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ABSTRACT: Microwave curing technique can enhance cement hydration resulting in accelerated strength of concrete in an eérly
period. [n this work, prediction of 28-day compressive strength of concrete, containing chemical admixtures, made with ordinary
Pariland cement based on the accelerated strength of concrete cured with microwave energy was investigated. To accelerate curing
praperly, the determined optimal microwave curing process for concrete was applied to concrete. The process involved
determination of {1} microwave power level and heating duration, (2) the penctration resistance of mortar, and (3) the rest time of
concrete.  Tha appropriate microwave power level and heating duration was determined 1o be at 362 and 275 watts for 30 and |5
minutes. The penetration resistance of tha sieved mortar at 3.5 MPa was determined suitable to indicate the starting timo of
micraowave curing. The rest time of 3.5 hours was determined suitable to rest the heated concrete after microwave curing process
befare compression test for sccelerated strength. A formula for the strength prediction was derived from the reiationship between
accelerated aarly-age strength of concrete cured with microwave energy and 28-day strength of normally cured concrete contatning
chemical admixiures, The prediction at 28 days yielded the percentage of error within 114, The possible early ages for the strength
prediction were found to be between 7.5-9.5 hours for conerete with superplasticizer or accelerator or without sny chemical
admixmre and 11-20.5 hours for concrete with retarder, respectively,
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DEVELOPMENT OF CONCRETE COMPRESSIVE STRENGTH
PREDICTION TECHNIQUE USING THE ACCELERATED
CURING WITH MICROWAVE ENERGY

Thanakorn Pl:u;*.eraphan1 Tanabodee Har'ithaiﬂuwvorn2 and Pichai Nimit_\/ongsku-l3

ABSTRACT: The formula for the 28-day strength prediction of concrete using the
accelerated strength of concrete- cured with microwave energy was developed
previously using a certain microwave oven. This work focused on (1) the verification
of the formula using ready-mixed concrete and (2) the development of the prediction
technique to use with any microwave oven. The parameters to study included ready-
mixed concrete made with different source of cement and microwave power histories
applied by different microwave ovens. The results showed that the formula could be
used to predict the 28-day strength of ready-mixed corcrete within 20% agreement with
actual test results, Moreover, the technique could be applied to any microwave oven if
the amount of microwave power energy per specimen and the microwave power
histories followed the developed guidelines. : :

Key Words: microwave processing, compressive strength, Portland cement
1, INTRODUCTION

It has long been accepted that knowing potential 28-day compressive strength of concrete at the
earliest possible time after concrete is produced, especially in a few hours, can be beneficial for
quality control in concrete production and construction. Several rapid test methods to predict the
28-day concrete compressive strength at early age were dcvcmpcd [1-3].

Pheeraphan et al proposed the accelerated curing mcthod using the microwave-heating technique
for later-age strength prediction of normal concrete without any chemical admixture [4].
Predictions of strength at 28 days of conerete were within 15% agreement with actual test results,
Recently, the technique was developed for 28-day compressive strength prediction of normal-
cured concrete with and without chemical admixtures based on accelerated strength of concrete
cured with microwave energy [5]. The technique inclnded use of the determined optimal
microwave curing process to accelerate the strength of concrete and used the accelerated strength
to predict the 28-day strength with use of a formula which was developed from mix-in-lab
concrets. The verification of the formula was performed previously based on the mix-in.lab
concrete, not the commercially available ready-mixed concrete, and the results showed that the
predictions of 28-day compressive strength were within £14% compared with actual test results

" Assistans Professor, Department of Civil Engineering, Royal Thai Air Force Academy, Tkaﬂand petevmi@alum. mit.edu
* Graduate Student, School of Civil Engineering, Asian Institute of Technology, Thatland,
* Associate Professor, School of Civil Enginearing, Asian Institute of Technology, Thailand, pichai@ait.ac,th
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[S]. Moreover, this technique had some limitation; that is, the developed formula was vatid only
for the same optimal microwave curing process using the same microwave oven,

In this work, the prediction formula were verified with the ready-mixed concrete samples from
six plants in Thailand using the developed technique. Some correction factor was introduced due
to difference source of cement used in each ready-mixed concrete. Then the prediction technique
was developed further to be applicable to. any microwave oven models so that the previously
developed fonnula was still valid for 28-day strength prediction.

2. EXPERIMENTAL PROGRAM
2.1 Materials and _éql_lipment :

Ordinary Portland cement was used to produce concrete mixture. Limestone with a maximum
size of 20 mm. and local construction sand were washed and dried in a conventional oven for 24
hours before use, Chemical admixture was added to some concrete mixture to improve certain
properties of fresh and hardened concrete. Dosages of admixture were 0.6-2.5% by weight of
cement for superplasticizer, 0.2-0.5% by weight of cement for set-retarder, and 0.5-1.5% by
weight of cement for accelerator. :

To perform microwave heating, several commercial kitchen microwave ovens were uged
including the original microwave oven, designated as GS, Table 1 showed the characteristics of
each microwave oven, In this work, three additional microwave ovens were used to heat the
specimens so that their accelerated strengths could be compared with those of specimens heated
by GS microwave oven, These microwave ovens were selected from the models available
commercially in Thailand. Their sizes varied from medium size of 27 liters to large size of 32
liters while their levels of power setting varied from 5 to 10,

Table 1 Characteristics of selected commercial microwave ovens

_ Microwave oven

Designation - GS WP ' HI SH

Cavity 390x268x400 312x225%390 349x220x355 374.5x231.5x391.1

dimension :

WxHxD{mm) ' ) :

Capacity (Liter) 42 - . 27 27 32

Pawer setting Every 10% of 90/160/350/500/ 90/180/270/360/450/ 10%/30%/50%/70%/

(from technical | maximum output | 650/750/850/1000 | 540/630/720/810/900 100% of maximum

specification) power (850 watts) : ' * output power (900
’ watts

Microwave 67/129/187/262/ | 79/136/314/429/ 81/148/223/302/366/ 83/258/419/564/829

autput power 31B/394/461/506/ | 323/621/677/719 | 439/488/5893/654/759 '

(unit in watt) 5§79/680 '

It should also be noted that, for each micro_wsivc oven, the power settings obtained from the
technical specification of each microwave oven were not equal to the measured microwave




s

output power. Table I illustrated companson of the power settings and microwave output power
for each microwave oven. For all microwave ovens, the power settings were calibrated into unit
of watt using the standard method in the International Electrotechnical Commission (IEC)
Publication 705 rating standard [6] which was used to measure microwave output power of the
gven at its maximum microwave power set‘tmg However, for companson purpose, the same

- method was adopted to obtain the output powers in unit of watt at various power settings. '

2.2 Optimal microwave curing process

For each batch, several 76,2-mm. by 152.4-mm. cylindrical specimens were cast in polyethylene
moulds and one 150x150x150 mm sieved mertar specimen was cast in a steel mould to measure
the penetration resistance level according to ASTM C403, After the measured penefration
resistance reached 3.45 MPa, three or four cylindrical specimens were cured with designated
microwave energy while the rests were cured normally. The intemal dimension and the capacity
of the oven determined the number of heated specimens. To obtain uniform heating, the moulds
in the microwave oven were arranged in a circular pattern on the turntable,” After microwave
curing, each mould was removed from the cavity and covered with a plastic sheet to continue
curing process. The accelerate strength of specimen were measured after finishing microwave
curing for 3.5 bours, This period of time was called the rest time. Generally, the microwave- -
" cured specimens were removed from their moulds using a piston at thirty minutes before
compreasion test and then capped with sulfur mortar, For later-age strength test of the
microwave-cured specimens and the normal-cured specimens, the specimens were de-moulded
afler one day and cured in water at room temperature untll testing time, The previously
determined processing parameters affecting the optimal microwave curing process were obtained
from [5]. To refer to the microwave power level and curing duration in this work, the symbol
#W(#M) was used , Por instance, 262W(30M)+187W(15M) represented the combination of
microwave curing at the successive power levels of 262 watts and 187 watts for 30 and 15
minutes, respectively.

2.3 Experiment |
.3.1 Verification di formul

To verify the formula for 28-day strength prediction with the mix-in-lab concrete samples and
ready-mixed concrete samples from six plants, the GS microwave oven was used to accelerate
strength of the specimens that were prepared under the optimal microwave curing process. The .
accelerated strength was therefore used in Eq.(1), which obtained from [5], to predict the 28-day
compressive strength, Then the accuracy.of predicted 28-day strength calculated from Eaq. (1)
was determined by comparing with the actual 28-day strength.

Sasance = (12.078)*(Searymcc) ™’ M

where Sagancc = the 28-day compressive strength (MPa)
Sesrty-mcc = the accelerated compressive strength (MPa)
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2.3.2 Development of the prediction technigue for use with any microwave ovens

The development of the prediction technique for use with any commercial microwave ovens was
carried out based on the optimal microwave curing process which was established with use of GS
microwave oven so that the previously established formula could still be used with reasonable
accuracy. It should be noted that the number of heated specimens and the microwave power
output of each microwave oven were different; therefore, the important parameters to consider
were the number of heated specimens and the rate of heating.

To select the microwave power output for each microwave model, three guidelines were
established so that there would be small difference effect on the accelerated strength, Firstly, the
applied microwave energy per specimeén should remain the same. Secondly, the total heating
duration should remain 45 minutes. Thirdly, the selected power histories should be similar to
those of Goldstar MS-4025, which used to heat 4 cylindrical specimens in the optimal microwave
curing process, as much as possible, However, there were additional study on the effect of rate of
heatmg on the prediction technique. Several different power histories were used to heat the
specimens, The power setting level was set high at the beginning and lower at the final petiod of
heating while the applied microwave energy per specimen remained the same as the one heated
under the optimal microwave curing process. Table 2 illustrated the selected microwave power
histories and the applicd microwave energy per specimen of each microwave ovcn model.

Table 2 The selected microwave power histories and thc apphed microwave energy per
specimen of each microwave oven model,

Microwave- | Number of : Power setting Total | Applied | Percentage
Power Type- | specimens - applied | energy of error
Number of energy per
Specimen ' (kJ) | specimen
GS-P1-84* 4 262W(3OM)+187TW(15M) | 6399 | - 160.0 .0
GS§-P1-83 3 262W(26M)+ §7W(19M) A85.1 161,7 1.1
WP-P1-84 4 314W(25M)y+136WQ20M) 634.2 158.6 .9
WP-P1-83 3 I4AW(ISMF136W(ISMMHFTIW(ISM) | 476.1 158.7 0.8
HI-P1-S3 3 223WIIMFBIW4M) 482.8 160.9 0.6
SH-P1-83 3 258W(24M¥+83W(R1IM) | 4761 158,7 0.8
GS-P2-83 3 506W(11.5M)+67,5W(33.5M) 4848 161.6 1,0
WP-P2-54 4 S23W(16M+TOW(2OM) | _639.8 1599 - -0.1
HI-P2-83 3 . 439W(12M)+81W(33IM) _476.5 158.8° 0,7
* optimal power setting from {5] '

Based on these twa different microwave power histories (one was similar to the original
microwave power histories and the other resulted in higher rate of heating), the compressive
results could be compared at two different-ages: the early age and the 28 days. In some case of
this study, the early-age results would be comparcd to those of the optimal microwave curing
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process since the accelerated strength could provide enough information about the accuracy of
the developed predlctlon technique. -

3. RESULTS

3.1 Results of verification of the prediction formuia

3.1,1 Using the mix-in-lab concrete-

To verify the predicted formula with use of mix-in-lab concrete, 15 mix proportions were
selected. Eq. (1) was used to predict the 28-day strength of mix-in-lab concrete once the
accelerated strength was measured expetimentally. For the range of 28-day compressive strength
between 23-48-MPa, it was found that the maximum percentage of error was within +15. Fig, 1
showed the measured and predicted compressive strength at 28 days of mix-in-lab concrete.

sin ready-mixed concret

To verify the predicted formula with use of ready-mixed concretc, six réady-mixed concrete
plants, whose cement brand used were rather different and mostly available {n Thailand, were
selected. Each plant randomly provided 4 mix proportions at different time. After the
accelerated strength was measured, Eq, (1) was also used to predict the 28-day strength of ready-
mixed concrete, It was found that the maximum percentage of error was within about £13 for the
range of 28-day compressivc strength between 23-39 MPa for plants #1, 2, 3, 4, and 5 while plant
#6 yielded maximum percentage of error from +17 to +20. Fig. 2 showed the measured and

predicted compressive strength at 28 days of ready-mixed concrete, '

B 60 : ‘ g 60 —T

| E‘é >0 L el 50 EeT ] |mplant#l

; 40 e avd : 40 itz ¢ plant #2

L g E %0 = 30 +-

: P o Oplant#!

; @ 20 : % 20T =

! 10 10 » plant #4

0 . . .0 . » plant #5 _
! 0 10 20 30 40 50 60 0 10 20 30 40 50 60 |.piamus|
i Actual strength at 28 days (MPa) Actual strength at 2B8days (MPa).

i : _

Fig. 1 Pmmcﬁon of the 28-day strength of Fig. 2 Prediction of the 28-day strength of ready-
mix-in-lab concrete mixed concrete

' 3.2 Results of development of the prediction technique for use with any microwave ovens

3.2.1 Determination of microwave power histories -
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Table 3 compared the early-age strengths of concrete specimens cured under optimal microwave
power with those of concrete specimens cured under microwave power heating which followed
the power histories of the optimal microwave power. The percentages of error were within 6.

Table 3 Comparisons of early-age strengths of concrete specimens cured under optimal -
' microwave power histories with those cured under similar microwave power histories,

Microwave-

Migrowave-

Target | Power Type- |Early-age strength|| Power Type- |Early-age strength|Percentage
strength | Number of (MPa) Number of | - (MPa) of error
(MPa) Specimen Specimen . '

15 | GS-P1-S4 531 7 WP-P1-84 - 5.46 2.9

15 (GS-P1-84 531 HI-P1-83 512° 3.5

15 (38-P1-84 ~5.31 (GS-P1-S3 5.55 4.5

30 GS-P1.S4 8.00 WP-P1-S4 7.60 -5.0

30 GS-P1-54 8.00 HI-P1-S3 7.53 -5.9

30 GS-P1-S4 8.00 GS-P1-83 8.11 1.4

45 GS-P1-84 ~19.21 WP-P1-84 . 19,11 -0.5

45 (GS-P1-84 - 19,21 HI-P1-83 20.39 6.2

45 (GS-P1-84 19.21 (GS-P1-83 18.77 -2.3

" Table 4 compared the early-age strengths of concrete specimens cured under optimal microwave
power histories with those of concrete specimens cured under different microwave power
histories resulting higher rate of heating, It was obvious that the percentages of error were quite
high in the range of +14 to +44 except one data indicated the percentage of error of -23,

Table 4 Comparisons of early-age strengths of concrete specimens cured under optimal
microwave power histories with those cured under higher rate of heating.

Microwave-

Target | Microwave- .
strength | Power Type- : _ Power Type- |Early-age strength
- Number of |Early-age strength| [ Number of _ | Percentage
MPa) Specimen | (MPa)} Specimen (MPa) of error
15 GS-P1-84 4,39 WP.P2-84 5.50 253
15 GS-P1-84 4,39 ~ HI-P2-83 5,54 26.2
15 GS-P1-54 4,39 (GS-P2-53 516 17,5
30 - GS-P1-84 7.07 WP-P2-54 10,18 44.0
30 |- GS-Pl.84 7.07 HI-P2-83 9,12 29.0
30 Gs-P1-S4 7.07 (8-P2-S3 8,65 22.4
45 GS-P1-84 18.42 WP-P2-84 21,06 14.3
45 GS-P1-84 18,42 HI-P2-S3 21.54 17.0
45 GS-P1-54 18.42 GS-P2-83 14.28 -22.5 -
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By comparison the results in Tables 3 and 4, it was obvious that the appropriate microwave
_ power histories to accelerate the strength of concrete specimens for predlctlon formula should
follow the power histories of the optimal microwave power.

3.2.2 Pre_dictlon accuracy of the 28-day compressive strength

After the appropriate microwave power histories were determined for each microwave oven, the
concrete specimens were made and heated under each microwave oven and their accelerated
strengths were used in Eq.(1) to predict the 28-day compressive strength. Here, several
microwave ovens using different number of specimens were used, such as GS(4 heated
. specimens), HI(3 heated specimens), WP(3 and 4 heated specimens) and SH(3 heated
specimens). - Figure 3 showed the ploté'of comparison of 28-day predicted compressive strength
versus measured strength at the same age, Predictions of strcngth at 28 days were within 14%
agreement with actual test resuits.

& 60 ' ' , .
] : +]14%
=~ 50 r."' qr,.;‘ 1
Eg 40 . 3
3 FES R :
10 1+~ = —
0+ ul
.0 10 20 30 40 50 860
Actual strength at 28 days (MPa)
L._.,_.\-.._ .

‘ Fig. 3 Prediction of the 28-day cdmpressive strength of concrete heated under different
conditions such as different microwave ovens and different number of specimens,

4, DISCUSSION

'I'he 28-day strength prediction technique was shown to be uscful for concrete. with and without
chemical admixtures and was reliable based on the mix-in-lab concrete and ready-mixed concrete
except ready-mixed concrete from plant #6. It was found that source of cement could
significantly affect the accuracy of this prediction method since it could affect rate of strength
development., Fig. 4 showed the plots of rate of strength development of mortar made with
different brands of Type ! Portland cement under normal curing, Three brands of cement used
mostly in Thailand were used to study their rates of strength development, especially at early age.
It should be noted that cement brand #1, used by plant #2, was used to develop Eq.(1) to predict
the 28-day strength of concrete while cement brand #3 was the one used by plant #6, Moreover,
cement brand #2 was used by plants #3 and 4, Here, cement brands from plants-#1 and 5 were
not considered,
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Fig. 4 Strength development of mortar made from different bfand of Type I cement
(water/cement = 0.485 and cement : standard graded sand (ASTM C 778) = 1:2.75)

It was obvious from the strength development curve in Fig.4 (a) that mortar made with cement
brand #3 developed strength lower than mortar made with other brands at early age. For
example, at 6 hours, mortar made with cement brand #3 attained the strength value of 1,17 MPa
(52%) which was much lower than those made with cement brands #1 and #2, which attained the
strength values of 2,24 (100%) and 1,83 MPa (82%), respectively, At 9 hours, cement brands #1,
2 and 3 attained the strength values of 6.07 (100%), 5.05 (83%) and 4,89 MPa (81%),
respectively. For 28 days, the strength values of 30.0 (100%), 27.5 (92%) and 29.0 MPa (97%)
were obtained for cement brands #1, 2 and 3, respectively, It was therefore obvious-that the
lower the early strength of specimens made with cement brand #3, the lower the 28-day predicted
strength which resulted in higher percentage of error in 28-day strength prcdiction '

The results were obvious that the aceuracy of this prediction method significantly depended on
the formula that relied on several factors such as source of cement, type of aggregates, and
microwave curing process as stated previously in [4], Therefore, it was necessary to study the
rate of strength development of mortar made by different source of cement befors using this
prediction method so that additional correction factor could be applied to the prediction formula,
For example, the correction factor of about 1.241, which were calculated from the 9-hours
strength of cement brand #1 divided by thet of cement brand #3, could be applied to Eq.(1) in
order to predict the 28-day strength more accurately, The results showed that the prediction
accuracy was improved resulting in the value of 14 percentages of error. The 9-hours strengths
were chosen because the value of early strength of 6,07 MPa was close to the accelerate strengths -
of specimens made by cement brand #3, which were reported to be 4,11, 4,30, 5.81, and 6,40
MPa for four different mix proportions: : _

The guidelines for use any microwave oven to apply the microwave energy to conecrete
specimens were established so that the previous prediction formula could be used. Results in Fig,
'3 were satisfactory and showed that it was possible to use any microwave oven. The concept of
using eny microwave oven model to apply the optimal microwave power so that the formula for
28-day strength prediction, Eq. (1) was still valid within a reasonable accuracy- was that (1) the
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applied microwave energy should be equal to 160 kJ per specimen, (2) the selected power
history should be close to 262 watt for 30 minutes and 187 watts for 15 minutes and (3) the total
heating duration should be equal to 45 minutes. Moreover, the previously determined processmg
parameters affecting the optimal microwave curing process should be followed.

It should be noted further that all measured strength results were obtained from 76.2-mm. by
152.4-mm. cylinders. Therefore, to compare with the strength value of the standard-sized
cylinder, the correction factor of 0.936 should be mulnphed to the strength value obtained from a
76.2-mm. by 152.4-mm. cylinders [4], “

5. CONCLUSION
The study could be concluded that
(1) This technique could predict 28-day strength cf any ready-mixed concrete but a
correction factor due to source of cement should be determined and applied to the
prediction formula to improve the accuracy predlcuon
(2) This technique should follow the optimal microwave curmg process and the proposed
guidelines to select the microwave power histories so that any microwave oven could be
used.
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DEVELOPMENT OF CONCRETE COMPRESSIVE STRENGTH PREDICTION
TECHNIQUE USING THE ACCELERATED CURING WITH MICROWAVE ENERGY

Thanakom Pheeraphan
Tanabodee Hanthmthawom and thal Nimityongskul®

ABSTRACT , Lo
The formula for the 28-day strength prediction of concrete using the

accelerated-strength of concrete cured with microwave energy was developed
earlier using a certain microwave oven. This work focused on the
verification of the formula using ready-mixed concrete and the development.
of the prediction technique to use with any microwave oven. The parameters
to study included ready-mixed concrete made with different sourceé of cement
and microwave power histories applied by different microwave ovens. The
results showed that the formula could be used to predict the 28-day strength
of ready-mixed concrete within 20% agreement with actual test tesults.
Moreover, the technique could be applied to any microwave oven if the
amount of microwave power energy per specimen and the microwave power
hlstones followed the developed guidelines.

KEY WORDS: Mlcrowave Processmg (PROCESSING), Compressive Strength
(PROPERTIES), Portland Cement (COMPOSITION), Snvength Prediction
(APPLICATIONS) _

1. INTRODUCTION

It has long been accepted that knowing potential 28-day compressive, strength of concrete at the
earliest possible time after concrete is vroduced, especially in a few hours, can be beneficial for
quality control in concrete production and construction, Several rapid test methods to predict the
28-day concrete compressive strength at early age were developed [ 1-3].

Phegraphan et al. proposed the accelerated curing method using the microwave-heating technique

for later-age strength prediction of normal concrete without any chemical admixture [4].

Predictions of strength at 28 days of concrete were within 15% agreement with actual test resuits.

. Recently, the technique was developed for 28-day compressive strength prediction of normal-

- cured concrete with and without chemical admixtures based on accelerated strength of concrete
cured with microwave energy [5]. The technique included use of the determined optimal

" mictowave curing process to accelerate the strength of concrete and used the accelerated strength

to predict the 28-day strength with use of a formula which was developed from mix-in-lab

- concrete. The verification of the formula was performed previously based on the mix-in-lab

concrete, not the commercially available ready-mixed concrete, and the results showed that the

. ) :
For further details, contact Dr.Thanakorn Pheeraphan, Department of Civil Engineering, Royai Thai A1r Force
Academy, Bangkok 10220, Thailand or via E-mail at petevmi@alum.mit, edu :
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predictions of 28-day compressive strength were within £14% compared with actual test results
[5). Moreover, this technique had some limitation; that is, the developed formula was valid only
for the same optimal microwave curing process using the same microwave oven.

In this work, the prediction formula was verified with the ready-mixed concrete samples from six
plants in Thailand using the developed technique, Then the prediction technique was developed
further to be applicable to any microwave oven models so that the previously developed formula
was still valid for 28-day strength prediction. - ,

2. EXPERIMENTAL PROGRAM
2.1 Materials and equipment . »

Ordinary Portland cement was used tc produce concrete mixture. Limestone with a maximum
size of 20 mm. and local construction sand were washed and dried in a conventional oven for 24
hours before use. Physical properties of materials were shown in Table 1. Chemical admixture
was added to some concrete mixture to improve certain properties of fresh and hardened
concrete. Dosages of admixture were 0.6-2.5% by weight of cement for superplasticizer, 0.2-
0.5% by weight of cement for set-retarder, and 0.5-1.5% by weight of cement for accelerator.
Table 2 showed the examples of mix proportions of concrete used..

To perform microwave heating, four commercial kitchen microwave ovens were used including
the original microwave oven, designeted as GS. Table 3 showed the characteristics of each
microwave oven. In this work, three additional microwave ovens were used to heat the
specimens so that their accelerated strengths could be compared with those of specimens heated
by GS microwave oven. These microwave ovens were selected from the models available
commercially in Thailand. Their capacities varied from 27 liters to 32 liters while their levels of
power setting varied from 5 to 10. -

- It should also be noted that, for each microwave oven, the power settings obtained from the
technical specification of each microwave oven were not equal to the measured microwave
output power. Table 3 illustrated comparison of the power settings and microwave output power
for each microwave oven, For all microwave ovens, the power settings were calibrated into unit
of watt using the standard method in the International Electrotechnical Commission (IEC)
Publication 705 rating standard [6] which was used to measure microwave output power of the
oven at its maximum microwave power setting. However, for comparison purpose, the same
method was adopted to obtain the output powers in unit of watt at various power settings.

2.2 Optimal microwave curing process

For each batch, several 76.2-mm. by 152.4-mm. cylindrical specimens were cast in polyethylene
moulds and one 150x150x150 mm sieved mortar specimen was cast in a steel mould to measure
the penetration resistance level according to ASTM C403. After the measured penetration
resistance reached 3.45 MPa, three or four cylindrical specimens were cured with designated
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microwave energy while the rests were cured normally. The internal dimension and the capacity

of the oven determined the number of hieated specimens. To obtain uniform heating, the moulds’
in the microwave oven were arranged in a circular pattern on the turntable. After microwave

curing, each mould was removed from the cavity and covered with a plastic sheet to continue

curing process. The accelerated strengths of specimen were measured after finishing microwave

curing for 3.5 hours. This period of time was called the rest time. Generally, the microwave-

cured specimens were removed from their moulds using a piston at thirty minutes before

compression test and then capped with sulfur mortar. . For later-age strength test of the

microwave-cured specimens and the normal-cured specimens, the specimens were de-moulded

after one day and cured in water at room temperature until testing time. The previously

determined processing parameters affecting the optimal microwave curing process were obtained

from {5). To refer to the microwave power level and curing duration in this work, the symbol

#WHEM) was used . For instance, 262W(30M)+187W(15M) represented the combination of

microwave curing at the successive power levels of 262 watts and 187 watts for 30 and 15
minutes, respectively. . :

2.3 Experiment
2.3.1 Verification of the prediction formula .

To verify the formula for 28-day strength prediction with the mix-in-lab concrete sampies and
ready-mixed concrete samples from six plants, the GS microwave oven was used to accelerate
strength of the specimens that were prepared under the optimal microwave curing process. The
acceletated strength was therefore used in Eq.(1), which obtained from [5], to predict the 28-day
compressive strength. Then the accuracy of predicted 28-day strength calculated from Eq. (1)
was determined by comparing with the actual 28-day strength. :

Sasance = (12.078)*Seatymcc)® \ (Eq. 1)

where Sasance = the 28-day compressive strength (MPa)
Searty-Mcc ='the accelerated compressive strength (MPa)

-2.3.2 Development of the prediction technique for use with any microwave ovens

The development of the prediction tezhnique for use with any commercial microwave ovens was
carried out based on the optimal microwave curing process which was established with use of GS
microwave oven so that the previously established formula could still be used with reasonable
accuracy. It should be noted that the number of heated specimens and the microwave power
output of each microwave oven were different; therefore, the important parameters to consider
were the number of heated specimens and the rate of heating.

To select the microwave power output for each microwave model, three guidelines were
established so that there would be small difference effect on the accelerated strength. Firstly, the
‘applied microwave energy per specimen should remain the same. Secondly, the total heating
duration should remain 45 minutes. Thirdly, the selected power histories should be similar to
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those of Goldstar MS-4025, which used to heat 4 cylindrical specimens in the optimal microwave
curing process, as much as possible. However, there was additional study on the effect of rate of
heating on the prediction technique. Several different power histories were used to heat the
specimens. The power setting level was set high at the beginning and lower at the final period of
heating while the applied microwave energy per specimen remained the same as the one heated
under the optimal microwave curing process. Table 4 illustrated the selected microwave power
histories and the applied microwave energy per specimen of each microwave oven model.

Based on these two different microwave power histories (one was similar to the original
microwave power histories and the other resulted in higher rate of heating), the compressive
results could be compared at two different ages: the eatly age and the 28 days. In some case of
this study, the early-age results would be compared to those of the optimal microwave curlng
process since the accelerated strength could provide enough information about the accuracy of
the developed prediction technique. ' '

. RESULTS
3.1 Results of verification of the prediction formula

3.1.1 Using the mix-in-lab concrete

To verify the predicted formula with use of mix-in-lab concrete, 15 mix proportions were
selected. Eq. (1) was used to predict the 28-day strength of mix-in-lab concrete once the
accelerated strength was measured experimentally. For the range of 28-day compressive strength -
between 23-48 MPa, it was found that the maximum percentage of error was within £15. Fig, 1
showed the measured and predicted compressive strength at 28 days of mix-in-lab concrete,

3.1.2 Using the ready-mixed concrete

To verify the predicted formula with use of ready-mixed concrete, six ready-mixed concrete
plants whose cement brand used were rather different and mostly available in Thailand were
selected. Each plant randomly -provided 4 mix proportions at different time. After the
accelerated strength was measured, Eq. (1) was also used to predict the 28-day strength of ready-
mixed concrete. It was found that the maximum percentage of error was within about £13 for the
range of 28-day compressive strength between 23-39 MPa for plants #1, 2, 3, 4, and 5 while plant
#6 yielded maximum percentage of error from +17 to +20. Fig, 2 showed the measured and
predicted compressive strength at 28 days of ready-mixed concrete, :

3.2 Results of development of the prediction technique for use with any microwave ovens

3.2.1 Determination of microwave power histories
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Table 5 compared the early-age strengths of concrete specimens cured under optimal microwave
power with those of concrete specimens cured under microwave power heating which followed

the power histories of the optimal microwave power. The percentages of error were within +6.

Table 6 compared the early-age strengths of concrete specimens cured under optimal microwave
power histories with those of concrete specimens cured under different microwave power
histories resulting higher rate of heating. It was obvious that the percentages of error were quite
high in the range of +14 to +44 except one data indicated the percentage of error of -23.

- By comparison the results in Tables § and 6, it was obvious that the_abpropﬂate microwave
~power histories to accelerate the strength of concrete specimens for prediction formula should
follow the power histories of the optimal microwave power.

3.2.2 Prediction accuracy of the 28-day compressive strength

" After the appropriate microwave power histories were determined for each microwave oven, the
concrete specimens were made and heated under each microwave oven and their accelerated
strengths were used in Eq,(1) to predict the 28-day compressive strength. Here, several
microwave ovens using different number of specimens were used, such as GS(4 heated
- gpecimens), HI(3 heated specimens), WP(3 and 4 heated specimens) and SH(3 heated
specimens),  Figure 3 showed the plots of comparison of 28-day predicted compressive strength
versus measured strength at the same age. Predictions of strength at 28 days were within 14%
agreement with actual test results. : . , =

4, DISCUSSION

The 28-day strength prediction technique was shown to be useful for concrete with and without
chemical admixtures and was reliable based on the mix-in-lab concrete and ready-mixed concrete
except ready-mixed concrete from plant #6. It was found that source of cement could
significantly affect the accuracy of this prediction method since it could affect rate of strength
development. Fig. 4 showed the plots of rate of strength development of mortar made with
different brands of Type I Portland cement under normal curing. Three brands of cement used
mostly in Thailand were used to study their rates of strength development, especially at early age,
It should be noted that cement brand #1, used by plant #2, was used to-develop Eq.(1) to predict
the 28-day strength of concrete while cement brand #3 was the one used by plant #6, Morsover,
cement brand #2 was used by plants #3 and 4, Here, cement brands from plants #1 and 5 were
not considered. . _

It was obvious from the strength development curve in Fig.4 (a) that mortar made with cement
brand #3 developed strength lower than mortar made’ with other brands at early age. For
example, at § hours, mortar made with cement brand #3 attained the strength value of 1.17 MPa
(52%) which was much lower than those made with cement brands #1 and #2, which attained the
strength values of 2,24 (100%) and 1,83 MPa (82%), respectively. At9 hours, cement brands #1,
2 and 3 attained the strength values of 6.07 (100%), 5.05 (83%) and 4.89 MPa (81%),
respectively, For 28 days, the strength values of 30.0 (100%), 27.5 (92%) and 29.0 MPa (97%)
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were obtained for cement brands #1, 2 and 3, respectively. It was therefore obvious that the
lower the early strength of specimens made with cement brand #3, the lower the 28-day predicted
strength which resulted in higher percentage of error in 28-day strength prediction. :

The results were obvious that the accuracy of this prediction method significantly depended on
the formula that relied on several factors such as source of cement and microwave curing process.
Therefore, it was necessary to study the rate of strength development of mortar made by different
source of cement before using this prédiction method so that additional correction factor could be
applied to the prediction formula. This correction factor could be derived by considering (1) the
tate of early strength development and/or (2) the 28-day. strength of mortar made with cement
used to derive the formula and mortar made with cement under current use. For example, the
correction factor of about 1.241, which was calculated. from the 9-hour strength of cement brand
#1 divided by that of cement brand #3, could be applied to Eq.(1) in order to predict the 28-day
strength more accurately, The results showed that the prediction accuracy was improved
resulting in the value of 34 percentages of error. The 9-hour strengths were chosen because the
value of early strength of 6.07 MPa was close to the accelerated strengths of specimens made by
cement brand #3, which were reported to be 4.11, 4,30, 5.81, and 6.40 MPa for four different mix
proportions. ' :

The guidelines for use any microwave oven to apply the microwave energy to concrete
specimens were established so that the previous prediction formula could be used. Results in Fig,
3 were satisfactory and showed that it was possible to use any microwave oven. The concept of
using any microwave oven model to apply the optimal microwave power so that the formula for
28-day strength prediction, Eq.(1) was still valid within a reasonable accuracy was that (1)3&10.
applied microwave energy should be equal to 160 kJ per specimen or 230 MJ per 1 m" of
concrete, (2) the selected power history should be close to 262 watt for 30 minutes and 187 watts
for 15 minutes and (3) the total heating duration should be equal to 45 minutes, Moreover, the
previously determined processing parameters affecting the optimal microwave curing process
should be followed, \

It should be noted further that all measured strength results were obtained from 76.2-mm. by
152.4-mm. cylinders. Therefore, to compare with the strength value of the standard-sized
cylinder, the correction factor of 0,936 should be multiplied to the strength value obtained from a
76.2-mm. by 152.4-mm. cylinders. .

5. CONCLUSION

The study could be concluded that : '
(1) This technique could predict 28-day strength of any ready-mixed concrete but a correction
factor due to source of cement should be determined and applied to the prediction formula to -
improve the accuracy prediction. : _
(2) This technique should follow the optimal microwave curing process and the proposed
guidelines to select the microwave power histories so that any microwave oven could be used.
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Table 1. Physical properties of materials

- Physical properties Type I cement Fine aggregate Coarse aggregate

Specific gravity 3.15 2.52 270
Fineness modulus - 2.94 -
Unit weight (kg/m”) - - 1539
Table 2. Examples of Mix Proportions

Target | Measured | Dosage of Type of (Water+tAdmixture) |  C:S:A

strength | slump | admixtures | Admixture /Cement - (by weight)

(MPa) (cm) (%) | '
15 8.5 - - 0.89 1:3.67.4.08
15 15 - - 0.91 1:3.41:3.79
20 9 1.25 Accelerator - 0,78 1:3,42:3.80
20 8 0.30 - Retarder 0.74 1:3.42:3.82
20 8.5 1.5 Superplasticizer 0.58 1:3.43:3.81
30 8 - - “ 0.57 1:2.37:2.58
30 8 - 1 Superplasticizer 0.54 1;2.68:2.79
30 8 1.25 Accelerator 0.58 1:2.68:2.79
40 8 - - 0.45 Retarder 0.45 1:1.88:2.20
40 10 0.75 . Accelerator 0.50 1:1.87:2,18
40 10 2 Superplasticizer 0.44 1:1,88:2.17
45 8 - - ' 0.39 1:1,33:1.79
45 15 - - 0.43 1:1.20:1,70
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Table 3. Characteristics of selected. commercial microwave ovens

Microwave Oven Model

- 680

Designation GS WP HI SHI
Cavity 390x268x400 | 312x225x390 349x220x355 374.5%231,5x391.1
dimension ’I
- WxHxD
* (unit in mm)
Capacity 42 27 27 32
(Liter)
Power setting | Every 10% of 90/1 60/350/ | 90/180/270/360/ 10%/30%/50%/
(from technical maximum 500/650/750/ 450/540/630/ 70%/100% of
specification) output power 850/1000 720/810/900 maximum output
(850 watts) | power (900 watts)
Microwave 67/129/187/ 79/136/314/ 81/148/223/302/ 83/258/419/
putput power 262/318/394/ | 429/523/621/ 366/435/488/ 564/829
| (unit in watt) 461/506/579/ 677/779 | 593/654/759
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Table 4. The selected microwave power histories and the applied microwave energy

per specimen of each microwave oven model.

Microwave | Number Power setting Total Applied | Percentage
_~Power of applied | energy per of error
Type- specimens energy | specimen

Number of i k) (kJ)
Specimen _ |
GS-P1-54* 4 262W(ROMY+187W(15M) 639.9 160.0 0 -

| GS-P1-83 3 262W(26M)+ 67\?(191\‘»{) 485.1 161.7 . 1.1
WP-P1-54 4 314W(25M)+136W(20M_) . 6342 158.6 0.9
WP-P1-83 3 314W(15M)+136W(15M) 476.1 158.7 -0.8

+79W(15M)

HI-P1-83 3 223W(31M)+81W(-14M) , 482.8 160.9 0,6
SH-P1-S3 3 258W(24M)+83W(21M) 476.1 158.7 0.8
GS-pP2-83 3 S06W(11,5M)+67.5W(33.5M) | 484.8 161.6 1.0 -
WPP254 | 4 523W(LGM)+ TOW 2N §395 | 1599 01
HI-P2-83 - 3 439W(12M)+81W(33M) 4765 158.8 -0.7

* optimal power setting from [5]




Table 5. Comparisons of early-age stfengths of concrete specimens cured under optimal

microwave power histories with those cured under similar microwave power histories.
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Microwave- Microwave-
Target | Power Type- |Early-age strength|| Power Type- Early--agc' strength | Percentage
strength Number of (MPQ) Nl._lmber of {MPa) of etror
(MPa) Specimen - ) Specimen -
15 GS-P1-S4 5.31 ~WP-P1-54 5.46 2.9
15 GS-P1-54 5.31 HI-P1-83 5.12 -3.5
15 GS-P1-84 531 GS-P1-83 5.55 4.5
30 GS-P1-54 8.00 WP-P1-84 7.60 5.0
30 GS-P1-54 8,00 HI-P1-83 7.53 -5.9
30 GS-P1-S4 8.00 GS-P1-83 8.11 1.4
45 GS—PI-S4_ 19.2i WP-P1-54 19.11 0.5
45 (GS-P1-84 19.21 HI-P1-83 . 20,39 6.2
-45 _ GS-P1-84 16.21 GS-P1-83 18.77 2.3




Table 6. Comparisons of early-age strengths of concrete specimens cured under optimal

microwave power histories with those cured under higher rate of heating.

08

Microwave- Microwave-
Target | Power ”fypc~ _ Power Type- |
strength | Number of Early-age strength| | Number of |Early-age é&ength Pefcénfagé
(MPa) Specimen (MPa) ¥ Specimen (MPa) ‘of error
15 _GS-Pl-S4 4.59 WP-P2-84 5.50 253
{5 GS-P1-84 4.39 ' Hi—PZ-S?o 5.54 26,2
15 GS-P1-84 4.39 GS-P2-83 . 5.16 17.5
30 GS-P1-54 7.07 WP-P2-84 1b.1‘8 44,0
3;0 GS-P1-S4 7.07 ‘ HI-P2-83 9.12 29.0
30 GS-P1-84 7.07 GS-P2-83 8.65‘ 22.4
S GS-P1-54 Ty WP-P2-54 21.06 143
45 GS-F; 1-84 18.42 HI-P2-83 21.54 17.0
iS5 | OS-Pl-S4 (842 RETES] 1428 225
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