash source and temperature levels as shown in Fig.1.

1
& /f-Rayong & §5-Raynng © I5H-Ralchaburn
® 94 Ratchabun X 7he-Marmoh ® S%0-Masmoh
08 d © 7%-Marmoh ® g5-Manmaoh
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Fig.1 Effect of fly ash sources on strength ratio for W/B =0.5
Note- 75-Rayong : 75°C curing, fly ash from Rayong

The strength ratio at the replacement percentages of up to 40% appeared to be
less sensitive to temperature than of those with higher replacement percentage,
regardless of the fly ash sources. The water leakage which affected moisture condition
of specimen during heat acceleration significantly influenced strength gain, especially
for the immediate high temperature cure.

To investigate the effect of temperature and curing duration on strength
properties in more details, specimens incorporating fly ash from Mae-Moh were used.
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The delay in curing for 24 hour: casting before subjecting them to curing
temperatures (35°C, 75 °C and 9> ) yielded less variation in accelerated strength ratios,
.compared to those with no delay. The results of the promptly cured at 35°C for 24

hours also showed the same trend as shown in Fig.2. High temperature curing at either
15 or 95°C strongly affected strength development. The strengths of 95°C speéimcns

were always significantly higher than those of 75°C, regardless of the curing method.
However, the strength ratio of 75°C showed less variation.

However, considering the variation of test results and the advantage of shorter time

before testing, the promptly cured procedure at 75 °C and 95°C showed potential for use
in quality control work.

Replacement,

Fig.2 Effect of curing temperature and duration on strength ratio
Note: 35¢-24hr = promptly cure at 35°C for 24 hr.
95-24hr = cure at 95°C for 3.5 hr after age of 24 hr.

The measurement technique of moisture loss was conducted to estimate calcium
hydroxide content, using the quantitative method as suggested by Arjunan et al [11].
The test was conducted at specified temperatures (430-480°C) on paste specimens which
had been cured for 3 ¥ hours under 75 and 95 °C and on those normally cured for 28
day. The lower amount of calcium hydroxide in specimens from the curing
temperature of 95 °C and normally cured implied increase in C-S-H, compared to those
cured at 75°C (8.0% and 8.1% compared to 10.2% respectively).

Regardless of the water-binder ratio (W/B) and replacement percentage of fly
ash, the relationship of compressive strength of promptly cured specimens under
different accelerated curing temperature and duration and those of 28 day under
normal cure condition are shown in Fig.3, as follows.

35°C for 24 hours:

y = 0.0009x>+0.1328x+22.467 ....(R?=0.984)
75°C for 3.5 hours:

y = 0.001x2-0.045x+27.375.....0mnune (R’=0.962)
95°C for 3.5 hours:

y = -0.0008x>+0.6488x+1.679....... (R*=0.972)
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Both th¢ curing temperatures of 75°C7 and Y5°€ slivw less influenée on teénsile and
flexural strength, rnﬁard less of thie rcplacuncut pereentage and euring du wlun, than on
the compressive streneth, The relativnship of accelerated cure and iose of normal cure
is shown in Figd. thie high euring temyperature of 95°C, fensile strength vutios
decreased as replacement percentage fncreased, up to 30%., The trend i clearer for the
lower ¢aring temperature of 75 °¢

The results suggested further study could be made on thie use of high
temperatures, 35°C and 95 °C, promptly cured #fter casting for fly ash concreie
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Microstructure

Miérostructure of eement pmte without and sith [y ash under moist eufe
mndmom at age 7 days are shigwn in Figare 5. Needle-like fornration of cltringite and
ig crystal of C-H or Ca(OH s well 78 some poor érystal of C-8-H and veoids were
abserved in cement paste (in Fig.54). In Fig.Sh, $ami evidences were still ohserved
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ground smooth-surface fly ash particles. However, under high temperature 75 °C and 95
oC for 3.5 hours, cement pastes with and without fly ash appeared to develop their
products significantly as shown in Fig.6 and 7. In Fig.6 a and b of neat cement paste, less
needle-like formation of cttringite and agglomeration of Ca(OH); crystal are found, as
well as higher amount of voids and micro cracks, compared to of normal cure at 7days,
1and 8 months (not shown). At 95 °C the wider micro eracks (of about Imicron) and
better developed C-§-H and C-H, than of 75°C arc observed. For cement- fly ash paste,
Fig.7 a and b show the developed pozzolanic products on the surface of fly ash particles,
the larger amount and morc uniform arc obscrved for the higher temperature, 95 °C,
Some micro cracks are still observed in 3.5 hours under high temperature curing regime,
compared to of 28 days under normal moist cure.

E?T‘miﬁ? Mooy 1 e
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a. cement paste without flyash b.cement paste with flyash

Fig.5 Microstructure comparison of cement paste with and without fly ash under
normal moist cure at 7 day

a. 75 °C b. 95 °C
Fig.6 Microstructure comparison of cement paste without fly ash under temperature 75

°C and 95 °C for 3.5 hours

a. 75 °C b. 95 °C
Fig.7 Microstructure comparison of cement paste with fly ash under temperature 75 °C
and 95 °C for 3.5 hours

The results of XRD analyses are shown in Figure 8,9 and 10 for cement paste with and
without flyash under normal and 75°C, 95°C curing conditions.Compared to neat
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cement paste of equal‘ age in Figure 8, peaks of C-H of fly ash-cement paste in Figure 9
were significantly lower. For high temperature curing, the comparisons in Figure 10
indicated the significant difference of C-H peaks. '

w
1 Ca(Oll). I Ca(OH);
2 Si0, 2 8i0;
3 ALO, 3 ALO,
i
| 1 '
12 1 1
i
T s — ™ T T T TR

Fig. 8 XRD of neat cement paste under normal  Fig. 9 XRD of fly ash cement paste

cure under normal cure
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Fig. 10 XRD of cement paste with and without fly ash under high temperature cure
reases fram 75°C to 95°C for neat

The peak is lower when temperature inc ‘ 0 ° :
7 to 983 which possibly indicated the less

cement paste. The intensity decreased from 193
C-H crystal formation. For fly ash neat cement paste, the much lower C-H peaks and
lower intensity (357 and 445) were observed. However, the temperature effect on the
detected C-H peaks is slightly less, compared to neat cement paste. From the
microstructure observations, the high temperature decreased C-H but decrease the
formation of hydration and pozzolanic products which lead to high strength
development at the early age. The observed micro cracks at hi'gh temperature cure
possibly support the evidence of less temperature influence, of 75°C and 95°C »an tensile
and flexural strength. The failure mechanism of both strength properties was d;fferent,
from compressive strength, which explain the increase in compressive strength but not
the tensile and flexural strength.
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CONCI.USION

from this study some conclusions are drawn as following:

1. Difference in sources yiclded large strength difference. However, strength ratios from
the various sources were close together.

2. High temperatures strongly influenced strength development of fly ash cement mortar,
compared to normal mortar. The strength under 95°C was always significantly higher
than the 75°C strength, regardless the curing method

3. Proposed relationship of accelerated and normal 28-day strength was in polynomial
form with R*=0.96-0.98.

4. Curing temperature of 75°C showed slightly more uniform strength and was less
sensitive to replacement percentage for both compressive and tensile strength tests.
Curing duration of 3.5 hours was proposed for field practice.

5. Microstructure study indicated high temperature decreased C-H and the rapid
formation of hydration and pozzolanic products which lead to high strength
development at the early age.
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APPENDIX

Table A Chemical and physical propertics of fly ash from Mae-moh, Rayong and
Ratchaburi.

Description Mae-moh Rayong Ratchaburi
Ca0. % 9.6 14.9 4.2
Si0,. % 41.9 40.5 53.6
AL O, % 25.2 24.7 27.6
Fe, 0,5, % 12.8 54 4.4
MpO, % 2.0 1.1 1.8
SO, % 1.3 4.8 1.5
N2,0, % 1.1 0.8 0.4
K,0. % 3.1 0.9 1.4

LOL. % 0.44 6.2 6.9
MC, % - 0.01 0.2
SpGr. 1.92 2.63 2.45
Finencss, 3200 380G 3900
| cm’/gm
| % retained #325 39.5 - -
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ABSTRACT

This paper reports the comparison of the later age strength prediction of fly ash
concrete, using different heat sources. Fly ash concrete with target strength of 210-350
kg/ctn® and with various percentages of cement replacement between 20-40% was
investigated. The early age strength was accelerated by two different heat sources: heat
source using from warm and boiling water and heat source generated by microwave
energy. For warm and boiling water methods, two temperatures (75 and 95°C) were
applied for 3.5 hours (1) promptly after 30-minute mixing and (2) 24 hours after mixing.
Then the accelerated strength was tested 30 minutes after removing from the moulds.
For microwave curing, determination of the optimal curing process was first carried out.
The parameters affecting the process included the level of microwave power, the
penetration resistance fevel, and the rest time. Then the process was applied to all mixes
to obtain the accelerated strength. For both methods of heating, correlation between
early and later age strength could be established. The later age strength was tested on
normally-cured specimens at 28, 56 and 91 days. The established equation for later-age
strength prediction for both methods yielded the error within +11%.

KEYWORDS: accelerated curing, boiling, microwave, fly ash concrete

INTRODUCTION

The use of local fly ash in concrete industry is significantly increasing. Besides
the economic aspect, the use of this pozzolanic material as a partial cement replacement
results in some improvement of concrete properties including increasing workability,
reducing heat of hydration, reducing permeability and increasing durability. The
pozzolanic reaction occurs much slower than cement hydration reaction; therefore,
microstructure and strength development of fly ash concrete requires longer time than
those of Portland cement concrete. The strength test at 56 or 91 days which is normally
specified for fly ash concrete becomes impractical, especially for construction quality
control purpose. The need to know potential characteristics of concrete within a short
time after mixing or being placed in the structure is essential for possible mix proportion
adjustment to meet the requirement if variations in material properties at site are
encountered.
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Accelerated strength test to obtain advanced evaluation of strength variation has
long been recognized. Many research works have been widely carried out and many
. published articles are available. Kasai (1990) collected and described the accelerated
strength methods used in Japan. Those methods aim to predict the later age strength at
28 days by accelerating early age strength using different means. Heat acceleration from
hot water was the mostly used method. Some reported methods provided the content
evaluation of cement, water and water/cement ratio. Leung and Pheeraphan (1997)
proposed the use of microwave energy to accelerate early strength of concrete. The
method provides high early age strength with less long-term strength drop. Pheeraphan
et. al. (2002) reported the method to predict later-age strength of normal concrete, using
the accelerated strength of the same concrete cured with microwave energy, is possible
within only 3.5 and 5.5 hours for rapid hardening and ordinary Portland cement,
respectively. For each cement type, the prediction using a formula derived from the
relationship between the accelerated early-age strength and the later-age strength of
normal-cured concrete yields within about 15 percentage of error.

This paper reports the comparison of later-age strength prediction of fly ash
concrete using two different heat sources to accelerate the early strength. The heat
sources included heat source using from warm and boiling water according to or slightly
modified from ASTM C684, and heat source generated by microwave energy originally
developed by Pheeraphan et. al. (2002). The objective of this study was to estimate the
long-term compressive strength at 28, 56 and 91 days of fly ash concrete. The
information from this study was expected to benefit the quality control of fly ash
concrete construction,

EXPERIMENTAL PROGRAM

Material
Local fly ash from Maemoh, Lampang province, was used in this study. The

chemical compositions and some physical properties were investigated and the results
are shown in Table 1. Portland cement type I, which was used throughout this study,
was partially replaced by fly ash at 0, 20, 30 and 40% by weight. The mix proportions,
designed according to the ACI method with controlled slump of 8-10 c¢m., are shown in
Table 2. The maximum size of aggregate was 9.5 mm. No chemical admixture was

added to the mix in this study.

Table 1 Chemical composition and some physical properties of fly ash

Chemical Composition % by weight
Si0O; 46.57
ALO; 24.14
Fe,0; 8.97
CaO 10.39
MgO 2.76
Na,O 1.72
K,O 2.81
SO; 1.61
Loss on Ignition 0.50
Specific Gravity 2.00
Blaine Fineness (cm'/g) 2430
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Table 2 Mix proportions of fly ash concrete
[me water/ ] % Fly Ash Water Cement Fly AShW Lime- Sand
4 binder replacement \ , , Stone
by weight | Kg/m’ Kg/m Kg/m Kg/m® Kg/m®
1 0 228 570 0 698 793
2 0.4 20 228 456 | 114 698 739 ﬂ
3 . 30 228 399 | 171 698 711 |
4 40 228 342 228 698 684
5 F 0 228 | 456 0 698 888
6 0.5 20 228 365 91 698 844
7 = 30 228 319 137 698 823
8 40 228 274 182 698 801
9 0 228 380 0 698 951
10 20 228 304 | 76 698 915
11 0.6 30 228 | 266 114 698 897
|12 I 40 | 228 | 228 | 152 | 698 | 878

Equipment

The 0.85x1.25x0.85 m curing tank with the capability to control temperature in
the range of 25-110 °C was used in this study.

The commercial microwave (0.375x0.251x0.392 m.) with maximum output power
of 900 watts (IEC-705 standard) was used.

Specimen preparation and curing process

In each mix, 32 cylindrical specimens, 3 inch in diameter 6 inch in height were
cast and separated in to three groups. The first group was moist cured for 24 hours and
water cured after demolding until the tested age at 28, 56 and 91 days. Four specimens
were tested at each age.

The second group was divided into two sub groups. The first sub group was
sealed in the special case and promptly water cured in controlled temperature tank of 75
and 95°C for 3.5 hours before demolding and tested within 30 minutes. Four specimens
were tested for each temperature. The second sub group, 8 specimens, were moist cured
for 24 hours before demolding and put in special cases, water cured under controlled
temperature of 75 and 95°C for 3.5 hours and tested within 30 minutes, similar to the
first sub group. Four specimens were tested for each temperature. N

The third group was conducted under microwave-c‘ured C.Olldltl()n. The'fresh
concrete was sieved through sieve no.4 to test the penetration resistance according to
ASTM C403. After reaching the specific levels of penetration resistance, four specimens
were cured with microwave energy for 45 minutes. After microwave curing, using a
thermocouple to check the temperature drop in the middle of one specimen used as a
reference. The rest of the specimens were covered with plastic sheet until the
temperature reach 40°C to test for compressive strength.

The optimal process for microwave curing -
The lowest microwave energy to obtain the high early age strength and low
strength loss at the later age was the criteria used in this study. Several considered
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factors which affected the optimal process for microwave curing were power level, delay
time which was the total time between the cement contacted water and the time before
application of microwave energy, total heating time, and rest time which was the total
time between the timc after removed specimens from microwave oven and the time
before testing. Delay time depending on that the sieved mortar needed to reach the
specified penetration resistance. Curing duration in this study was 45 minutes,
according to the previous study of Leung and Phecraphan (1997). Rest time was
determined by measuring the temperature inside the history after removing the
specimen from microwave oven and measured temperature of specimen was dropped to
below 40 °C.

RESULTS AND DISCUSSION

Results of microwave power output

The results of microwave power verification which was tested according to 1EC-
705 Method from Voss and Greenwood-Madsen (1987) is shown in Fig. 1. Linear
regression was applied to find the correlation betwecen the measured power output and
level of power used.

223 P cutput = 0.8948 x P used — 38.327 767
= 1700 R* =0.9981 _~
5
=) e
Y 499~
§ 400 R 363~
T 230 A
g 300 o
£ 200 123

100 5L ,(

0

0 100 200 300 400 500 600 700 800 900 1000
Power Used (Wal)

Fig. 1 Microwave Power Output Calibration

Results of optimal process for microwave curing

To determine the optimal microwave power, the test was conducted on mix #7.
The delay time before microwave curing was set to be 30 minutes according to the
previous results from Pheeraphan et. al. (2002). For each power level, specimens were
put through accelerated curing for 45 minutes and then placed at room temperature
until test. Compressive strength tested was conducted when the measured temperature
of these specimens reached 40°C, which generally required about 3.5 hours. The
relationship of elapsed time and temperature drop for each power level is shown in Fig.
2. The accelerated strength was compared with the compressive strength at 14 days of
microwave cured specimens (MCC) and of normal cured specimens (NCC), as shown in
Fig. 3. The results showed that the optimal power was at 364 watts for 15 minutes and
230 watts for 30 minutes, termed as 364/15+230/30, since the early strength of MCC was
high while the later strength of MCC was comparable to that of NCC.

To determine the delay time, mix #7 was used. Here, the penetration resistance
in the range of 0-1000 psi was used to determine the proper delay time. After the
specimen reached the specified penetration resistance, the determined optimal power
was applied to the specimen and tested at 14 days to compare with the strength of
specimen under standard condition at the same age. The test results of 14-day strength
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or each penetration resistance was shown in Fig. 4. The strength difference of the two
ases from each delay time was quite small, in the range of 0-10%. The longer resting
ime, longer than 3.75 hr of which the penetration resistance ranged between 400-1000
isi, the difference was close to 1%. The maximum compressive strength was obtained
rom zero penctration resistance condition. Therefore, the delay time of 30 minutes,
rom mixing, which was the condition of specified zero penetration resistance was used
hroughout this study.

To determine the rest time, mix #4, 9 and 12 were used while the delay time was
:ept at 30 minutes before accelerating the specimens with optimal power for 45 minutes.
\fter removing the specimens from microwave curing, measure the temperature in the
niddle of the specimen. The result in Fig. 5 showed that it took about 3 hours for
emperature to reach 40°C. To obtain better accuracy in strength measurement, the
esting time was thercfore selected to be at 3.5 hours. It is important to note that the
wrocess for demoulding and capping specimens required about 30 minutes after 3.5 rest
ime. Therefore, the total rest time at 4 hours was used to establish the correlation
yetween the accelerated strength and later-age strength.
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To conclude, the optimal microwave curing process could be described that the
specimens under the optimal condition were mixed for 30 minutes before heating with
an optimal power at 364 watts for 15 minutes and 230 watts for 30 minutes. then the

" specimens were moistly cured for 3.5 hours before removing and testing for 30 minutes.

Correlation of accelerated strength and later-age strength

The obtained compressive strength from each accelerated curing condition under
the predetermined process and chosen conditions are shown in Table 3. The
relationship between the accelerated compressive strength and later age strength of

normal moist curing were plotted in Fig. 6a-e. The established relationship was in the
exponential form as shown in equation (1)

S, =K,8F

(1
Where S, = compressive strength of normal condition at 28, 56 and 91 days
S, = early age compressive strength of accelerated curing condition
K,, K, = constants as shown in Table 4
Table 3 Test results of compressive strength by accelerated and normal curing
Mix % Compressive Strength (ksc) at age
4 w/b by WCC 75°C BCC 95°C MCC NCC
weight | 4.5h 28 h 4.5h 28h | 5.25h | 28d 56d 91d
1 0 172.13 | 218.05 | 117.78 | 239.83 | 141.33 | 442.14 | 487.15 | 503.84
2 0.4 20 147.31 | 200.50 | 156.58 | 218.50 | 114.65 | 399.86 | 467.52 | 493.30
3 ’ 30 108.75 | 160.32 | 124.64 | 181.75 | 91.61 | 370.33 | 430.96 | 461.98
4 40 84.91 | 148.46 | 112.51 | 176.94 | 70.25 | 339.47 | 386.82 | 404.95
5 0 116.78 | 167.31 | 117.19 | 183.84 | 92.84 | 363.65 395.41 | 428.03
6 20 90.56 | 139.87 | 99.76 | 155.80 | 69.33 | 32545 | 371.01 | 414.30
7 0.5 30 73.38 | 117.39 | 86.55 | 136.18 | 52.17 | 300.33 | 347.58 | 381.36
8 40 53.02 | 92.68 | 68.89 | 117.77 | 43.58 | 276.52 | 316.60 | 345.91
9 0 85.00 | 131.54 | 90.83 | 138.88 | 61.41 | 295.64 | 331.07 | 357.98
10 20 59.92 | 91.31 | 69.47 | 104.72 | 44.31 | 254.22 | 302.99 | 338.58
11 0.6 30 44.36 | 79.75 | 59.65 | 92.74 | 27.33 | 225.99 | 280.16 | 318.55
12 40 39.17 | 71.53 | 56.82 | 88.31 | 20.70 | 212.08 | 264.41 | 304.44
Note: WCC = warm water cured concrete BCC = boiling
water cured concrete
MCC = microwave cured concrete NCC = normal cured concrete
Table 4 Parameters K in equation (1) with different age
Parameters K at age
Method 28 days 56 days 91 days
K K> K, K- K, K.
WCC 75°C - 4.5 hour 37.844 0.478 58.774 | 0.4112 | 82.606 | 0.3535
WCC 75°C - 28 hour 15.593 | 0.6168 | 27.499 0.53 43.482 | 0.4534
BCC 95°C - 4.5 hour 19.775 | 0.6035 | 32.614 | 0.5259 | 50.256 | 0.4501
BCC 95°C - 28 hour 10.192 | 0.6854 | 18.965 0.902 31.904 | 0.5032
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Equation (1) could then be used to predict the compressive strength of normally
cured concrete with and without fly ash as cement replacement in the range of 20-40%
once the accelerated strength and the percent replacement of fly ash are provided. It
was found that the percentages of error were 11, 11, £8.5, £7 and x10% for 75 °C,
95°C promptly curing, 75°C, 95 °C after 24 hours, and microwave curing, respectively.
Fig. 7a-d showed the actual and predicted compressive strength.

It is important to notc that the boiling curing method and microwave curing
method could be used to predict the later-age strength as early as 4.5 and 5.25 hours
after mixing, respectively.

CONCLUSION

From this study it was found that the accelerated curing could be satisfactorily
applied to fly ash concrete. Heat sources generated by commercial microwave oven can
be used, under optimal process, to obtain results within acceptable limit of percentage of
error of +10% in only 5.25 hours after mixing. Heat source using from warm and
boiling water can also be directly applied, with the acceptable limit of percentage of
error of +7-11%, depending on curing conditions, within as early as 4.5 hours.
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Executive Summary
Heat accelerated test to predict strength and durability properties of fly ash

concrete

The reported high pozzolanic reactivity and the favorable physical characteristics of the local
fly ash, ecqupled with econémiic, management and environmental factors, help aceelerate fly ash
utilization in congrete industry to unprécedented degreé. with still ever increasing trend.
However, the uniformity of fly ash both from different sources and from the same sources but
different production time is still questionable for quality of final conerete. Therefore, the means:
forquality contrel during construction become necessary.

The large amount of replaged fly ash signiticantly affects microstructure development of
concrete and its properties as well as performances. The delayed pozzolanic reaction, which is
normally slower than cement hydration reaction. required longer period for prope iy’s
development than normal concrete. The commen strength at 56 or 91 days is impractical for field
adjusting or for quality centrol purpoese. Therefore. the means to predict the ‘potential
characteristics at the early age is essenfial for quality control and corrective measure for fly ash.
conerete. This will help ¢heck material uniformity. adjusting material, proportion 4nd operation
to'meet the requirenent in timé and economically. Presently in Thailand, little irférmation
concerning this issue is available and there is no specific guideline for quality contrel of fly ash
concrete available. The information from this study is expected to provide the basis for an
adaptive approach for concrete industry. using high temiperature to estimate strength of fly ash
concrete for quality control purpose.

This report aimed to investigate the effect of high curing temperature on. strength.
development and the resistance to sulfate attack, and chloride penetration. It also attempted to
follow the temperature effect on the developmient of the microstructure and compare fo that of the
standard curing condition, to-aid finding accelerated ¢arly strength method for quality control of
fly ash concrete.

The first part of this study investigated the cffect of different fly ash source as well as the
effect of high curing temperature and duration en fly ash cement 'mortar while the second part

involved the effect on concrete and microstructure, with the



following parameters. Five cement replacement percentages, namely 0. 20.30.40 and 50: 3 levels
of water/binder ratios. viz, 0.40, 0.50 and 0.60; and three curing conditions. namely standard and
high temperature curing promptly and after 24 hours of casting for 3 ¥ hours. The test was
conducted within 2 hour after specimen remova! from curing condition. Statistical analysis was
used as a tool to compare and investigate the relationship from the study. Flexural and tensile test
were also conducted, in addition to chloride permeability test and sulfate resistance test,
combined with microstructure study using SEM and XRD to investigate the performance related
properties development.

The results indicated favorable outcome of accelerated curing from the inclusion of fly
ash in concrete. Different sources of fly ash which ytelded different chemical composition and
physical properties appeared to affect individual strength gain, but not the ratios of accelerated
strength to strength at 28 days. High curing tempcratures strongly influence strength development
of fly ash cement mortar, including compressive, tensile and flexural strength. The ratios of
accelerated compressive strength to strength at 28 days varied within 10 percent range. The
strength of both mortar and concrete under 95 °C curing 15 always significantly higher than of 75

*Cc curing, regardless to the used condition. The strength ratios of fly ash mortar were found to be
in the range of 0.20-0.60, depending on percent replacement. and temperature level. Delayed
curing condition clearly reduced the variation of strength ratio. The clear relationship between
accelerated compressive strength and normal cure compressive strength was found. The strength
ratio of compressive, flexural and tensile strength decreased as the percent replacement increased.

The results from the second part revealed the strong cffect of prompt curing under both
high temperature levels, 75°°C and 95 ®°C on strength development of concrete both with and
without fly ash. For normal concrete, the difference in means of compressive strength from both
temperature in each condition was statistically significant. However, the difference in means of
the delayed accelerated cure compressive strength under 75°C and 95 °C was not clear. The
variation of the relationship between accelerated and normal compressive strength was less in this
case than that of the prompt curing. High temperature curing strongly affected strength
development of fly ash concrete. Both replacement percentage and temperature level atfect
strength development and later age strength prediction. The relationship of accelerated and
temperature, w/b and percentage replacement was found to be lincar. However. the effect from

temperature level on flexural strength ratio was less than that of compressive strength.



The effect of tempcrature on resistance to sulfate expansion was not clear. The only
conclustion that could be drawn from the wide variation of the limited data was the behavior of flv
ash and normal concrete in this aspect is different. From rapid chloride permeability test. fly ash
concrete under heat cure 3 2 hours showed the immeasurably low resistance of chleride
penetration. However, it was found that the heat effect influenced penmeability development even
when the heat source was removed. Different high tempcrature influenced hydration and
pozzolanic reaction of fly ash concrete to different degree.

On the basis of the results and with consideration of proper flexible working schedule
and feasibility of each method, both 75°C and 95°C promptly cured tor 3 2 hours was proposed
as means for quality control and corrective measure. It was concluded that the relationship of

accelerated and nonmal strength was statistically significant.



