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Abstract

Project Code: PDF/36/2542
Project Title:  Estimation of concrete compressive strength based on the accelerated

strength of concrete cured with microwave energy

Investigator:  Major Dr.Thanakorn Pheeraphan Royal Thai Air Force Academy
E-mail Address: petevmi@alum.mit.edu
Project Period: July 1999-June 2001

Microwave energy can accelerate the hydration of cement, resulting in
rapid strength development of concrete in an early period. In this study, prediction of
later-age compressive strength of normal strength concrete, with and without chemical
admixtures, made with rapid hardening and ordinary Portland cement, based on the
accelerated strength of concrete cured with microwave energy was investigated. Test
specimens consisted of 76.2-mm. by 152.4-mm. cylinders and 15x15x15 cm. cubic
specimens. To accelerate curing properly, the optimal microwave curing process for
concrete was first determined and then was applied to concrete. For each cement type,
a formula for the strength prediction was derived from the relationship between
accelerated early-age strength of concrete cured with microwave energy and later-age
strength of normally cured concrete. The results showed that the 28-day strength
prediction of concrete with chemical admixture could be done within 7.5-20.5 hours after
mixing. The possible early ages for the strength prediction were found to be at 3.5 and
5.5 hours for concrete, without admixture, made with rapid hardening and ordinary
Portland cement, respectively. Predictions of strength at 7 days for concrete made
with rapid hardening Portland cement and 28 days of concrete made with ardinary

Portland cement were within 15% agreement with actual test resuits.

Keywords: Microwave Processing, Strength Prediction, Portland Cement
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Communications Commission) ADAIILON 915, 2450. 5800. was 22125 MHz [14] FINIUON
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¥ ¥
= L]

Tulasiauisnasiou negriu neamuungIu wisgnaasuld Wallduaeyg
- = - ~« o ¥ ¥ ¥ o = rqy
furiavosdiaqer JaaiildlunuldniudeudlondiaululasovSiausond 1ddlu 3
winfio (1) winsindululasiadasioundu iwunwanlane dudu ) wanAndululnsam

o g
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) . » - a’ . ] .
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/\N TRANSPAREMT Total
/ {Low loss
[LEITFYL-131
N . OPAGUE None
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/\/\NV\AN__ ABSORBER Partisl
{Lowey muistor) to Totet
ABSORBER Parnal
o oy e iMizea) 1o Totsl
“ | (&) Matrs = low o dRter
‘- - -ow = W | (b] Finee particies: sdditives =
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719 2.1 mImeuauoInIIaAnInInadu lulasan [15]

Tulasaausolfidumawdsnumeldarudounnianld  deolulasiov
neariud Ty luian ledi@nein (dielectric material) A wIsalumsgaFundaTuves
Jaaudazyiia ?Tuag:fTUﬂmﬁuﬁ'ﬁﬁﬁ'uniumumuﬁmsqur?"ru (loss tangent) Fenfisnald
1INBATIdINLDInIAIsERoUASqUIEL (loss factor) @pAIRIGlABIANASA (dielectric
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fed : A . qv ' = L] =y 1 =Y ar
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Von Hippel d1903Tu (14))

Tae UMYl (°C) LN UAN I Ty
u“uw 25 1570 x 1E-04
udn TuTagama 25 10.6 x 1E-04
WA UWANT (Plexiglass) 27 57 x 1E-04
Inaietau 25 3.1 x 1E-04
Tnaa'ladu 25 3.3 x 1E-04
mWaou PFA 25 1.5 x 1E-04

Tao T Fagmnisoassundau luTasndd biidanuiouiunmsludiuims

voiiaq 1alas MIHUINIIUBIBBBY (ionic conduction) HAL/MTD NITUYUVBIAITYTTADUN
» . .
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a4 = [ =1 & - e 0 9 -~ “ o [ ar -
wedienmuiman Ivunnszdit - Miiilimisaed unismfounaind19wiioanIanus
» [ »

wWoanmune Iinannuiouiumoluias idvhiinarevurunistifonnuiduduvosdosu
anuausolumunfounveidesu tazpaunpivesaisazats WuAU  GIUMITHYUUDS

e o ) ™ ar oo T .
asUsznoundaesdauunmisindosdivesTuianaluiaainiilaTwa Tuus (dipole moment)
. » . » .
) o a ' o ] ' = o * |
AReTusInIeiifisiunInmMsuIniudedauinnimanuinsei - nsasdunisinibos
[ L= 4’ :; [ v ¥ ¥ a b dﬂ’ (" ’ = ar
amsonsindsunivesluanadinarl senstiifannuisuiunoluiaasuaonu

o q‘: < ¥ & Y o ' = 3 = ¥

aanjuszruldn Welms IwdsauTulasndunnsunsamaindl sziinnudou
- d a RS [ - o = PAEEY) ¥ &
Winvuniolunsunia NatifisInduemuieIn n9w Aunazyuduuands thaaiy
dalsznevitiegluapuniolszinim 7-10% lavdiias  Saifudaqiiansogadunds
NuluTnslddfige Sobldinannuiouiumolunounia  delaaululasividn

AIsM



2.2.2 Ufnselaastu 16-18]
at o e o =] o - 3 “ o o 3/

szavvelfisolamssuvesTiuud uasnavoslnssadtvesndanusinldein
Ufnselawssuszdanansznuaonuauifvesnounia lavass UjAsor lawmsswnadwie

= L4 ar : o1 et ar I=) o v 3! : [ * dv

Yududnauiuil U§aso lamssuvesiiuud amnsanialaitiu s dunoudne lUd

= o S [ v (=1 a -1 )

(1) munaddnierlamssussissiasrveslasdasonegiiiug (3Ca0.ALO, 138

c.A) PneliiAndans e (etringite) DUAIVDIOYNIA C A Asaunisae Tl
3C20.ALO, + 3.CaS0,.2H,0 + 26H.0 - 3Ca0.AL.0,.3CaS0O, 32H.0 (Euringite)

HAENISINARATULTAINA 18ASH (Calcium Silicate Hydrate H39 3Ca0. 2Si0..3H.0
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ABSTRACT: The method to estimate the long-term strength of a concrete mixture using the accelerated strength
obtained from microwave curing is investigated. The determination of the optimum microwave power for concrete
with type 1 and 111 Portland cement is first carried out. Then concrete specimens are cast. cured with microwave
energy. and tested for compressive strength at early age to compare to later-age strength of normally cured concrete.
Correlations between the later-age strength and the accelerated strength are therefore established for different mix
proportion. For Type III cement. about 40% is the 3.5-hour early strength with reference to the 7-dav normal
strength. For Type | cement. with respect to 14-day strength. about 35% is the 5.5-hour early strength and 29% with
respect to 28-day strength. Using the obtained correlations to predict the long-term strength. the estimated
percentage of errors for Type 11l cement at 7 days is +5% and those for Type [ cement at 14 and 28 days are +7%

and £12%. respectively. The outcome of this study affirms that there are possibilities in the estimation of the long-

term strength using the accelerated strength obtained from the microwave curing.

KEYWORDS: Microwave Curing. Accelerated Curing. Strength Estimation
For further details, contact Dr.Thanakorn Pheeraphan. Department of Civil Engineering, Roval Thai Air Force

Academy. Bangkok, Thailand



. INTRODUCTION

The rapid growth of the construction has been recognized in the last decade and the demand for predicting
fie long-term strength at an early age is increasing in conjunction with the noticeable increase in recent construction
~orks. Thus. a new attitude has developed with recognition of the benefits of knowing the potential strength of

soncrete at the earliest possible time after concrete has been placed. while there is still room for adjustment or
!
remedy.

Previous work [1] on long-term strength estimation has shown several techniques developed in Japan to
predict the 28-day strength of concrete but they have not vet been used widely because they are not easy to operate.
they yield large percentage of errors and they require long time. i.e. more than a day. 10 estimate. However. long-
term strength estimation of concrete cast with rype [ Portland cement based on accelerated strength of concrete

. cured with microwave energy has shown its potential in recent work by Pheeraphan et al.[2]. Their percentage of
error is reported to be within +5%..

Hence. this work is a continuation of the preliminary work in {2] but efforts have focused on concrete made

with type | Portland cement instead as well as on shortening the estimation time of concrete made with type Il from

at4.5 hours to 3.5 hours to speed up the estimation process.

L EXPERIMENTAL PROGRAM

2.1 Specimen preparation and curing process

In this study. tvpe I and I11i Portland cement are used. Limestone with a maximum size of 10 mm. and
local construction sand. which are used as coarse and fine aggregates. respectively, are washed and dried in a
conventional oven for 24 hours and then left in the air for one day before use. For specimens with the water/cement
ratio below 0.40. high-range water reducer. Rheobuild 1000 H. is used with 0.7-1.0% by weight of cement.

In each concrete mixing batch. six cylinders of 76.2 mm diameter and 152.4 mm height are cast in
polyethylene moulds. Four of them are cured with microwave energy after 30 minutes of mixing while the rests are
cured normally. The specimens are arranged in a ring pattern on the turntable in the microwave cavity to obtain
uniform heating. After microwave curing. the specimens are removed from the oven and covered with plastic sheets
to continue normal curing process.

To perform microwave curing. a microwave oven model Goldstar MS-4025 with internal cavity

I dimensions of 390 x 268 x 400 mm. is used. It can generate output power as high as 850 wans based on the
International Electrotechnical Commission (IEC) Publication 705 rating standard.

To obtain eariy-age compressive strength of concrete cast with type | and Il cements. two microwave-

cured specimens are demoulded and capped with sulfur mortar at thirty minutes before testing for compressive

strength. The rest of the microwave-cured specimens as well as the normal-cured specimens. are demoulded after

24 hours and cured in water until testing at later ages.

2.2 Experimental procedures
The experimental procedures in this work are still similar to those of previous works in [2]. In the first

step. the optimal process of microwave curing for different types of cement which provides high early-age and later-

age strengths with a minimum amount of applied microwave energy is determined. The factors affecting the



| 33

ciimal process include (1) delayed time which is the total time between the cement contacts water and the time
tfore application of microwave energy. (2) total heating time. (3) early testing time and (4) optimal microwave
| pwer. Among them. the most important one is the optimal power which is then used to accelerate the cuning

scess of concrete with different mix proportions.
As stated in [2] . the delayed time and the total heating time are fixed at 30 and 45 minutes. respectively.

[
brthe early testing ume. 1t is 4.5 hours for type 11l cement and is not known for type I cement.

To determine the optimal power. the cement:sand:aggregate proportion and water/cement ratio are

bitrarily fixed at 1:1:1.5 and 0.50. respectively. Then the correlations between the later-age strength and the

|
|
[ :celerated strength are established for different mix proportions. In the final step. use the computed correlation to
=edict the long-term compressive strength and finally calculate the percentage of errors.

|
|

-.RESULTS

I.1 Concrete with npe Ifl cement without admixture
As stated before. the optimal process is determined first. Here. the delayed time and the total heating time

ire fixed at 30 and 45 minutes. respectively. The early testing time and the optimal power are therefore needed. By
aarying power to determine optimal power while the cement:sand:aggregate proportion and water/cement ratio are

fixed constant at 1:1:1.5 and 0.50, respectively. il is found that at an early testing time of 4.5 hours, the optimal

power is at 362 watts for 30-minute heating and 275 watts for 15-minute heating.
To shorten the estimation time. several tests with similar mixing proportions and optimal power obtained

earlier have done to determine the earliest testing time between 3.0 to 4.5 hours. Results show that the earliest

possible testing time 1s at 3.5 hours since its early strength is high enough to measure which is about 40% based on

the 7-day strength of normally cured concrele (see details in [3]).
With use of determined optimal process. mixing proportions are varied to obtain the accelerated strength at

3.5 hours and the later-age strength at 7 days. The results in Table | show that the 3.5-hour accelerated strengths
' range from 38.5 to 42.2% with its average of 40 3% based on the 7-day normal-cured strength. Therefore. it is able

to formulate a simple equation for the accelerated strength with respect 1o the normal-cured strength for type 11

cement without admixtures as follows:
Srance = 2.4817Sssnmcc (1)
| where  Sognce s the normally cured strength at 7 days (MPa). and
is the accelerated strength at 3.5 hours (MPa).

SB Sh-MCC

With the above equation. the 7-day strength of concrete cured normally can be estimated once the 3.5-hour
accelerated strength is provided. Therefore, to show the validity of equation (1) for concrete with type 111 cement
without admixtures. the previous results of 3.5-hour accelerated strength are substituted into equation (1) and the

estimated 7-day strengths of concrete cured normally are obtained (see Table 1). From Table 1. it is clear that the

range of the estimated vatues is from 16.2 to 30.7 MPa while the percentages of errors go from 4.8 to +4.5 %.

From this, the percentage of errors is about £5%.

3.2 Concrete with rvpe | cement without admixture



| Again, the optimal process s determined first. The delaved time and the total heating time are still fixed at
i Y and 45 minutes, respectively while the early testing time and the optimal power are needed to determine. Here.

| 1e results show that the opiimal power for type | is similar to that for type [11 which is at 362 watts for 30-minute
‘eating and 275 watts for 15-minute heating. By varying the early strength testing time of type | cement from 5 to 6
,,:ours and compare their early strengths. it is found that the earliest strength testing time is at 5.5 hours while the

trength at 5.5-hours is about 34% based on the 14-day strength of normally cured concrete (see details in [3]).

Table 1 Comparative result of True 7-day compressive strength and Estimated 7-day

compressive strength of concrete cast with Type IH cement with different proportions

W/C C:S:A © True © True True 3.3-hour Str./ Esumated Error

| ratio By 3.5-hour Str. of 7-day Str. of True 7-day Str. 7-day Str. (%)
By Weight | Microwave-cured Normal-cured =[@ /6 *100] {MPa)

*! Weight concrete (MPa) concrete (MPa) (%)

ll 0.40 1:1:1.5 12.57 29.30 42.21 30.69 4.7
0.45 1:t:1.5 11.61 27.58 42.09 28.80 -4.4
0.50 1:1:1.5 10.09 2558 39.75 25.03 +1.4
0.55 1:1:1.5 2.6l 20.91 41.17 21.36 2.2
0.60 1:1:1.5 6.53 15.97 40.86 16.20 -1.5
0.50 1:1.5:2 9.77 2498 39.10 2424 +3.0
0.55 1:1.5:2 8.41 20.27 41.48 20.87 -29
0.60 1:1.5:2 6.52 16.09 40.55 16.18 -0.5
0.40 1:1:2 10.37 26.96 38.46 25.73 +4.6
0.50 1:1:2 9.61 24.37 39.42 23.84 +22
0.60 1:1:2 6.36 15.79 40.31 15.78 +0.1
0.40 1:1:1 11.89 30.01 39.61 26.50 +1.7
0.50 1:1:1 10.72 27.42 39.08 26.60 +3.0

Using the obtained optimal process, mixing proportions are varied to obtain the accelerated strength at 5.5
hours and the later-age strength at 14 or 28 days. Tables 2 and 3 show the 5.5-hour accelerated strengths compared
with 14-day and 28 day normal-cured strengths. respectively. The average 5.5-hour strengths compared to I4-day
and 28-day strengths are 34.6% and 29.1%. Thus, the simple equation for the accelerated strength with reference to
the normal-cured strength at 14 days for Type I cement without admixtures can be formulated as follows:

Sisgnce = 2.894%Sssnmcc (2)
where S,sncc is the normally cured strength at 14 days (MPa), and
Sssamcc 1S the accelerated strength at 5.5 hours (MPa).

Similarly, the linear relation of the accelerated strength at 5.5 hours and the normal-cured strength ar 28

days for type I cement without admixtures can be formed as follows:

Sasance = 3.437*Ss shmee (3)
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where  Siqncc  is the normally cured strength at 28 days (MPa). and
S Sh-MCC is the accelerated strength at 5.5 hours (MPa).
After substituting Ilhe accelerated strength into equations (2) and (3) to estimate the strengths at 14 and 28
iays, it is found that their percentages of errors are 7% and +12%. respectively.
!
Table 2 Comparative result of True 14-day compressive strength and Estimated 14-day

| compressive strength of concrete cast with Type | cement with different proportions

| wiC C:S:A O True ® True True 5.5-hour Str./ | Estimated Error
| ratio By 5.5-hour Str. of 14-day Str. of True 14-day Str. l4-day Str. (%)
By Weight | Microwave-cured Normmal-cured =0/ *100] (MPa)
| Weight concrete (MPa) concrete (MPa) (Ya)
0.40 1:1:1.5 11.97 35.72 35.49 34.64 -2.7
.lf 0.45 1:1:1.5 10.93 30.50 535.83 31.63 -3.7
| 0.50 I:1:1.5 8.69 25.54 34.01 25,15 +1.5
0.55 I:1:1.5 7.41 23.04 32.14 21.44 +6.9
0.60 1:1:1.5 6.40 19.85 32.26 18.52 +6.7
0.50 1:1.5:2 8.89 2518 35.29 25.73 -2.2
0.55 I1:1.5:2 7.95 23.08 3433 22.95 +0.6
0.60 1:1.5:2 6.56 19.77 33.20 18.98 +4.0
0.40 1:1:2 10.70 30.65 34.92 30.97 -1.0
0.50 1:1:2 8.55 24.25 3527 24.74 -2.0
0.60 I:1:2 6.44 18.04 35.72 18.64 -3.3
0.40 1:1:1 13.21 3727 35.44 38.23 2.3
0.50 1:1:1 11.33 32.05 35.34 32.79 -2.6

Table 3 Comparative result of True 28-day compressive strength and Estimated 28-day

compressive strength of concrete cast with Type [ cement with different proportions

Ww/C C:S:A © True B True True 5.5-hour Str./ Estimated Error
ratio By 5.5-hour Str. of 28-day Str. of True 28-day Str. 28-day Str. (%)
By Weight | Microwave-cured Normal-cured =[O/ *100] {MPa)
Weight concrete (MPa) Concrete (MPa) (%)
0.60 1:1:1.5 7.01 27.42 25.58 24.11 +12.1
0.50 1:1.5:2 8.90 29.82 29.85 30.59 29
0.60 §:1.5:2 6.97 26.76 26.05 23.96 +10.5
040 | 1:1:2 10.22 33.04 30.92 35.11 -6.3
[ 0.50 1:1:2 8.84 29.21 30.26 3038 4.0
0.40 1:1:1 12.81 _ 41.45 30.90 44.02 -6.2
0.50 1:0:1 | 105t 36.69 3011 37.97 -3.5




4. DISCUSSIONS
From equations .( 1). (2). and (3), it is obvious that the constants obtained experimentally to multiply with
" the accelerated strength are different. This is due to the effects of type of cement and the day (after mixing) to
obtain the estimated strength while the optimal process remains unchanged for all cases of Type I and 1] cements
: and thus has no effects.

However, even though the results shown here clearly indicate possibilities of using this estimation method
providing low percentage of errors (see Figure 1), current work has shown that use of smaller amount of cement can
also affect the rate of early strength development based on the later-age strength which therefore can directly affect
the equation to estimate. Hence, it is essential to continue investigating on this effect closely. Some results cannot

be included here since the work is under examination.
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Figure 1 Comparison of the estimated value and the true value of normal concrete

For regular concrete added with high range water-reducer admixture, the mixture becomes much more
complicated to predict the strength since the admixture can significantly affect the setting and hardening time of

concrete. Work on this topic is still in progress and its result will be available soon.

5. CONCLUSION

In conclusion, the method to estirnate the long-term strength of a concrete mixture using the accelerated
strength obtained from microwave curing is possible. Several factors which can affect the equation to estimate
include type and amount of cement, optimal process, and the day to obtain the estimated strength.
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Estimation of 28-Day Strength of Concrete
in 5.5 Hours based on Very High Accelerated Strength
after Curing with Microwave Energy

Thanakom Pheeraphan’
Lilik Cayliani~. Mario I. Dumangas Jr.” and Pichai Nimityongskul?

]Department of Civil Engineering. Roval Thai Air Force Academy
Saimai. Bangkok 10220. THAILAND
“School of Civil Engineering. Asian Institute of Technology
Klong Luang. Pathumthani 12120. THAILAND

Abstract

The estimation of compressive strength of ordinary Portland cement concrete at 28
days based on the accelerated strength of concrete cured with microwave energy is
investigated. The optimum microwave curing process is first determined. Then the
process is applied to concrete. The possible early age for the strength estimation is
found to be at 5.5 hours. Two relations are established for 28-day strength
estimation. One is the relationship between water/cement ratio and the accelerated
strength at early age. The other is the relationship between water/cement ratio and
28-day strength. Using these two established relations. the 28-day strength
estimation which require only the accelerated strength at 5.5 hours vield about +15%
errors.

1. Introduction

The rapid growth of the construction has been recognized in the last decade and the
demand for estimating the long-term strength at an early age is increasing together
with the increase in recent construction works. Thus. a new attitude has been
developed with recognition of the benefits of knowing the potential strength of
concrete at the earliest possible time after concrete has been placed. while there is
still room for adjustment or remedy.



160

Several methods developed in Japan on 28-dayv strength estimation have been
compared bv Kasai {1990). The methods include test methods for unit amount of
cement. water. water/cement ratio and accelerated strength test of concrete and
mortar including hot water curing. high temperature curing in a sealed. restricted
molds and rapid hardening method using set accelerating admixture. These methods
have not been used widely vet because of their accuracy. time required to estimate.
expense for the equipment. and hardness to perform.

Microwave cuning technique has shown to be effective to produce concrete with very
high early strength with insignificant reducing in long-term strength (Leung and
Pheeraphan. 1997). However. rapid strength development of concrete not only
favors construction operations such as pre-casting and repainng but also can be
applied in long-termm strength esumation. In this paper. the accelerated strength test
using microwave curing technigque to estimate the 28-day strength normal concrete
based on the verv high accelerated strength is illustrated. The method is found to be
simple. fast. cheap. and accurate.

2. Experimental Program
2.1 Specimen preparation and curing process

In this study. ordinary Portland cement ts used. Limestone with a maximum size of
20 mm. and local construction sand. which are used as coarse and fine aggregates.
respectively. are washed and dried in a conventional oven for 24 hours and then left
in the air for one day before use.

Seven cylinders of 76.2 mm diameter and 152.4 mm height are cast in polyethylene
moulds for each mix. Thirty minutes after water contacts cement. four of them are
cured with microwave energy while the rests are cured normally. The specimens are
arranged in a ring pattern on the turntable in the microwave cavity to obtain uniform
heating. Afier microwave curing. the specimens are removed from the oven and
covered with plastic sheets to continue curing process.

To perform microwave curing. a kitchen microwave oven model Goldstar MS-4025
with internal cavity dimensions of 390 x 268 x 400 mm. 1s used. It can generate
output power as high as 850 watts based on the International Electrotechnical
Commission (IEC) Publication 705 rating standard.

To obtain eariy-age compressive strength of concrete. two microwave-cured
specimens are de-moulded and capped with sulphur mortar at thirty minutes before
testing for compressive strength. The rest of the microwave-cured specimens as well
as the normal-cured specimens. are de-moulded after 24 hours and cured in water
unti] testing at later ages.

2.2 Experimental procedures
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The optimal process of microwave curing, which is defined as the process which
provides high early-age and later-age strengths for concrete with a minimum amount
of applied microwave energy, is determined first. The factors affecting the optimal
process include delayed time which is the total time between the cement contacts
water and the time before application of microwave energy, total heating time, early
testing time and optimal microwave power. The delayed time and the total heating
time are previously determined by Leung and Pheeraphan (1997) to be at 30 and 45
minutes, respectively. Therefore, the early testing time and optimal power must be
determined first.

Then several mix proportions whose designs are based on the method of American
Concrete Institute and some specified proportions have been performed and applied
with the microwave energy. The accelerated strength at early age and regular
strength at 28 days are therefore measured and compared. The relationship between
the mix proportions, the accelerated strength, and the strength at 28 days can then be
established. Finally, the estimation of long-term compressive strength can be made
based on the established relationship.

3. Results and Discussion

To determine the optimal power, an early testing time is chosen to be at 6 hours and
the cement:sand:aggregate proportion and water/cement ratio are fixed at 1:1:1.5 and
0.50, respectively, while several microwave power levels are varied. The results of
compressive strength at 6 hours and 14 days of microwave-cured concrete (MCC) are
compared with the strength at 14 days of normally cured concrete (NCC) as shown in
Fig.1. It is obvious that the optimal power is at P40(or 362 watts) for 30-minute
heating and P30(or 275 watts) for 15-minute heating (see Fig.1).

3 e-hour MCC
"Ml {4-day MCC:
W 14-day NCC -

Strength based on 14-d NCC
strength (%)

P60(45)
P50(45)
P40(45)
P30(45)
P20(45)

La
vy
o

=
=
T &

Power level (heating duration in minute)

Figure 1. Effect of microwave power application on compressive strength of concrete
with C:S:A=1:1:1.5 and w/c = 0.50
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It should be noted that P## denotes the percentage power of full microwave output
power which can be measured out in watt unit using the method suggested in the IEC
Publication 705 (Voss and Greenwood-Madsen, 1987).

To determine the earliest testing time, the testing times are varied from 5 to 6 hours
while the optimal power 1s used. Fig.2 shows the results of compressive strength at
5, 5.5, and 6 hours of microwave-cured concrete based on the strength at 14 days of
normally cured concrete. It can be concluded that the earliest strength testing time is
chosen to be at 5.5 hours since its strength at 5.5 hours, which is about 8.69 MPa, is
considered to be low enough for measurement. For example, if w/c ratio greater than
0.50 is used, such as 0.75, the 5.5-hour strength may be too small to measure.

45
a0t —
35
30
25 -

i 10.08 MPa
1

Strength based on 14-d NCC strength (%)

S-hour MCC 5.5-hour MCC 6-hour MCC

Figure 2. Effect of microwave power at P40(30)+P30(15) on compressive strength of
concrete with C:8:A=1:1:1.5 and w/c = 0.50 at different early ages

In addition, temperature measurement in the centre of one of the concrete specimens
after microwave curing is carried out. It is found that the temperatures of specimens
with the same mix proportion at 6, 5.5, and 5 hours are at 35-37°C, 37-38°C, and 38-
42°C, respectively.

After all factors affecting the optimal process are determined, the microwave curing
technique based on the optimal process are applied to concrete with several mixing
proportions. The accelerated strength at 5.5 hours and the later-age strength at 28
days are then measured and plotted against the parameters from mix proportions to
establish the relations that may be needed for strength estimation.

3.1 Relationship between the w/c ratio, the accelerated strength, and the 28-day
strength of normally cured concrete

Fig.3 shows the plots of the w/c ratio, the accelerated strength at 5.5 hours of
microwave-cured concrete, and the 28-day strength of normally cured concrete.
From the plots, two following relations can be derived as
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w/c = (I/-4.2705)*1n(85_5h.Mccf81.7228) (1)

-—

Saga-nce = 122.2387*exp = 77420v/e) )

Once the S5 shvmce 18 known, the w/c can be computed from eqn.(1) and will then be
used in egn.(2) to compute out the 28-day strength of normally cured concrete.
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Figure 3. The relationship between water/cement ratio, accelerated strength at 5.5
hours of microwave-cured concrete, and 28-day strength of normally cured concrete.

3.2 Estimation of 28-day strength of concrete in 5.5 hours

From above, two relations to estimate the 28-day strength of normally cured concrete
are established. The first relation in egn.(1) directly takes the value of accelerated
strength to compute for w/c which is then used to compute the 28-day strength from
the second relation in eqn.(2). Therefore, the accelerated strength at 5.5 hours is only
required to estimate the 28-day strength.

Using the established relations in eqns.(1) and (2) to estimate the 28-day strength, it
is found that the percentage of error is within about 15. Fig.4 compares the true and
estimated compressive strength at 28 days.

In addition, to obtain the strength of the standard size 152.4x304.8 mm specimen at
28 days, it is found that the correction factor of 0.936 must be multiplied to the
strength of 76.2x152.4 mm cylindrical specimen.

As a result, it is believed that the very high accelerated strength due to microwave
curing can also be useful in long-term strength estimation of high performance
concrete except that determination of factors affecting optimal process must be
carried out.
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Figure 4. Comparison of 28-day estimated compressive strength obtained from
estimation based on eqn.(1) and (2) versus true strength at the same age

4. Conclusion

The method to estimate the 28-day strength of concrete using the very high
accelerated strength of concrete cured with microwave energy is possible within only
5.5 hours. Based on the relationship established from w/c ratio, accelerated strength
at 5.5 hours, and 28-day strength, the estimation which requires only the accelerated

strength from measurement yields +15 percentage of error.
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ABSTRACT

Microwave energy can accelerate the hydration of cement. resulting in
rapid strength development of concrete in an early period. In this
paper. prediction of later-age compressive strength of normal concrete.
made with rapid hardening and ordinary Portland cement. based on the
accelerated strength of concrete cured with microwave energy was
investigated. To accelerate curing properly. the optimal microwave
curing process for concrete was first determined and then was applied
to concrete. The possible early ages for the strength prediction were
found to be at 3.3 and 5.5 hours for concrete made with rapid hardening
and ordinarv Portland cement. respectively. For each cement type. a
formula for the strength prediction was derived from the relationship
between accelerated early-age strength of concrete cured with
microwave energy and later-age strength of normally cured concrete.
Predictions of strength at 7 days for concrete made with rapid
hardening Portland cement and 28 days of concrete made with ordinary
Portland cement were within 15% agreement with actual test results.

KEYWORDS: Microwave Processing (PROCESSING). Compressive Strength
(PROPERTIES). Portland Cement (COMPOSITION)

1. INTRODUCTION

Compressive strength of concrete is clearly the most important property for quality
control in concrete production and construction. Therefore. knowing potental later-
age concrete strength at the earliest possible time after concrete is produced. especially
in a few hours. can be beneficial for necessary remedy or adjustment.

Several methods that were developed in Japan on the rapid test method for early age
prediction of concrete quality were reviewed and compared by Kasai [1]. The
methods to predict 28-day concrete strength consisted of test methods for unit amount
of cement. water. water/cement ratio in fresh concrete and the accelerated strength

*For further details. contact Dr.Thanakom Pheeraphan. Department of Civil Engineering, Royal Thai

Air Force Academy. Bangkok. 10220. Thailand or via E-mail at petevmif@alum.mit.edu
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tests of fresh concrete and mortar that included hot water cuning. high temperature
curing in a sealed. restricted mold and the rapid hardening method. using set
accelerating admixture. These methods. however. were not used widely because of a
number ot shortcomings. To accurately predict the later-age strength. a relatively long
curing period {more than 24 hours) was still required betore the early age test was
performed. Also. costly equipment might be required. and the tests were ditficult to
perform

Tango [2] classified several methods to predict the strength of cementitious material.
mostly at 28 days. as (1) accelerated curing methods by heating or using accelerating
admixtures. (2) correlations with early age strengths under standard curing conditions,
and (3) correlation metheds using other charactenstics such as chemical composition.
cement fineness. heat of hydration. estimated porosity. and earlv-age sonic pulse
velocity. Most of these methods still required over 24 hours before earlyv age tests
could be performed. For example. the American standard test method. using the
results of early-age compressive values obtained from conventional curing to project
potential later-age strength. required an earlv-age strength test at no less than 24 hours

[3].

In this study. the accelerated curing method using the microwave-heating technique
for later-age strength prediction is illustrated. With this technique. earlv-age strength
values measured within a few hours can be correlated to later-age strength values.
Microwave heating is based on the internal energy dissipation associated with the
excitation of molecular dipoles and ions in electromagnetic fields. It was shown to be
effective to accelerate hydration and produce concrete with very high early strength
with insignificant reduction in later-age strength [4-5]. Rapid early strength
development of concrete not only favors construction operations. such as pre-casting
and repairing. but can also be useful in later-age strength prediction.

2. EXPERIMENTAL PROGRAM

Ordinary Portland cement and rapid hardening Portland cement were used to produce
concrete mixture. Limestone with a maximum size of 20 mm. and local construction
sand were washed and dred in a conventional oven for 24 hours before use. No
admixture was added to the mix in this study.

Seven 76.2-mm. by 152.4-mm. specimens were cast in polyethylene moulds for each
batch. Thirty minutes after water was added. four of them were cured with microwave
energy while the others were cured normally. To obtain uniform heating. the moulds
in the microwave oven were arranged in a circular pattern on the tumntable. After
microwave curing, each mould was removed from the cavity and covered with a
plastic sheet to continue the curing process. To measure the accelerated carly-age
strength. the microwave-cured specimens were removed from their moulds with a
piston, 30 minutes before the compression test and then capped with sulphur mortar.
For later-age strength tests 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.
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To perform microwave heating. a commercial kitchen microwave oven with internal
cavity dimensions of 390-mm.(width) by 268-mm.(height) by 400-mm.(depth) was
used. It's output power could be adjusted from 10 to 100% of full output power.
which was specified to be equal to 850 watts based on the International
Electrotechnical Commission (IEC) Publication 705 rating standard [6]. Thus. to
refer to the microwave power level in this work. P# was used where # represented the
percentage number of the full output power. For instance. P40 represented the power
level at 40% of full output power. Although the standard method in the IEC
Publication 705 was used to measure microwave output power of the oven at its
maximum microwave power setting. in this work for comparison purposes. the same
method was adopted to obtain the output powers in unit of watt at various power
setngs.

To obtain the formula for prediction of later-age compressive strength of normal-
cured concrete, a two-step procedure was adopted for each type of cement. Firstly. the
optimal microwave curing process was determined and used to accelerate hydration of
concrete mixtures with several mix proportions. Then. the relationship between the
accelerated early-age strength. and the later-age strength of normal-cured concrete was
established to derive a formula for the strength prediction.

3. RESULTS

3.1 Result of optimal microwave curing process

To obtain the optimal process for each cement type. the method of tnal and error was
used. The cement: sand: aggregate proportion of 1:1:1.5 and water/cement ratio of
0.50 were employed. The optimal process of microwave curing was defined as a
microwave curing process that provided high early-age and later-age strength with a
minimum amount of applied microwave energy [4]). The processing parameters
affecting the optimal process were (1) application time after mixing, (2) duration of
application. (3) early-age test time and (4) microwave power.

Leung and Pheeraphan (4-5] found an optimal microwave curing process for concrete.
cast with rapid hardening Portland cement. to gain both high early-age and later-age
strength. compared to later-age strength of concrete cured normally. The processing
parameters included an application time after mixing of 30 minutes, an application
duration of 45 minutes, an early-age test time of 4.5 hours, and an average microwave
power below 400 watts. However. since the number of specimens heated in the
microwave oven and the type of microwave oven used in their works were different
from those used in this study, some parameters affecting the optimal process needed
to be modified. Here, for both cement types. the application time after mixing for 30
minutes and the application duration of 45 minutes were employed while the
microwave power and the early-age test time needed be determined.

To determine both parameters, the method of trial and error was used. Firstly, the
early-age test time was arbitrarily fixed. while the microwave power was varied. to
determine the optimal power. This was because for each experimental setup, i.e..
when different types/brands of microwave ovens or different sizes. shapes and
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numbers of heated specimens were used. the appropriate microwave curing power for
concrete was more difficult to determine. while the early-age test time could be set
approximately based on previous works. Then. using the determined optimal

microwave power. the earlv-age test time was varied and the most appropriate time
could be determined.

311 Concrete with rapid hardening Portlund cement

To determine the power. the earlv-age test time was fixed at 4.5 hours as high early
strength could be measured at 4.5 hours in previous work (Leung and Pheeraphan

[4.5]). Five different microwave power levels were investigated and compared as
listed below:

Case 1: Power at P20 (198 watts)
Case 2: Power at P30 (275 watts)
Case 3: Power at P40 (362 watts)
Case 4: Power at P50 (396 watts)
Case 5: Power at P60 (5343 wartts)

For each case. the early-age compressive strength (at 4.5 hours) and the later-age
strength (at 7 days) were measured and compared with the 7-day strength of normal-
cured specimens. The results for all cases were shown in Fig. 1(a). In the figure. it
could be noticed that when the applied power level increased from P20 to P60. the
4.5-hour accelerated strength increased from 25 to 53% of the 7-dav strength of
normal-cured concrete (NCC). while the 7-day strength of microwave-cured concrete
(MCC) decreased from 109 to 79% of the 7-dav strength of normal-cured concrete.
The explanation could be that. for microwave-cured specimens. high early strength
could be obtained owing to the effect of accelerated cement hydration. but the later
strength could be reduced enormously due to the effect of the increased porosity and
microcracking from overheating.

By the definition of the optimal process mentioned above. it was obvious that the
optimal power should be between P40 and P30 for 45-minute heating (see Fig. 1(a)).
Therefore. to obtain the optimal power that consumed less power. the combination of
power levels between P40 and P30 should be investigated. Phecraphan [5] reported
that. for the microwave curing process. higher power should be applied dunng the
early heating period because an application of relatively high heating power at the
early period. especially during the plastic stage. could accelerate hydration
advantageously. During the plastic stage. microwave application could remove free
water before setting. leading to low permeability [7] and high early-age and later-age
strength {4-5]. After this high-power-application period. the network structure of
concrete began to form so it was preferable to apply low heating power from this point
forward. Hence. it should be advantageous to arbitrarily apply a combination of
power levels at P40 and P30 power for 30 minutes and 15 minutes. respectively. to
determine the optimal power. The results in Fig. 1(b) showed that its 4.5-hour
accelerated strength was as high as 55%. while the 7-day strength of microwave-cured
concrete was at 96% of normally cured concrete. [t should be noticed that the hybrid
heating power caused a higher percentage of early strength based on the 7-day strength
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of normally cured concrete. compared to the results of cases of single heating power at
P30 and P40. which were at 32 and 40%. respectively. This is probably due to the
effect of an application of relatively high heating power at the early penod. followed
by a lower heating power. as explained above. Therefore. the combination of P40 for

30-minute heating and P30 for 15-minute heating was considered to be optimal among
the cases studied here,

The earlyv-age test ume was tnitially set at 4.5 hours. After the optimal power was
obtained. the best early-age test time needed to be determined. Using the determined
power level at P40. for 30-minute heating. and P30. for 15-minute heating. four
different early-age test time values were investigated and compared. Fig. 2 showed
that the accelerated swrength values at 3. 3.3. 4, and 4.5 hours were about 24. 40. 44.
and 55% of the 7-day strength of concrete cured normally. It should be noticed that
the rate of strength development was highest during the period of 3 to 3.5 hours and
became lower after 3.5 hours. Since the strength at early age was verv sensitive to
small vanations in ume dunng the first few hours. it was therefore advantageous to
select the earlyv-age test time to be at the point whose rate of strength development was
not too high. Thus. the earliest test time should be at 3.5 hours among the cases
studied.

To conclude. the optimal microwave curing process for rapid hardening Portland
cement consists of the processing parameters as shown in Table 1.

Table 1. Determined processing parameters affecting the optimal microwave curing
process for rapid hardening Portland cement

# Processing parameters Determined value
l Application ume after mixing 30 minutes
2 Duration of application Total 45 minutes
3 Microwave power P40 (for 30-minute heating) +
P30 (for 15-minute heating)
| 4 Early-age test ime 3.5 hours

3.1.2 Concrete with ordinary Portland cement

To determine both microwave power and early-age test time for this cement type. a
similar approach as in 3.1.1 was employed. It should be noted that. due to the time
limit here. the later age was set at 14 days instead of 28 days for determination of both
parameters affecting the optimal process. This is truly valid because. in order to
determine these parameters. the accelerated early-age and later-age strength values of
microwave-cured concrete are compared to the later-age strength value of normal-
cured concrete. Normally. for concrete produced with ordinary Portland cement. its
14-day strength is about 80% or more of the 28-day strength.

Since the preliminary test indicated that the strength of concrete made with ordinary
Portland cement could be measured at 6 hours. the early-age test time was fixed at 6
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hours. Five different microwave power levels (same as in 3.1.1) were investigated
and compared. For each case. the early-age compressive strength (at 6 hours) and the
later-age strength (at 14 days) were measured and compared with the 14-day strength
of normal-cured specimens. The results were shown in Fig. 3(a). In the figure. 1t
could be noticed that when the applied power level increased from P20 to P60. the 6-
hour accelerated strength increased from 18 to 40% of the 14-day strength of normal-
cured specimens. while the 14-day strength of microwave-cured specimens decreased
from 102 to 68% of the 14-day strength of normal-cured specimens. The explanation
was similar to that for rapid hardening Portland cement. Again. it was obvious that
the optimal power should be between P40 and P30 for 45-minute heating (see Fig. 3
(a)). A similar combination of power levels at P40 and P30 power. for 30-minute
heating and 15-minute heating. respectively. was tested for optimal power. The
results in Fig. 3(b) showed that its 6-hour accelerated strength was at 39%. while the
l4-day strength of microwave-cured concrete was at 96% of normally cured concrete.
Therefore. the combination of P40. for 30-minute heating. and P30. for !3-minute
heating. was considered to be optimal among the cases studied here.

Since the early test time was initially set at 6 hours. the possible early test time needed
to be determined after the optimal power was obtained. Using the determined power
level at P40. for 30-minute heating. and P30. for 15-minute heating. three different
early test time values were investigated and compared. Fig. 4 showed that the
accelerated strength values at 5. 5.5. and 6 hours were about 28. 54, and 39% of the
14-day strength of concrete cured normally. It should be noticed that the rate of
strength development was highest during the 5-3.5 hours among these cases and
became lower after 5.5 hours. Thus. the earliest test time was considered to be at 5.5
hours among the cases studied.

To conclude. the optimal microwave curing process for ordinary Portland cement
consists of the processing parameters as shown in Table 2.

Table 2. Determined processing parameters affecting the optimal microwave curing
process for ordinary Portland cement

# Processing parameters Determined value

1 Application time after mixing 30 minutes

2 Duration of application Total 45 minutes

3 Microwave power P40 (for 30-minute heating) +
P30 (for 15-minute heating)

4 Early-age test time 5.5 hours

3.2 Relationship between the accelerated early-age strength, and the later-age
strength of normally cured concrete for later-age strength prediction

After all processing parameters affecting the optimal microwave curing process for
each cement type were determined. the optimal process was applied to several
concrete mixtures with different mix proportions. The accelerated early-age strength
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and the later-age strength of normally cured concrete were then measured and
compared to establish a relationship for later-age strength prediction.

An equation for later-age prediction was determined for each cement type. The
applicability of the equation to later-age strength prediction was assessed by
considering the difference between the predicted and the measured values.

3.2.1 Concrete with rapid hardening Portland cement

The possible early testing age for this cement type was found to be at 3.5 hours while
the later age was selected at 7 days. To denve an equation for later-age strength

prediction. the accelerated strength at 3.5 hours and the later-age strength at 7 days
were plotted and compared.

Fig. 5 shows a plot of the accelerated strength at 3.5 hours of microwave-cured
concrete. and the 7-day strength of normally cured concrete. From the plot. the
following equation can be obtained as

Sygnce = 9.3912%(S3 shmec ) (Eq. 1)

where Sishmcc is accelerated strength at 3.5 hours (MPa). and
S-ance  1s strength of normally cured concrete at 7 days (MPa).

Once the accelerated strength at 3.5 hours is measured experimentally. Eq. (1) is used
to predict the 7-day strength of normally cured concrete. For the range of 7-day
compressive strength between 13-41 MPa. it was found that the maximum percentage
of error was within +13%. Fig. 6 showed the measured and predicted compressive
strength at 7 days.

3.2.2 Concrete with ordinary Portland cement

For ordinary Portland cement. the possible early testing age was found to be at 5.5
hours while the later age was set at 28 days. To derive an equation for later-age
strength prediction. the accelerated strength at 5.5 hours and the later-age strength at
28 days were measured and plotted (Fig. 7). From the figure. the following equation
can be derived as

Sasance = 8.5459%(Ss shmcc)* 0% (Eq. 2)

where Sssnmcce  is accelerated strength at 5.5 hours (MPa) and
S.gance s strength of normally cured concrete at 28 days (MPa).

Eq. (2) can be used to predict the 28-day strength of normally cured concrete once the
accelerated strength at 5.5 hours is measured. Similarly, it was found that the
maximum percentage of error was within about +15% for the range of 28-day
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compressive strength between 11-47 MPa. Fig. 8 showed the measured and predicted
compressive strength at 28 days.

4. DISCUSSION

The concept of using the microwave curing technique in later-age strength prediction
1s to apply an optimal microwave curing process to concrete mixture to achieve high
strength 1n a short penod of ume. while minimizing the reduction in later age strength.
The formula for later-age strength prediction can be derived from the relationship
between the accelerated early-age strength values and the later-age strength values.
The accuracy of this prediction method significantly relies on several factors such as
source of cement. type of aggregates. and microwave curing process. Therefore. it 1s
necessary to carry out the preliminary test to establish a formula to predict later-age
strength for concrete made with known materials before using this prediction method.

[t 1s obvious that the crucial task for this method is to determine the optimal
microwave curing process. Four processing parameters affecting the optimal process
were investigated for each cement type. [t was found that the earlyv-age test time was
different for each tvpe of cement. while the rest of the parameters were the same. For
rapid hardening Portland cement. the possible early-age test time was only 3.5 hours
after mixing while i1t was 5.5 hours for ordinary Portland cement. This is because
concrete with rapid hardening Portland cement can develop higher early strength
during early age than concrete with ordinary Portland cement. For both cement types.
the optimal power was at P40, for 30-minute heating, and P30. for 15-minute heating.
and the application time after mixing was at 30 minutes.

After the determined optimal microwave curing process was applied to several
concrete mixtures with different mix proportions. their accelerated strength values
could be used to establish a relationship with the later-age strength values of concrete
cured normally. The plots in Fig. 5 and 7 showed that a good relationship between the
accelerated strength and the later-age strength could be obtained. A simple formula
for prediction could then be derived for each cement type.

The results of the comparison of measured and predicted compressive strength in Fig.
6 and 8 showed that. for the range of compressive strength between 11-47 MPa. the
prediction yielded a percentage of error within about *15%. It shows that the
microwave curing technique has high potential for later-age strength prediction based
on strength values measured at an early age.

A similar approach can also be applied to concrete with any chemical admixture.
except that determination of processing parameters affecting optimal process must be
camed out again. However, a new parameter must be introduced in place of an
application time after mixing. since chemical admixture can significantly affect the
setting and hardening time of concrete resulting in different rates of strength
development of concrete. Current work in developing such a technique i1s under
investigation and the result will be available soon.
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According to the American standard. the compressive strength at 28 days of 152.4-
mm. by 304.8-mm. cylinder is usually required. It was found here that the average
strength value of 76.2-mm. by 152.4-mm. cylinder used throughout this work was
about 106.8 percent. compared to that of the standard-sized cvlinder. Hence. the
correction factor of 0.936 must be multiplied to the strength value obtained from a

76.2-mm. by 152.4-mm. cylinder to compare with the strength value of the standard-
sized cylinder.

5. CONCLUSION

Using the microwave curing method. it is possible to predict the later-age strength of
normal concrete from compressive strength test. performed as early as 3.5 and 3.5
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 is
within 15% of experimentally measured values.

6. ACKNOWLEDGMENT

This work was supported by a postdoctoral grant from the Thailand Research Fund.
The government of Japan and Asian Development Bank of Japan supported the
second and third author’s study and research at Asian Institute of Technology.
respectively.

7. REFERENCES

—

Y. Kasai. Testing methods of cement and water content in fresh concretes and
estimation of 28 day strength at early age - state of the art in Japan, in: HW.
Reinhardt (Eds.). Testing during concrete construction: Proceedings of an
International RILEM workshop. March 1990. pp. 58-81.

C.E. de Siqueira Tango. An extrapolation method for compressive strength
prediction of hydraulic cement products. Cem Concr Res 28 (7) (1998) 969-983.
Am. Soc. Test. Mat.. Standard test method for developing early-age compression
test values and projecting later-age strengths. Annual Book of ASTM Standards.
Vol. 04.02. C 918-88. USA. 1991.

4. CK.Y. Leung. and T. Pheeraphan. Determination of optimal process for

microwave curing of concrete. Cem Concr Res 27(3)(1997) 465-472.

T. Pheeraphan. Accelerated curing of concrete with microwave energy. M.LT..

USA. Ph.D. Thesis. 1997.

6. W.A.G. Voss and T. Greenwood-Madsen. Brnief communication: a simple
instrument for measuring microwave oven power. Journal of Microwave Power
and Electromagnetic Energy 22 (4) (1987) 209-211.

7. X. Wu. J. Dong. and M. Tang. Microwave curing technique in concrete

manufacture. Cem Concr Res 17 (2) (1987) 205-210.

2

e

Lh



P20(45)

P30(45)

P40(45)

P50(45)

Power level (heating duration in minute)

P60(45)

0 20 40 60 80 100

P40(30)+
P30(15)

Power level
(heating duration in minute)

NI NI o
5 ‘1»,4‘4-’«-*4-'0"4 KRR +0’¢’0 L .

R SOTOEEE NN N

BEENEER)

- GRS RN
IR R A5 250505 1-"4-’&"4%*3‘4“0’:‘«‘&"4-}:{4:‘%'4

.'-’1—‘_0'0‘0*-0‘4"0‘04';&_ ‘+‘4—’0++,o.v‘_‘t:*::++’0'¢‘+‘_t"‘o*o’++o‘_¢.o.¢‘+‘_¢’v A e

AAAAAAAAAAAAA

o
e e L X oA e

\\:\\\\\‘\\\m\\\ \\\\\\\\ NI \\ \\\\\\

IIIIIIII Il

N O SN vv¢00¢04¢+¢o++¢
'o’ ‘o O o"-u-"“o‘-n-"o‘o’v“o'o"’o"a-“a":o:o:‘-:o:g_o}:ﬁ:c:‘: S5 SR ‘¢"‘¢’0 S5

m\\i\\*\l\ = \\\\\ == Y

S N I OISO
R R R SRR RS

O+5- hour MCC
B 7-day MCC
£ 7-day NCC

Strength based on 7-day NCC strength (%)

(a)

120

EENNENEERER

o, -v#i-tfi-io“’v o-cm~+*¢-oo¢‘o4++0¢’o‘_o‘_o,o.¢'¢‘¢'
2 et tatatatette vt v0vvo04+4-++0.¢'4-'0-’+‘-0*+”"§* 2058
b+, o-o:q“ *‘_0‘4*"¢*¢'+4-o++¢ SRR AR AR S0

O S

—

1
o,

1
Q0

0O4.5-hour MCC
7-day MCC
B7-day NCC

0 20 40 60 80 100
Strength based on 7-day NCC strength (%%)

(b)

Fig. 1. Effect of microwave power application on compressive strength of concrete
with rapid hardening Portland cement, C:S:A=1:1:1.5 and W/C = 0.50
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