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Abstract

A high rate of strength development in concrete can benefit several operations in the construction industry
such as precast concrete fabrication and concrete pavement repair. Current approaches to accelerate rate of
strength development are not very satisfactory. Steam curing techniques, which provide slow rate of heating
and non-uniform hydration products, can take over one day to reach sufficient strength. With chemical
accelerators or rapid hardening cements, concrete may face long term durability problems which are currently
not well understood. Microwave curing technique which can provide high rate of strength development and
uniform heating is an alternative.

In this study, determination of optimal process, which provides high strength at both early and later
stages, is obtained with help of feedback temperature control. Strength of up to 5,100 psi is obtained for
microwave cured concrete within 4.5 hours while its 7-day strength is the same as that of normally cured
concrete. Then the effects of microwave on the performances of concrete with different additives (e.g., concrete
with superplasticizer admixture and air-entrained concrete) are investigated.

Another major objective of this research is to develop and verify the numerical model which can simulate
microwave curing of concrete. The numerical model, called microwave heating model, basically combines
electromagnetic power dissipation and heat transfer models together in order to compute the temperature
distribution inside the material during the curing process. The power dissipation model uses finite-difference
time-domain technique to solve electric and magnetic fields in Maxwell's equation in order to determine
the steady state dissipated power. To compute the dissipated power during microwave curing, the evol-
ution of permittivity of heated concrete is to be established. The traditional maturity concept, which is
used to estimate strength development based on thermal history and curing time, is therefore used and the
permittivity-maturity relation can then be established within the specified range of curing temperature. Once
the steady state dissipated power is obtained, the heat transfer model is used to compute the temperature
inside the material. The microwave heating model is then verified by comparison with the experimental
results. The developed model provides a tool for the design of microwave applicators for practical processes.

Thesis Supervisor: Christopher K. Y. Leung
Title: Assistant Professor,Department of Civil and Environmental Engineering
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Chapter 1

Introduction

1.1 Motivation

A high rate of strength development in concrete can benefit several operations in the construction industry

such as precast concrete fabrication and concrete pavement repair. Current approaches to accelerate rate of

strength development are not very satisfactory. Steam curing techniques, which provide slow rate of heating

and non-uniform hydration products, can take over one day to reach sufficient strength. With chemical

accelerators or rapid hardening cements, concrete may face long term durability problems which are currently

not well understood. According to our preliminary results in [35], microwave curing of concrete can provide

high rate of strength development while its later strength is reasonably high. It is therefore promising to

develop microwave curing technique for practical applications.

In reality, it is impossible to carry out experiments for specimens with all possible sizes and geometries.

To better understand the microwave curing process and to develop ways to extrapolate laboratory results (on

cylinders of a particular size) to practical specimens, numerical models need to be developed. In this thesis,

a numerical model to simulate microwave curing of concrete is developed and verified. With the model,

guidelines to process various specimens in microwave applicators of different designs could be established.

Successful development of this technique can potentially result in breakthroughs in the precast concrete
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fabrication and pavement repair operations.

1.2 Objectives

The main objectives of this research are

1. to determine the optimal process providing high compressive strength at-early age (4.5 hour) without

significantly impairing the later age strength (7 day)

2. to study the effects of microwave on the performance of concrete with different additives (e.g., concrete

with superplasticizer admixture and air-entrained concrete)

3. to develop a numerical tool to simulate microwave curing of concrete

4. to verify the numerical model with experiments

At the end of this work, it is expected that a numerical tool will be available for the development of

microwave curing technique for practical applications.

1.3 Approach

As the first step, an optimal process, which provides good combination of early age (4.5 hour) and later age (7

day) compressive strength, is determined. By using feedback temperature control, we try to identify optimal

processes with high energy efficiencies.

Then the freeze-thaw durability of microwave-cured air-entrained concrete is studied. This is important

to infra-structural applications where air entrainment has to be introduced to resist severe freeze-thaw attack.

To compute the dissipated power during microwave heating in the numerical model, it is important to

know the actual evolution of permittivity of heated concrete. Because concrete evolves with time and the

actual evolution of permittivity of heated concrete at microwave frequency is difficult to obtain, the traditional

maturity concept, which is widely used in predicting the strength of concrete based on its thermal history

and its current state, is applied.
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The next step is to develop the microwave heating model to simulate microwave heating of concrete

in particular. The complete model consists of (i) power dissipation model using well established finite-

difference time-domain technique to compute steady state dissipated power, (ii) heat transfer model using

explicit finite-difference scheme to compute temperature, and (iii) permittivity-maturity relation to update

permittivity. Then the model results will be verified with experiments.

1.4 Outline of the Thesis

This thesis contains eight chapters.

Chapter 1 is the introduction chapter. It includes the motivation of this research, the objectives, and

approach, as well as the organization of this thesis.

In Chapter 2, the determination of optimized microwave curing process is illustrated with the use of

feedback temperature control. The background of strength development of normal-cured and microwave-

cured concrete are reviewed. The experimental program and its results are then discussed in details. The

optimal process of mortar is obtained first and that of concrete is found in similar manner. Then concrete

with various additives are tested to identify their optimal processes.

Chapter 3 presents the freeze-thaw durability of microwave cured air-entrained concrete. The backgrounds

of frost damage of hardened concrete, factors controlling frost resistance of hardened concrete, and calculation

of durability factor of concrete are given for basic understanding of freeze-thaw durability of concrete. The

experimental program is described and the results from compressive strength test, freeze-thaw test, air-void

characteristics determination are presented. The effects of various parameters on the freeze-thaw durability

of microwave-cured concrete are discussed.

In Chapter 4, the measurement of complex permittivity of concrete are explained. The setup and proced-

ure are given. The results illustrated the validity of the measurement. The concept of maturity is described

and used to establish the permittivity-maturity relation to represent the evolution of permittivity of heated

concrete at microwave frequency. In the appendix, derivation for related equation and an example of permit-
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tivity calculation are presented.

In Chapter 5, the power dissipation model using finite-difference time-domain(FDTD) to compute the

steady state dissipated power during the microwave curing is covered. The FDTD algorithm is explained and

the complete illustrations of treatments of element at every possible condition (i.e., in free space, dielectric

material, boundary conditions, excitation source and etc.) in the numerical model are presented. Calculation

of dissipated power and the condition to check for steady state are discussed. Then the model is verified

by comparison of field values and dissipated power distribution with the analytical solution or available

numerical results in the literature. In the appendix, the analytical solution used in comparison of field values

is included. In addition, this chapter illustrates the implemented finite-difference equations for computer

simulation.

Chapter 6 describes the heat transfer model which is used to compute temperature after the steady

state dissipated power is determined. The transient heat diffusion equation and its related components are

discussed. Again, the implemented finite-difference equations for computer simulation are included. Then,

the verification of the model is shown. In the appendix, the stability analysis is included.

In Chapter 7, the overview of the complete model for microwave curing of concrete is shown clearly. The

calibration of input power is described to relate the numerical model to experimental results. Then the model

is verified with concrete by performing simulations of microwave curing of concrete at various microwave

power levels and comparing model and experimental results.

Chapter 8 summarizes the major findings and highlights the main conclusion. Recommendations for future

work are also included.



Chapter 2

Determination of Optimal Process

2.1 Introduction

High early strength development is the primary objective of this work because the distinct advantage of

microwave curing is the gain in strength at the early stage which is important in several operations in

concrete construction industry such as precast concrete fabrication and concrete pavement repairing. At

present, the common ways to accelerate concrete hardening are (i) curing at elevated temperatures with or

without steam and pressure and (ii) use of chemical accelerators or special cement compositions. Due to

its slow rate of heating and non-uniform heating, steam curing is inferior to microwave curing which can

provide higher rate of strength development and more uniform heating. With chemical accelerators or special

cements, concrete may face long term durability problems which are presently not well understood. From our

results on microwave-cured concrete, high compressive strength at early and later stage can be obtained [35].

Therefore, microwave curing is a promising technique to be developed for practical applications. In order to

develop this accelerated curing technique for the practical applications, it is of importance to determine the

optimal process to show its potential benefits.

This chapter includes (i) background of strength development of concrete under normal curing and mi-

crowave curing, (ii) experimental program, (iii) compressive strength results of mortar, concrete, concrete
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Figure 2-1: Heat liberation curve of a Portland cement paste at early time [Mehta, 1986]

with superplasticizer, and concrete with air-entrained admixture, (iv) splitting tensile strength result and

photographs revealing pores and cracks of concrete, and (v) conclusion.

2.2 Background

2.2.1 Strength development of normal-cured concrete

In general, when a cement is hydrated, the heat of hydration data can be used to characterize its setting and

hardening behavior. A typical plot of the heat liberation curve of a Portland cement paste is shown in Figure

2-1. The first peak (peak A) occurring a few minutes after mixing is largely due to the heat of solutions of

aluminates from tricalcium aluminate and sulfates from gypsum [27]. Also, it corresponds to the formation of

gelatinous colloidal coatings of hydration products around the cement grains [10]. Then, the heat liberation

decreases rapidly as the solubility of aluminates is depressed due to the presence of sulfates in the solution

[27].

At 4-8 hours after mixing, a rising of the second acceleration peak (peak B) represents the period of the

final set (or beginning of hardening) which is accompanied by a high rate of strength development. This

is mainly due to the growth of calcium silicate hydrate (C-S-H or a hydration product of calcium silicates)

which in general provides most of the strength to concrete.
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To show the rate of strength development during the second peak period, the graph of measured temper-the region where the rate of strength development is relatively high. Therefore, the specimen which is tested

for strength a short while after reaching the second peak will have higher early strength than the one that is

tested before or right at the peak. And, the early strength will be even higher if the specimen is allowed to

go through the region of high strength development long enough before removal for capping and test. Note

that once the temperature is reduced, the rate of strength development will become lower. Table 2.1 shows

the result of its compressive strength over time. Apparently, the second acceleration period is very significant

for strength development of concrete. -- i = =_
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for strength development of concrete.
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Table 2.1: The development of compressive strength of 0.40 w/c concrete under normal curing

Age Compressive strength 7-day compressive strength
(hour) (psi) M(%)

0 0 0
8.0 1032.7 14.8
10.5 2571.2 36.9
12.5 3572.1 51.3
24.5 5234.4 75.2
168.0 6963.9 100

2.2.2 Strength development of microwave-cured concrete

Microwave, an electromagnetic wave with a wavelength of 1 mm - 1 m and a frequency range of 0.3 to

300 GHz, can be used as an energy source to heat dielectric materials composed of positive and negative

poles. Water is an example of dielectric materials. When microwave transmits through a dielectric material,

an internal electric field is generated inside the material, leading to a vibration or movement of the polar

molecules to reduce the intensity of the electric field [45]. These movements are resisted by friction and

inertial forces. Consequently, heat is generated and the temperature is elevated inside the material.

It is believed that the development of compressive strength due to microwave heating depends on two

distinct effects:

1) Effect of accelerated cement hydration

2) Effect of increased porosity and microcracks

While microwave energy is being applied to the concrete specimen, the rate of cement hydration is accel-

erated because the increased curing temperature can shorten the induction period [16], which is the period

during which the cement paste still remains in plastic state and there is very little hydration occurring, and

can bring the second peak to occur at a much earlier time period. As a result, the rate of strength devel-

opment at early age of microwave-cured concrete will be much faster than that of normal-cured concrete.

Figure 2-3 shows an example of the curves of measured temperature during the early hardening period of 0.40
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Figure 2-3: The curves of measured temperature versus time during the early hardening period of 0.40 w/c
concrete under microwave curing and normal curing

w/c concrete under microwave curing and normal curing. ,For microwave curing, the initial peak (peak I) is

mostly due to the application of microwave energy while the second peak (peak II) is owing to the cement

hydration identical to the second peak of concrete under normal curing.

However, at later stage, the strength of specimens under microwave treatment can be lower than that of

specimens under normal curing. This can be explained by the effect of increased porosity and microcracking

which dominates the results at later age. During heating and maybe a short while afterwards, due to the

difference in the thermal expansion coefficients of the concrete constituents (the thermal expansion coefficients

of water and air are roughly 15 and 200 times, respectively, higher than that of the aggregate and the cement

[18]), the greater expansion of water and air inside the specimen can result in an increase in both the porosity

and the internal pressure, leading to the formation of microcracks inside the specimen. The strength at the

later age of the treated specimens can therefore be less than the untreated ones. However, the later-age

strength of microwave-cured specimen can be equal to or better than that of normal-cured specimen if the

effect of increased porosity and microcracks is minimized.
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Another important point is that before the application of microwave energy, it is essential for concrete to

observe a substantial natural curing time in order to allow initial reaction of hydration involving dissolution of

anhydrous cement constituents to their ionic forms into the solution; in other words, microwave energy should

be applied at the beginning of the induction period of hydration. If concrete is not allowed to have sufficient

initial reaction, quick precipitation of hydration products and rapid evaporation of water due to an elevated

temperature can cause the formation of unfavorable hydrated products leading to a decrease in strength. An

adverse effect will also be found if the application of microwave occurs after the structure of concrete has

begun to form (or after the ionic mobility in the solution is restricted). It can be explained that since the

structure of concrete has already formed, when microwave energy is applied, free water in the capillary pores

can escape leaving behind partially empty voids. Consequently, the paste structure becomes more porous

and strength is reduced. Therefore, to increase both early and later strength, differential expansion due to

application of microwave energy should take place during the liquid/plastic stage so that the entrapped air

can escape without any adverse effect and the excess water can be driven to the surface and get evaporated.

When water evaporates, the concrete can densify as the capillary structure collapses.

The above statement is consistent with the works by Wu et al.[52] and Pheeraphan [35]. The permeability

result by Wu et al. indicates that while microwave energy is applied to fresh concrete, its porosity is decreased

due to the removal of water before setting resulting in the collapse of capillary voids and the densification of

concrete. Additional result shows that when the starting times of microwave application are at 45 and 120

minutes after mixing, the 3-day compressive strength is decreased to 90% and 83% of the reference strength,

which is the 3-day strength of the specimen with microwave energy applied right after mixing. The reduction

of strength is explained by the fact that if microwave energy is applied after the network structure of concrete

has already formed, porosity will not be reduced.

Similar results are obtained by Pheeraphan [35]. Using the 7-day strengths of normal-cured specimens as

the baseline (100%) for each different delay time (defined as the time after water is mixed with cement), the

4.5-hour strengths of microwave-cured specimens whose delay times are 20, 30, and 61 minutes are 12.5%,

35.8%, and 29.3%, respectively. The corresponding values for 7-day strength are 69.5%, 70.3%, and 60.5%.
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It is noticed that when the delay time is increased from 30 to 61 minutes, the strengths of microwave-cured

specimens at both 4.5 hours and 7 days are decreased. The reduction of strength is due to the same reason

described previously. In addition, Pheeraphan also observes that if fresh concrete is allowed to cure naturally

for a substantial period of time before microwave application to have sufficient initial hydration, its early

strength can be higher than that of the case where microwave energy is applied to fresh concrete right after

mixing. It can be seen from the 4.5-hour results of specimens with 20- and 30-minute delay times that the

former gains strength much slower than the latter at 4.5 hours while their 7-day strength in term of percentage

are the same.

Therefore, it is important to experimentally determine the delay time in order to allow sufficient initial

reaction of cement hydration while the concrete structure, that can restrict excess water to escape, has not

begun to form yet.

Rate of heating is one of the most important factors on strength development of microwave-cured concrete.

It can affect the occurrence of the second peak which is used to explain the gain of early strength. Based on

the same explanation as described in the strength development of normal-cured concrete section, high early

strength can be achieved if the specimen is removed for capping and test a short while after its second peak

is reached. It can also be noted that the rate of heating affects not only the strength development at early

age but later age. The effect will be discussed in a later section.

To conclude, the effect of accelerated cement hydration improves the early strength while in the long term,

the adverse effect of increased porosity and internal microcracks becomes dominant and thus may reduce the

later strength. The rate of heating as well as the location of the second acceleration peak are both significant

factors for strength development of microwave-cured concrete.

2.3 Experimental Program

Preparation of material is first described, followed by the discussion of the feedback temperature control and

its set-up. Then, the specimen preparation and curing process are explained.
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2.3.1 Material preparation

Both mortar and concrete specimens are made with type III Portland cement but with different sources

of sand. For mortar specimens, the cement/mortar sand ratio is fixed at 1:2. Mortar sand whose fineness

modulus is 2.28 is supplied locally by B. Vitalini, Inc. from Milford in Massachusetts. For concrete specimens,

the cement/Boston sand/pea gravel ratio is 1:1:1.5. Boston sand with 2.82 fineness modulus is obtained from

Boston Sand and Gravel Co. while pea gravel is supplied from B. Vitalini, Inc..' Pea gravel is washed and

dried in the conventional oven for one day. After 7 days in air, it is sieved to sizes between 0.371 inch (or

9.4 mm) and 0.093 inch (or 2.36 mm) before use.

WRDA-19 superplasticizer supplied by W.R. Grace & Co. is used to produce low w/c concrete. It is

suggested by the supplier to add superplasticizer in a range of 6 to 20 fluid ounces per 100 lbs of cement. In

the experiment, the ratio of 13.5 fluid ounces of WRDA-19 superplasticizer per 100 lbs of cement (or 4 grams

of WRDA-19 per 1 lb. of cement) is used. It is added to the water before mixing.

To provide freeze-thaw resistance, Duravair-1000, a liquid air-entraining admixture supplied by W.R.

Grace & Co., is used to produce air systems in concrete. Usually, air content should be in the range of 4-8%

and can be produced with the typical addition rates range from 0.75 to 3 fluid ounces of Duravair-1000 per

100 lbs of cement (or 50 to 200 mL per 100 kg) as recommended by the supplier. The addition rate between

this range is used in our experiments and the admixture is added to the water before mixing.

2.3.2 Feedback temperature control

In the experiments, a microwave oven model LBM1.2V fabricated by Cober Electronics, Inc. is employed.

It can generate power at any level from 0 to 1200 watts. To achieve uniform heating, there are a mode

stirrer and a turntable. In addition, the oven is supplied with a product temperature probe and an Analog

Devices MMAC-1050 data acquisition system to monitor the internal temperature of the material and to allow

the feedback control of microwave process. The probe should be inserted into the material so that the tip is

positioned at the center. Figure 2-4 illustrates a configuration that protects the probe from concrete hardening

and yet positions the tip at the center of the concrete.
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Figure 2-4: A polyethylene mould with temperature probe

The pMAC-1050 is installed with the RS-232 interfacewhich can communicate data with the computer

using the Labtech Notebook software. The analog signals sent to the liMAC-1050 from the devices, such as

power and sample temperature, are converted to a digital format and can be collected by the computer via

the interface and using the software. Therefore, the power and temperature can be measured and recorded.

In addition, it is also possible to control the microwave power with the computer through the interface by

setting up the analog output with the software.

The control process used with the Notebook is called Analog output closed-loop. It requires the input

and output blocks. The input block is used to acquire the process data (input signal) from the controlled

system to the Notebook while the output block is used to process this data through a control algorithm. A

PID (Proportional-Integral-Derivative) algorithm is used to determine the output value based on the desired

setup value. The output is then used to control the process. The sequences repeat until the end of the control.
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Figure 2-5: Analog PID output diagram [adapted from Labtech Notebook reference manual, 1992]

Figure 2-5 shows the Analog PID output diagram. The PID algorithm is shown below [21].

O(t) = P * e(t) + I e(t')dt' + D * dt

where O(t)

e(t)

P

I

D

= output value,

= error (defined as desired setup value - input value),

= Proportional constant,

= Integral constant, and

= Derivative constant

The values of P, I, and D determine the performance of the control. The steps to determine the optimum

values of P, I, and D are listed in [21]. Because concrete is a complicated material, it is very difficult to

determine the optimum P, I, and D values. For simplicity, we set I and D to zero and find the value of P

which allows the cycle to approach equilibrium without overshooting the set point. From our initial work,

the appropriate value of P is found to be 3. Thus, in this control process, P is set to 3 while I and D are set
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to 0.

For the temperature control, the desired temperature will be set initially while the value of temperature

at a particular moment will control the next microwave power level. The control algorithm will calculate the

output value based on the desired temperature and the temperature at the moment. Then, the output value

will be sent to control the microwave power to heat up the product. The setup value will be equal to the

desired temperature divided by the scale factor of the product temperature which is 20 0 C per volt. Therefore,

if the desired temperature is at 800C, the setup value will be equal to 4.

In addition to setting the desired setup value to control the microwave power, it is also necessary to set the

microwave percent power control which is located on the front panel of the microwave oven. The microwave

percent power control is used as a power adjustment in manual control. In this work, when the microwave

percent power control is set, for example to 50% or 600 watts, it will be referred to as "Max@600W." It is

noted that even though the microwave percent power control is set to a certain value, the experimental results

show the maximum power level does not agree with the set value. For example, if the microwave percent

power control is set to 800 watts, the maximum power may turn out to be at 1200 watts instead. This is a

limitation of the oven we employed.

2.3.3 Specimen preparation and curing process

Nine 3-inch by 6-inch specimens are casted in each batch. Six of them casted in polyethylene moulds are

microwave-cured while the rests of them casted in plastic moulds are cured normally. To monitor the internal

temperature, a probe is inserted in one of the microwave-cured specimens. In most of the mixing, thirty

minutes after water is mixed with cement, sand and pea gravel, microwave energy is applied for 45 minutes

unless indicated otherwise. The specimens except the one with the probe are then removed from the oven

and covered with plastic sheets. At 3.5 hours after mixing, three microwave-cured specimens are removed

from the moulds and capped for compression test at 4.5 hours. The rest of the specimens including the

normal-cured specimens are then removed from the moulds after one day and cured in saturated-lime water

at 23 + 1.70C (or 73.4 + 30F), according to ASTM C 192-90a, for 6 more days until testing.
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For concrete with air-entraining admixture, nine 3-inch by 8-inch specimens are casted in each batch.

Five of them are cured with the microwave energy. Temperature probe is not used in this experiment. To

compare with the 14-days strength of normally cured concrete, the strength of microwave-cured concrete is

measured at 4.5 hours and 14 days.

2.4 Results and Discussion

Mortar specimens with various heating rates are first investigated. Then, the trends identifying the optimal

process for microwave-cured mortar specimens can be used to obtain the optimal process for microwave-cured

concrete. After the optimal microwave process is determined for regular concrete, the investigation on the

use of superplasticizer to obtain even higher early strength is performed. Lastly, concrete specimens with

air-entraining admixture are investigated.

2.4.1 Mortar specimens

For mortar specimens with 0.50 w/c, five cases are investigated as follows:

* Case I: Constant power at 412 watts for 45 minutes

* Case II: Feedback temperature control at 60 0 C for 90 minutes (P=3 and "Max@600W")

* Case III: Feedback temperature control at 50 0 C for 20 minutes and at 80 0 C for 25 minutes (P=3 and

"Max@800W" for both)

* Case IV: Feedback temperature control at 80 0 C for 45 minutes (P=3 and "Max@1200W")

* Case V: Constant power at 800 watts for 20 minutes and Feedback temperature control at 800 C for 25

minutes (P=3 and "Max@800W")

It should be noted that the 412-watt power used in Case I is the accurate value of power recorded in the

computer when the dial on the oven is set to 400 watts. In earlier works ([35], [22] and [23]), this power level

is referred to as 400 watts. To be more accurate, the value of 412 watts is used here.
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Figure 2-6: Power history plots for microwave-cured mortar specimens of Cases I, II, III, IV, and V (Time
in x-axis = time during microwave processing)

Figure 2-6 shows the power histories of these cases while the plots of the measured temperature during

and after microwave application are shown in Figure 2-7.

In Figure 2-7, the second peaks of Cases II, III, and IV occur at 45, 0, and -30 minutes after removal

for capping, respectively. It is noted that -30 minutes after removal for capping means that 30 minutes

before removing for capping. The temperature histories after microwave application of Cases I and V are not

reported here because Case I is the optimal case for microwave process at a constant power [22] while the

specimens in Case V are overheated.

The results of compressive strength at early and later stage of these cases are illustrated in Table 2.2 and

Figure 2-8. It is clear that the results of Cases I and IV are similar but better than those of the others. The

percent early strength gain of microwave-cured specimens of Case IV is higher than those of Cases II and III

due to the fact that the second peak of Case IV occurs about 30 minutes before the time that the specimens

are removed for capping which actually allows higher early strength development before the testing time. At
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Figure 2-7: Temperature history plots for microwave-cured mortar specimens of Cases I, II, III, IV, and V
(Time in x-axis = time during and after microwave processing)

later age, the strength development mostly depends on the rate of heating.

For Case V, its heating rate is so high that the rate of strength development is low. By examining the

specimens visually, there are some expansions on the surfaces owing to the result of rapid heating at the

beginning. If the specimens experience too high a temperature, it will result in low strength development due

to the increased microcracks and pores. The results in Figure 2-7 show that temperature of 800C or above is

unfavorable to the strength development of the mortar specimens.

For comparison, the average powers during the 45-minute microwave process of Cases I and IV are 412

and 403 watts, respectively. It is clear that Case IV requires slightly less microwave energy than Case I;

therefore, Case IV is the optimal case for microwave process of mortar with feedback temperature control

and process with constant power level.

It is therefore important to highlight the findings from these mortar cases as follows:

Case II
-- 4 Time to remove for capping

Case III Time to test

SCas I for early
strength

delay time for Case IV = 35 minutes
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Table 2.2: Results of the effect of heating rate on the compressive strength development (at 4.5 hours and 7
days) of 0.50 w/c mortar specimens under microwave curing for Cases I, II, II, IV, and V

W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio 4.5 hours 7 days 7 days

by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before Strength Comp. Str. Strength Comp. Str. Strength Comp. Str.

MCWC (psi) (%) (psi) (%) (psi) (%)

I 0.50 1874.5 30.0 4077.9 65.3 6242.5 100
II 0.50 709.7 11.1 5708.4 89.5 6380.3 100
III 0.50 1364.7 21.1 4583.7 71.0 6458.2 100
IV 0.50 1857.5 27.3 4808.8 70.7 6805.9 100
V 0.50 1374.6 21.2 2666.7 41.2 6468.8 100

* By allowing the appropriate time (in this experiment, around 30 minutes) for specimens

reaching the second peak, high strength at early time can be obtained.

to cure after

* The strength development can be interrupted enormously if the rate of heating is too high and if the

internal temperature of specimen during the microwave heating is above 800C.

2.4.2 Concrete specimens

For regular concrete, (i) the effect of heating rate (with temperature probe), (ii) the process with discrete

power (with temperature probe), and (iii) the effect of temperature probe are investigated.

Effect of heating rate (with temperature probe)

To bring the findings from mortar to concrete, the feedback temperature control at 80 0 C for 45 minutes with

"Max@412W" is employed (Case TCC1). Other cases (TCC2, TCC3 and TCC5). are also carried out for

comparison. It is desirable to use "Max@412W" for Case TCC1 of concrete instead of "Max@800W" as Case

IV of mortar because with "Max@800W", the maximum power is actually at 1200 watts which is believed to

be too high for concrete microwave processing.

Case TCC2 is the process with constant power at 412 watts for 45 minutes while Case TCC3 uses the

same power history obtained from Case TCC1 but reverse it before use (see Figure 2-9). Actually, the
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Figure 2-8: Results of the effect of heating rate on the compressive strength development (at 4.5 hours and
7 days) of 0.50 w/c mortar specimens under microwave curing for Cases I, II, III, IV, and V

average power during 45 minutes of microwave processing for Case TCC3 which is 321 watts is a little lower

than that of Case TCC1 which is 336 watts because of the inaccuracy of the scale factor at the high power of

the analog output for microwave power which is used to control microwave power. (Note: with the output

data stored in an output file in the computer, the analog output device will convert it to analog format and

send the signal to control the microwave power level.)

Case TCC5 uses the feedback temperature control at 850 C for 45 minutes with "Max@1200W" allowing

higher rate of heating. The power histories for these cases are shown in Figure 2-9. Since the temperature

probe has been used in all of these cases, the temperature histories during and after microwave heating can

be plotted as illustrated in Figure 2-10.

In Table 2.3 and Figure 2-11, it is obvious that the result of Case TCC1 is better than those of Cases

TCC3, and TCC5 but slightly better than that of Case TCC2. Its early (4.5 hours) and later (7 days) strength

of microwave-cured specimens are as high as 59.1% and 94.9%, respectively, based on the 7-days strength of

the normally cured specimens while those of Case TCC2 are 62.5% and 87.1%.



2.4. RESULTS AND DISCUSSION 43

1600

1400

1200

1000

0 5 10 15 20 25 30 35 40 45

Time during microwave heating (minute)

Figure 2-9: Power history plots for Cases TCC1, TCC2, TCC3, and TCC5
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Table 2.3: Results of the effect of heating rate on the compressive strength development of Cases TCC1,
TCC2, TCC3, and TCC5

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC1 0.40 0.382 4083.2 59.1 6558.4 94.9 6911.0 100
TCC2 0.40 0.380 4272.4 62.5 5952.4 87.1 6833.2 100
TCC3 0.40 0.383 3785.5 52.9 6083.3 85.1 7149.6 100
TCC5 0.40 0.376 3532.1 50.4 4461.6 63.7 7006.4 100

Comparing Case TCC2 to Case TCC3 in Figure 2-10, it is clear that the heating rate of Case TCC2 is

higher than that of Case TCC3. However, their later strength are the same while their early strength are

different. The early strength of Case TCC2 is a little higher than that of Case TCC3 because the second

peak of Case TCC2 occurs about 45 minutes before that of Case TCC3. Based on the 7-days normal-cured

strength, the later strength development of Case TCC3 (from 52.9% at 4.5 hours to 85.1% at 7 days) is

actually higher than that of Case TCC2 (from 62.5% at 4.5 hours to 87.1% at 7 days). This is because the

effect of the excessive rate of heating of Case TCC2 leads to slower development of later strength. Figure

2-12 shows the strength development of Cases TCC1, TCC2, TCC3, and TCC5 compared to the strength

development of 0.40 w/c normal-cured concrete.

For Case TCC5, the heating rate is too high that high early strength is obtained owing to the effect of

accelerated cement hydration, but the later strength is impaired enormously due to the effect of the increased

porosity and microcracks.

For comparison, the average powers during 45 minutes of microwave processing for Cases TCC1, TCC2,

TCC3, and TCC5 are 336, 414, 321, and 419 watts, respectively. It is apparent that Case TCC1 requires

about 20% less energy than Case TCC2 to obtain similar strength performance; therefore, Cases TCCI is

actually better than Case TCC2.

In conclusion, with economic and strength development considerations, Case TCC1 is considered to be
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the optimal case for microwave process with feedback temperature control and process with constant power

levels.

Process with discrete power (with temperature probe)

After the optimal process is obtained from Case TCC1, process with discrete power levels obtained from

discretization of continuous power history of Case TCC1 is investigated to simulate the power in the low cost

kitchen microwave oven which is turned on and off for a different fractions of time to provide various discrete

power levels.

The microwave heating patterns of Case TCC6 are (i) 800W(5M), standing for heating at 800 watts

for 5 minutes, (ii) 412W(10M), (iii) 300W(10M), and (iv) 200W(20M). For TCC7, the microwave heating

patterns are 675-550-450-350-300-250-200-150-100 watts for the heating duration of 5 minutes each. Figure

2-13 compares the power history of the optimal case (Case TCC1) to those of the discrete power cases (Cases

TCC6 and TCC7). The average powers during 45 minutes of microwave process for Cases TCC1, TCC6,

and TCC7 are 336, 338, and 337 watts, respectively. The difference in rate of heating among those cases can

be seen from Figure 2-14 which shows the temperature histories during and after microwave processing. It

is clear that the heating rate of Case TCC6 at the first 10 minutes is higher than those of Cases TCC1 and

TCC7 and the second peaks of Cases TCC6 and TCC1 occur at the same time but before that of Case TCC7.

From the results in Table 2.4 and Figure 2-15, the strength both at early and later age of Cases TCC6

and TCC7 are comparable. Although the early strength of Case TCC1 is a little higher than those of both

discrete power cases, Cases TCC6 and TCC7 are considered to simulate Case TCC1 well enough.

Effect of temperature probe

Since the temperature probe can reflect some microwave energy and affect the microwave process, to study the

effect of temperature probe on the strength development, Case TCC16 (same power history as Case TCC6)

and Case TCC8 (same power history as Case TCC7) are performed without the probes and compared with

Case TCC6 and Case TCC7, respectively.
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Figure 2-14: Temperature history plots for Cases TCC1, TCC6 and TCC7 of 0.40 w/c microwave-cured
concrete specimens (Time in x-axis = time during and after microwave processing)



48 CHAPTER 2. DETERMINATION OF OPTIMAL PROCESS

100.0 100.0 100.0
100 .0i00.0 94.9 94.2 9.4

0 80.0

0.0
4 0.0

0.0 --

TCC1 (with probe) TCC6 (with probe) TCC7 (with probe)

Case number

E • 4.5-hour MCWC O 7-day MCWC " 7-day NC

Figure 2-15: Results of the effect of discrete power levels on the compressive strength development of Cases
TCC1, TCC6, and TCC7

Table 2.5 and Figures 2-16(a) and (b) show the effects of temperature probe on the strength development

by considering Cases TCC16 versus TCC6 and Cases TCC8 versus TCC7, respectively. It is obvious that

the early and later strength of Cases TCC16 and TCC8 are increased significantly because the heating is

more uniform when the probes are not used.

To conclude, for the discrete power cases TCC6 and TCC7 without the probes (standing for Cases TCC16

and TCC8), results are slightly better than that of Case TCC1 where the probe is used.

2.4.3 Concrete specimens with superplasticizer

The results show that microwave curing can provide high early and later strength for low w/c ratio. Super-

plasticizer, called a high range water-reducer, is introduced into the mix to increase workability while using

low w/c ratio. Therefore, fresh concrete with low w/c (such as 0.35 and 0.325) and superplasticizer is cured

with microwave energy and then tested for the strength development. First, the effect of superplasticizer

(with temperature probe) is studied. Secondly, process with discrete power is performed. Then, the optimal
(with temperature probe) is studied. Secondly, process with discrete power is performed. Then, the optimal
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Table 2.4: Results of the effect of discrete power levels on the compressive strength development of Cases
TCC1, TCC6, and TCC7

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC1 0.40 0.382 4083.2 59.1 6558.4 94.9 6911.0 100
TCC6 0.40 0.381 3792.6 54.9 6507.7 94.2 6912.0 100
TCC7 0.40 0.381 3659.4 53.2 6627.9 96.4 6873.1 100

Table 2.5: Results of the
under microwave curing

effect of temperature probe on the compressive strength development of concrete

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC6 0.40 0.381 3792.6 54.9 6507.7 94.2 6912.0 100
TCC16 0.40 0.381 4281.9 62.0 6953.3 100.6 6910.9 100

TCC7 0.40 0.381 3659.4 53.2 6627.9 96.4 6873.1 100
TCC8 0.40 0.381 4011.9 57.0 7035.8 100.0 7037.0 100

case is determined. Finally, the conclusion on the effect of water/cement ratio is obtained.

Effect of superplasticizer (with temperature probe)

Using the same temperature control process as in Case TCC1 (0.40 w/c without superplasticizer), Case TCC9

(0.35 w/c with superplasticizer) is processed and tested for strength. As a result, the power history of Case

TCC9 is the same as that of Case TCCI. The results from Table 2.6 and Figure 2-17 illustrate that higher

strength at both early and later age can be obtained with the use of low w/c with superplasticizer.

In Figure 2-18, it is apparent that the temperature histories during the microwave heating of Cases TCC1

and TCC9 are the same. However, the second acceleration peak of Case TCC9 occurs about 30 minutes after
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Table 2.6: Results of the effect of
compared with Case TCC1

superplasticizer on the compressive strength development of Cases TCC9

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC1 0.40 0.382 4083.2 59.1 6558.4 94.9 6911.0 100
TCC9 0.35 0.333 4653.2 58.1 7337.0 91.5 8014.4 100

that of Case TCC1 due to the effect of superplasticizer. The same effect can be seen in the normal curing

condition. With the same 0.40 w/c normal-cured concrete, the second peak of the case with superplasticizer

occurs about 30 minutes after that of the case without superplasticizer (Figure 2-19).

Despite the delay of the second acceleration period, the early strength of Case TCC9 is still high because

its second peak occurs about 20 minutes before the time to remove specimens for capping.

Process with discrete power

As shown previously, Cases TCCI and TCC9 experience the same power and temperature histories during

the microwave heating. The same discrete power heating patterns used in the regular concrete from Cases

TCC6 and TCC7 can be used for concrete with superplasticizer.

Since superplasticizer delays rising of the second peak, to accelerate the early strength development by

shifting the second peak to occur earlier, applying high heating rate at the beginning as Case TCC6 is

preferred. It is reminded that the heating rate of Case TCC6 at the first 10 minutes is higher than those of

Cases TCC1 and TCC7 while the second peaks of Cases TCC6 and TCC1 occur at the same time but before

that of Case TCC7. Moreover, it is believed that in the regular concrete and concrete with superplasticizer,

the second peak of Case TCC6 without using the probe certainly occurs before that of Cases TCC1 with the

probe and TCC7 without the probe.

Therefore, it is speculated that for concrete with superplasticizer, case simulating the discrete power of
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Case TCC6 but without the probe will achieve better strength development than Case TCC9 with the probe

and case simulating the power of Case TCC7 without the probe.

In the experiment, Case TCC12 (same power history as Case TCC7) and Case TCC13 (same power

history as Case TCC6) are performed and compared to Case TCC9 (with a probe). As expected, the results

in Table 2.7 and Figure 2-20 show that Case TCC13 not only gives the best early strength development

but also later strength development. For Case TCC12, its early strength is much lower than that of Case

TCC13. It is believed that the second peak of Case TCC12 occurs closer to the removal time than that of

Case TCC13. In conclusion, Case TCC13 gives better results.

Optimal case

To further improve the early strength development, lower w/c is used while it is already known that the

discrete power of Case TCC6 (with no probe) gives the optimal result. In the experiment, Case TCC10

(same power history as Case TCC7-lower heating rate) and Case TCC14 (same power history as Case
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Table 2.7: Results of the effect of
TCC9, TCC12, and TCC13

discrete power levels on the compressive strength development of Cases

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC9 0.35 0.333 4653.2 58.1 7337.0 91.5 8014.4 100
TCC12 0.35 0.332 4165.6 54.5 7064.5 92.4 7645.6 100
TCC13 0.35 0.335 4705.1 61.4 8028.4 104.8 7662.2 100

TCC6-higher heating rate) with the same w/c ratio of 0.325 are performed and compared. The results in

Table 2.8 and Figure 2-21 show that Case TCC14 gives higher strength at early and later age than Case

TCC10.

Table 2.8: Results of the effect of heating rate on the compressive strength development of Cases TCC10 and
TCC14

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC10 0.325 0.311 4422.1 51.7 8350.3 97.6 8551.4 100
TCC14 0.325 0.311 5128.8 61.6 8259.0 99.2 8322.2 100

Therefore, with use of the power history of Case TCC6, Case TCC14 (0.325 w/c concrete with 4 grams

of superplasticizer admixture per 1 lb. of cement) is found to be the best case for microwave process with

discrete power acting on concrete consisting of superplasticizer admixture. It can also be concluded that high

heating rate at the beginning is preferred when superplasticizer is used because the superplasticizer delays

the second acceleration period resulting in low early strength development.
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Effect of water/cement ratio

To further investigate the effect of w/c ratio, Case TCC16 (0.40 w/c concrete specimens without superplasti-

cizer) is compared with Case TCC13 (0.35 w/c concrete specimens with superplasticizer) and Case TCC14

(0.325 w/c concrete specimens with superplasticizer). In all of these cases, the same power history as Case

TCC6 is used. The results in Table 2.9 and Figure 2-22(a) indicate that Case TCC16 obtains similar strength

development in term of percent as Case TCC13 and Case TCC14.

Table 2.9: Results of the effect of w/c ratio on the compressive strength development of concrete under
microwave curing

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt Compr. NC 7-day Compr. NC 7-day Compr. NC 7-day
before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC16 0.40 0.381 4281.9 62.0 6953.3 100.6 6910.9 100
TCC13 0.35 0.335 4705.1 61.4 8028.4 104.8 7662.2 100
TCC14 0.325 0.311 5128.8 61.6 8259.0 99.2 8322.2 100

TCC1 0.40 0.382 4083.2 59.1 6558.4 94.9 6911.0 100
TCC9 0.35 0.333 4653.2 58.1 7337.0 91.5 8014.4 100

TCC12 0.35 0.332 4165.6 54.5 7064.5 92.4 7645.6 100
TCC10 0.325 0.311 4422.1 51.7 8350.3 97.6 8551.4 100

The same results are obtained from (i) the comparison of Case TCC12 and Case TCC10 as shown in Table

2.9 and Figure 2-22(b) and (ii) the comparison of Case TCC1 and Case TCC9 (see Table 2.6 and Figure

2-17). Again, the strength developments of cases using the same power history but different w/c ratios are

more or less the same. However, it should be noted that all of these w/c ratios are equal to 0.40 or less which

are considered to be rich or dense mixes.

Therefore, with all of these results, it can be concluded that concrete with lower w/c ratio responds to

microwave curing well. And it seems that use of superplasticizer does not cause any significant increase or

decrease in the percent gain of the strength. One plausible explanation for this is that concrete with dense mix
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can counter the differential expansion during the application of microwave energy better so the development

of pores and microcracks is minimized.

2.4.4 Concrete specimens with air-entraining admixture

Air entrainment is significant for precast concrete products and concrete pavements that may be exposed

to freeze-thaw cycles. To develop freezing and thawing resistance in the concrete specimen, air-entraining

admixture will be added to the mix in order to provide a well distributed air-void system that allows water

movement to relieve the internal pressure due to freezing. Therefore, it is of practical importance to study the

effect of microwave on the compressive strength development as well as the freezing and thawing resistance

of the air-entrained concrete. In this chapter, only the effect of microwave on the compressive strength

development will be presented. The parameters to be investigated are power levels and the amount of

air-entrainment (or % air content). Results of freeze-thaw durability of the air-entrained concrete under

microwave curing will be reported in the subsequent chapter.

Process with constant power levels

For constant power processing of air-entrained concrete, a microwave heating of 412 watts for 45 minutes is

used in Case AEM2 for 0.50 w/c concrete with 5.4% air content. The reason to use "412 watts-45 minutes"

heating is that this is the optimal process with constant power for mortar specimens. The results of Case

AEM2 in Table 2.10 and Figure 2-23 show that very low early and later strength are obtained. An explanation

is that excessive microwave power with the large amount of air content in Case AEM2 can cause major pores

and microcracks in the specimens due to the greater expansion of air.

Thus, microwave heating of 375 watts for 45 minutes is used in Case AEM4 for 0.50 w/c concrete with the

same 5.4% air content as that of Case AEM2 in order to obtain higher early and later strength. As expected,

Case AEM4 gains higher early and later strength than Case AEM2.
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Table 2.10: Results of the effect of heating rate on the compressive strength development of Cases AEM2
and AEM4 for air-entrained concrete under microwave curing

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # Power ratio ratio 4.5 hours 14 days 14 days
(%air) and by Wt by Wt Compr. NC 14-day Compr. NC 14-day Compr. NC 14-day

heating before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.
time MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

AEM2 412W 0.50 0.472 1305.1 25.3 2092.0 40.6 5153.1 100
(5.4%) &45M

AEM4 375W 0.50 0.378 1718.9 32.1 3764.9 70.3 5352.9 100
(5.4%) &45M

Effect of the amount of air content

There are two different water/cement ratios investigated for the effect of the amount of air content: 0.50 and

0.38 w/c. For 0.50 w/c, Case AEM4 is compared with Case AEM5 while Case AEM3 is compared with Case

AEM6 for 0.38 w/c. All cases are heated at a constant power of 375 watts because it is determined from

the previous section to be a good microwave heating power for 45 minutes heating duration. The results are

shown in Table 2.11.

With 0.50 w/c, Case AEM5 with a higher 7.5% air content and Case AEM4 with a lower 5.4% air content

gain early strength at the same rate (30.1% and 32.1% based on 14-day normally cured strength for Cases

AEM5 and AEM4, respectively). However, the strength at later age of Case AEM5 is much less than that of

Case AEM4 (see Figure 2-24(a)). This is due to the effect of greater expansion of air when the microwave

energy is applied to the concrete specimens: the specimens with larger amount of air voids tend to experience

more severe microcracking than those with lower amount of air voids leading to lower development of later

strength.

For the lower w/c of 0.38, Cases AEM3 and AEM6 gain early and later strength at the same rate (see

Figure 2-24(b)). The explanation is that the dense mix of low w/c ratio tends to counter the expansion of

the air voids better so that the strength development for cases with a difference of air void contents will not
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Figure 2-23: Results of the effect of heating rate on the compressive strength development of Cases AEM2
and AEM4 for air-entrained concrete

be significantly different.

2.5 Additional Test

2.5.1 Splitting tensile strength

The splitting tensile strength are measured because (1) same type of microwave-cured specimen used for

compression can be used and (2) it is believed that the splitting tensile strength is closer to true tensile

strength of concrete than the modulus of rupture obtained from flexural test [32].

Since Case TCC8 gives high early and later strength, its power history is used for Case TCC15 to measure

the splitting tensile strength of microwave-cured concrete compared with that of normally cured concrete.

The results in Table 2.12 show that the microwave-cured concrete can gain not only high compressive strength

but also high splitting tensile strength both at early and later time.
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Table 2.11: Results of the effect of the amount of air content on the compressive strength development of
air-entrained concrete under microwave curing

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # Power ratio ratio 4.5 hours 14 days 14 days
(%air) and by Wt by Wt Compr. NC 14-day Compr. NC 14-day Compr. NC 14-day

heating before after Str. Comp. Str. Str. Comp. Str. Str. Comp. Str.
time MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

AEM4 375W 0.50 0.378 1718.9 32.1 3764.9 70.3 5352.9 100
(5.4%) &45M

AEM5 375W 0.50 0.477 1296.8 30.1 2596.0 60.2 4309.6 100
(7.5%) &45M

AEM3 375W 0.38 0.365 3118.3 38.1 5161.3 63.1 8177.0 100
(1.8%) &45M

AEM6 375W 0.38 0.367 3102.9 41.8 4734.0 63.8 7422.8 100
(2.8%) &45M

2.5.2 Photographs of pores and microcracks

To reveal pores and microcracks of microwave-cured and normal-cured specimens, various sections are cut

and painted with a black paint. Then white zinc oxide powder is spread onto the surface. Figure 2-25(a) and

(b) compare pictures for normal-cured and microwave-cured specimens of Case TCC14, which is determined

to be the best case. It is clear that there is no visible difference in the surface sections of specimens under

normal curing and microwave curing.

2.6 Conclusion

In conclusion, the significant findings are as followings:

* Feedback temperature control at 80 0 C for 45 minutes microwave curing process with "Max@412W" is

used as a guideline to obtain optimal process for concrete.
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(a) For normal curing

(b) For microwave curing

Figure 2-25: Pictures showing pores and microcracks in concrete specimens of Case TCC14 (0.325 w/c)
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Table 2.12: Comparison of compressive strength development and splitting tensile strength development of
concrete under microwave curing

W/C W/C Microwave Curing - MCWC Normal Curing - NC
Case # ratio ratio 4.5 hours 7 days 7 days

by Wt by Wt NC 7-day NC 7-day NC 7-day
before after Str. Str. Str. Str. Str. Str.

MCWC MCWC (psi) (%) (psi) (%) (psi) (%)

TCC8 0.40 0.381 4011.9 57.0 7035.8 100.0 7037.0 100
TCC15 0.40 0.382 327.6 58.8 492.4 88.4 557.2 100

* Using the temperature probe can reduce the early and later strength.

* Process with discrete power levels simulates the optimal process with continuous power levels well.

Moreover, when discrete power is applied without using the temperature probe, the discrete power

process gives better results than the continuous power process.

* High early compressive strength of microwave-cured concrete is obtained while its later strength is the

same as the later strength of normally cured concrete. Similar results are obtained for splitting tensile

strength except that the later strength of microwave-cured concrete is a little less than that of normally

cured concrete.

* Concrete with a lower w/c ratio responds to microwave curing well.

* For microwave curing process, a relatively high heating power should be applied at the beginning while

low heating power should be used at the end.



Chapter 3

Freeze-Thaw Durability

3.1 Introduction

One of the potential applications of microwave curing technique is in concrete pavement repair. In the winter,

the pavements are facing frost attack. It is therefore of significance to study the effect of microwave energy on

the freeze-thaw durability of air-entrained concrete. The resistance to freezing and thawing of air-entrained

concrete under microwave curing is investigated in accordance with the requirements of Procedure A of ASTM

C 666-92, and compared to that of air-entrained concrete under normal curing. Their compressive strength

at 14 days and air-void characteristics are also measured and compared.

In this chapter, (i) background of freeze-thaw durability, (ii) experimental program, (iii) results of com-

pressive strength test, freeze-thaw resistance test, and air-void characteristics test, (iv) discussion, and (v)

conclusion are presented.
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3.2 Background

3.2.1 Frost damage of hardened concrete

The physical properties of concrete, such as its permeability, degree of saturation, absorption of water,

extensibility and strength, and the size of pores and other voids determine its resistance to frost attack.

These pores and voids include capillary cavities (0.010 to 5pm), gel pores (< 0.01pm), entrained air bubbles

(50 to 1000pm), entrapped voids (1 to 3 mm), fissures or cracks, and etc. Freezable water exists in the

capillary cavities. At very low temperature, ice can easily form in them. However, practically, there is no

formation of ice in the gel pores because their sizes are so small that the water is held rigidly and its freezing

temperature is below -78C (see Figure 3-1) [32]. When ice forms in pores with over about 85% saturation,

the volume expansion can cause damage to the structure of the paste [32]. By adding air-entraining admixture

into the mix, air bubbles with the size of 0.002 to 0.04 in. (0.05 to 1 mm) are incorporated into the concrete

to relieve pressure due to ice formation during frost action. Like entrained air bubbles, the entrapped air

voids (due to poor compaction) and fissures or cracks will also help resisting the frost attack instead.

Two forms of frost damage that can occur are (1) internal cracking and (2) surface scaling. Internal

cracking, the most dominant form of frost attack, can be detected by length change, pulse velocity, and

relative dynamic modulus of elasticity. Scaling, the surface deterioration, is easy to be detected by visually

examining or by weight loss.

Internal cracking

The internal cracking of concrete can occur when dilating pressure during frost attack is greater than its

tensile strength. Two sources of dilating pressure are (1) hydraulic pressure due to freezing of water in the

capillary cavities and (2) diffusion of water caused by osmotic pressure [32].

When ice forms in the capillary cavities, the increasing volume of ice by about 9% at the freezing point

(see Figure 3-2) will cause the excess water to be driven out of the cavities resulting in hydraulic pressure.

The developed hydraulic pressure depends on the resistance to fluid flow of the concrete which is determined
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Figure 3-1: The relationship between size of pores in concrete and melting temperature of water- -The
melting temperature is the equilibrium temperature between pore water and bulk ice. It depends on the pore
dimensions and the physicochemical properties of the inner pore surface. In general, the freezing temperature
is lower than the melting temperature. Therefore, the freezing temperature of the gel pores (mentioned in the
text) is actually lower than the melting temperature shown here. [Harnik et al., 1980]

by (1) the spacing factor, which is the maximum distance from the periphery of bubbles to the interior

of cement paste in concrete, and (2) the permeability of the paste between the freezing cavities and the air

bubbles [32]. Because of the differences in entropy of newly formed ice and water in gel pores, thermodynamic

disequilibrium is resulted. To balance this disequilibrium, the gel water in a high energy state will migrate

to the capillary cavities containing ice, which is at a lower energy location. Consequently, this migration of

water leads to a growth of ice, internal pressure, and finally the internal cracking expansion of the concrete

unless excess capillary water can escape to air bubbles by diffusing through unfrozen pores.

Another source of expansion of the concrete is due to the diffusion of water caused by osmotic pressure

leading to the growth of many small bodies of ice [32]. In general, solutions in capillary cavities are not

pure water; they are water containing several soluble substances, for example, alkalies, chlorides, free lime

(CaO) and calcium hydroxide. Therefore, their freezing temperatures are lower than that of pure water.

Osmotic pressure can occur when pure water is frozen after it separates from the soluble substances leading

to an increase of local concentration of solutions. So the diffusion of water can take place when there are
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Figure 3-2: The specific volume of water and ice as a function of temperature [Harnik et al., 1980]

differences in the local concentrations between capillary cavities. This mechanism is very significant in frost

attack because in the case that concrete is in direct contact with water, water can travel through the concrete

by osmotic pressure resulting in an increase of the moisture content which leads to severe frost damage

eventually.

Surface scaling

Scaling can occur under two different conditions. First, it may occur when the dilating pressure in concrete

due to freeze-thaw cycles is greater than its tensile strength so the surface scaling will occur first and then

followed by complete disintegration beginning from the exposed surface through its depth [32]. Second, it can

occur independently owing to the effect of finishing process which reduces the air content at the surface area

leading to higher disruptive forces during freezing [40]. Also, since the surface is generally more saturated

with water, surface scaling can be significant.

+100
TEMP., I C
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3.2.2 Factors controlling frost resistance of hardened concrete

It is believed that under normal curing condition, the freeze-thaw resistance of concrete depends on several

factors as shown below:

1) Entrained air-void characteristics

2) Water/cement ratio

3) Saturation condition

4) Tensile strength

Entrained air-void characteristics

According to ASTM C 457-90, Standard test method for Microscopical Determination of Parameters of the

Air-Void System in Hardened Concrete, the characteristics of the air voids of hardened concrete such as the

air content, average chord length, specific surface, void frequency and spacing factor can be determined. It

is however stated that the spacing factor is the most important indicator of the freeze-thaw resistance of

concrete. The spacing factor is significant because in order to relieve the internal pressure and expansion

from freezing of the water by diffusion of water from capillary cavities to the entrained bubbles, the distance

between paste and bubbles should not be too large. It is recommended by ASTM C 457-90 that the maximum

spacing factor be equal to 0.008 in. (or 0.20 mm) for moderate exposure, lower than 0.008 in. for severe

exposure, and larger than 0.008 in. for mild exposure. In general, the spacing factor for air-entrained concrete

designed in accordance with ACI 201.2R and ACI 211.1 should be in the range of 0.004 to 0.008 inch (0.10

to 0.20 mm) [4].

Although the ASTM C 457-90 recommended the maximum spacing factor of concrete exposed to freezing

and thawing cycles to be equal to 0.008 in. (or 0.20 mm) for good resistance to frost action, the results

by several authors have shown that concrete with spacing factor much larger than the limit value can have

adequate frost resistance. The results by Pigeon et al. [37], have shown that the critical spacing factors for

0.50 w/(c+s) silica fume concrete and 0.50 w/c normal concrete are 0.01 and 0.02 in. (0.25 and 0.50 mm),

respectively. High critical spacing factor values are consistent with the results from the previous work by
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Pigeon et al. [36]. Moreover, additional work by Pigeon et al. [38] has shown that the critical spacing factors

of 0.30 w/(c+s) silica fume concrete and 0.30 w/c normal concrete are 0.012 and 0.016 in. (0.30 and 0.40

mm).

In addition, the work by Carette and Malhotra [8] shows that the spacing factors of silica fume concrete

could not be used as the indicator of their freeze-thaw durability since these values do not correlate well with

the durability factors. AY'tcin and Vezina [1] compare the freeze-thaw resistances and air-void characteristics

of concrete with and without silica fume. Even though both concrete have the same spacing factor value of

0.005 in. (0.126 mm), it is found that the durability factor of the silica fume concrete (at 83) is higher than

that of normal concrete (at 68) because the permeability of the former is lower due to the lower value of its

percent absorption. Finally, the work by Foy et al. [12] shows that the 0.25 w/c normal concrete has the

critical spacing factor of 0.028 in. (0.70 mm) which is much higher than the limiting value of 0.008 in. (0.20

mm) suggested by ASTM C 457-90.

To summarize, the maximum spacing factor value of 0.008 in. (0.20 mm) as recommended by ASTM C

457-90 cannot be used as the indicator of the frost resistance of the concrete. However, it can be used in

comparative study in order to explain the performance of concrete subject to freeze-thaw cycles.

Water/cement ratio

In general, concrete with high w/c ratio has high permeability because there are insufficient hydration products

to fill all the pores. Thus, concrete with high w/c needs to have a suitable air-void spacing factor to ensure

frost resistance. For low w/c concrete, it is believed that it has good freeze-thaw durability because it will

create only small capillary cavities and will reduce the amount of freezable water. In addition, since the

strength of the low w/c paste is higher that that of high w/c paste, it is obvious that the low w/c paste can

resist higher hydraulic pressure during freezing resulting in good frost resistance. However, some researcher

like Litvan [24] believed that lower spacing factor is needed for low w/c concrete because the low permeability

of the paste could cause difficulty in the movement of water towards air voids during freezing which could

cause disruption of the paste.
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The results by Foy et al. [12] have shown that the 0.25 w/c normal concrete without any dosage of

air-entraining admixture can have the durability factor in a range of 84 to 102 after 300 cycles of freezing

and thawing in the water. Their spacing factors are in a range of 0.023 to 0.030 in. (0.590 to 0.758 mm).

For concrete with various dosages of air-entraining admixture, all of their durability factors are over 100

whereas their spacing factors are below 0.028 in. (0.70 mm). However, the work by Khalil et al. [19] on

freeze-thaw durability of non-air-entrained high strength concretes containing superplasticizers concluded

that air entrainment should be used in all mixes subjected to freeze-thaw cycles no matter what w/c is used.

In summary, it seems that low w/c concrete with addition of air-entraining admixture will ensure good

frost resistance because it has a reduced amount of freezable water, an adequate air-void system, and a

stronger paste. However, the limiting value of the spacing factor of 0.008 in. (0.20 mm) appears to be no

longer suitable.

Saturation condition

It is generally known that dry concrete will not be damaged by the frost attack as much as concrete with high

degree of saturation. The role of the saturation condition of concrete is very significant to its frost resistance

because water is the main cause of expansion when concrete is exposed to very low temperature. The degree

of saturation of concrete mainly depends on its permeability and its ability to absorb water. In wet condition,

low permeability concrete does not absorb water as much as concrete with high permeability; therefore, a

better durability to frost attack will be obtained in concrete with low permeability. In addition, concrete with

high percent absorption of water tends to be damaged from the internal cracking more than concrete with

low percent absorption of water. To summarize, the more the saturation condition of concrete is, the more

severe the frost damage will be.

Tensile strength

Tensile strength is one of the factors affecting deterioration in concrete subject to frost attack. As the dilating

pressure in concrete caused by frost action is built up and becomes greater than its tensile strength, surface
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scaling and internal cracking can begin and complete disintegration will follow ultimately.

3.2.3 Calculation of durability factor of concrete

According to ASTM C666-92, Test Method for Resistance of Concrete to Rapid Freezing and Thawing, the

calculation of durability factor (D.F.) is as follows:

P*N
D.F. = M

where P = relative dynamic modulus of elasticity at N cycles in percent,

N = numbers of cycles at termination of the test where its relative dynamic

modulus of elasticity reaches 60% of the initial modulus or the total

number of cycles reaches 300, whichever occurs first,

and M = numbers of cycles at specified termination.

The relative dynamic modulus of elasticity after c cycles can be calculated from

Pc = (L * 100

where P = relative dynamic modulus of elasticity after c cycles in percent,

nl = fundamental transverse frequency at 0 cycle,

and n = fundamental transverse frequency after c cycles.

It is noted that the calculation of relative dynamic modulus of elasticity is based on the assumption that

the weight and dimension of the specimens are the same throughout the test [6]. This assumption is adequate

if the results from this test are mainly for qualitative comparison.
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3.3 Experimental Program

For concrete with air-entraining admixture, nine 3-inch by 8-inch and two 3-inch by 11-inch specimens are

casted in each batch. Five 3-inch by 8-inch specimens are cured with the microwave energy while the rests

are cured normally. Three out of five microwave-cured specimens and two 3-inch by 8-inch normal-cured

specimens are tested for compressive strength at 14 days. The rests are subject to the test for resistance to

freezing and thawing.

Specimens, which are frozen and thawed in water as explained in Procedure A of ASTM C 666-92, are

weighed and measured for fundamental transverse frequency which is used to compute the relative dynamic

modulus of elasticity after specific numbers of freeze-thaw cycles. In our experiment, each cycle takes about

7 hours and each specimen is subjected to freeze-thaw cycles until its relative dynamic modulus of elasticity

reaches 60% of its initial modulus or the number of total cycles reaches 300, whichever occurs first.

To obtain the fundamental transverse frequency, the specimen is supported so that it may vibrate freely

in the transverse mode. The signal pickup device is attached to the top surface and near the end of the

specimen and held firmly with a hand. Bad contact of the signal pickup device to the surface results in no

fundamental frequency and no meaningful data. Using a small hammer as an impactor, the top surface of

the other end of the specimen is struck lightly. The amplitude versus frequency is recorded by the spectrum

analyzer. The fundamental transverse frequency of the specimen, which is the frequency with the highest

amplitude on the display is recorded. Figure 3-3 shows a picture of (1) HP 3582A Spectrum Analyzer used

to receive the signals upon the impact in order to provide the display of amplitude versus frequency and (2)

4102 current source and signal pickup device by DYTAAN used to pick up the signals from the impact, and

(3) a small hammer (impactor) used to strike the surface of specimen to provide the impact.

To determine the air content of freshly mixed concrete, ASTM C 231-91b, Standard test method for air

content of freshly mixed concrete by the pressure method, is followed. The air meter type B, supplied by

Forney, Inc., according to ASTM C 231 is used. It is composed of a measuring bowl and a cover assembly

(see Figure 3-4). The basic operational design of this meter is based on the principle of Boyle's law which

gives the relationship between the volume of air and the applied pressure at a constant temperature. A known
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Figure 3-3: Picture of the set-up for fundamental frequency measurement: HP 3582A Spectrum Analyzer,
4102 current source by DYTAAN, and a small hammer

volume of air at a predetermined pressure in an air chamber, located on the cover assembly of the meter,

will be equalized with the unknown volume of air in fresh concrete, contained in the measuring bowl which

is the bottom part of the meter. The percent air content can be easily read off from the dial of the pressure

gauge which is calibrated in term of percent air content for the pressure at the equilibrium point. According

to ASTM C 231, the range of pressure from 7.5 to 30.0 psi (51 to 207 kPa) has been used satisfactorily.

To determine the characteristics of the air voids of hardened concrete such as the air content, average

chord length, specific surface, void frequency and spacing factor, longitudinal sections of the specimens are

cut, polished, and examined in accordance with the requirements of Procedure B, the modified point-count

method, of ASTM C 457-90. This procedure consists of determination of compositions of concrete sample by

examining each point on its surface at a regular grid system to see whether it falls in an air void, cement paste,

or aggregate (see Figure 3-5(a)). The data collected are (1) the horizontal (East-West) distance between each

point as the examination moves along the horizontal axis, (2) the total number of stops (or points), (3) the

number of stops in air voids, (4) the number of stops in cement paste, and (5) the total number of air voids

intersected by line of traverse during the horizontal translation. From these data, various parameters of
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Figure 3-4: Schematic diagram of Type B air meter according to ASTM C 231-91b

the air-void system of hardened concrete can be computed. The definitions of these parameters are shown

graphically in Figure 3-5(b).

For better understanding, some definitions of these parameters will also be explained here. The average

chord length is the average of the length that passes through a void. With the procedure B of ASTM C

457, the average chord length is calculated by dividing the product of the number of stops in air and the

horizontal distance between each stop with the total number of voids intersected by the line of traverse. This

calculated value is however an approximation. To be correct, it should be calculated by dividing the total

length formed by transection of the voids with the total number of voids intersected by the line of traverse,

which is absolutely correct for the calculation shown in Procedure A (the linear-traverse method) of ASTM

C 457. The summary of this procedure will not be described here. For specific surface, by definition it is

the surface area of the air voids divided by their volume. According to ASTM C 457, the specific surface

inversely relates to the average chord length. Therefore, the result of either specific surface or average chord

length will be presented. And, it is important to note that the lower the average chord length, the higher the

specific surface, and the smaller the size of the air void.

To limit the uncertainty of the results, ASTM C 457 requires, for the maximum size of aggregate of

0.375 in. (9.5 mm), (1) the minimum length of traverse for examination to be 75 in. (1905 mm), (2) the
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minimum area to be traversed for examination to be 9 in' (58 cm2 ), and (3) the minimum number of points

for examination to be 1125 points. In our experiment, the maximum size of aggregate is 0.371 in. (or 9.4

mm) and these requirements are met. The length of traverse for each set of specimen is 94.5 in. (2400 mm)

while the examined area is 9.3 in.2 (60 cm 2) and the number of total stops is 1200.

3.4 Results

In this experiment, fresh air-entrained concrete to be cured with microwave energy is heated with a constant

power at 375 watts for 45 minutes. Fives cases to be tested for compressive strength, freeze-thaw durability,

and air-void characteristics are as follows:

* Case D-1 or NAEM2-D: 0.40 w/c with 0% air content concrete

* Case D-2 or AEM5-D: 0.50 w/c with 7.5% air content concrete

* Case D-3 or AEM4-D: 0.50 w/c with 5.4% air content concrete

* Case D-4 or AEM3-D: 0.38 w/c with 1.8% air content concrete

* Case D-5 or AEM6-D: 0.38 w/c with 2.8% air content concrete

The results are reported in three parts: compressive strength result, freeze-thaw test result, and air-void

characteristics result.

3.4.1 Compressive strength result

Table 3.1 shows, for five cases, the compressive strength results at 14 days of concrete under microwave and

normal curing while Figure 3-6 shows their 14-day percent compressive strength of concrete under microwave

curing based on those of normal-cured concrete.

As expected, for the normal curing results, concrete with low w/c and low air content (i.e., Case D-1

with 0.40 w/c and 0% air content) has the highest compressive strength at 14 days followed by the strength

of Case D-4 (0.38 w/c with 1.8% air content), D-5 (0.38 w/c with 2.8%), D-3 (0.50 w/c with 5.4%), and
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Table 3.1: Results of the effect of microwave energy (375 Watts for 45 minutes) on the compressive strength
development of Cases D-1, D-2, D-3, D-4, and D-5

W/C W/C Microwave Curing-MCWC Normal Curing-NC Size
Case # %air ratio ratio 14 days 14 days (inchxinch)

by Wt by Wt Compr. NC 14-day Compr. NC 14-day
before after Str. Comp. Str. Str. Comp. Str.

MCWC MCWC (psi) (%) (psi) (%)
D-1 0 0.40 0.385 6862.8 86.9 7897.6 100 3x8

(NAEM2-D)
D-2 7.5 0.50 0.477 2720.5 62.8 4335.2 100 3x8&3 x 11

(AEMS-D)
D-3 5.4 0.50 0.478 4127.4 77.0 5360.0 100 3x8&3 x 11

(AEM4-D)
D-4 1.8 0.38 0.367 4978.1 63.3 7867.6 100 3 x 8&3 x 11

(AEM3-D)
D-5 2.8 0.38 0.367 4807.9 67.3 7147.4 100 3x8&3x 11

(AEM6-D)

100.0
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Figure 3-6: Results of the effect of microwave energy on the compressive strength development of Cases D-1,
D-2, D-3, D-4 and D-5
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D-2 (0.50 w/c with 7.5%). This is due to the result of the introduction of entrained air voids into the paste

causing the reduced strength. The more the percent entrained air content in the cement paste is, the less its

strength will be.

For the microwave curing results, the decreasing order of the strength at 14 days, for five cases of

microwave-cured concrete, is as follows: Cases D-1, D-4, D-5, D-3 and D-2. It is noted that in addition

to the effect of the entrained air voids that causes reduced strength, microwave can also reduce the strength

by causing expansion of air and cracking in the concrete. The specimens with larger amount of air content

tend to experience more microcracks than those with lower amount of air content due to the effect of greater

expansion of air when the microwave energy is applied to the concrete specimens (see Figure 3-7). Therefore,

the larger the air content, the lower the strength.

2.4

2.0

S1.6

E 1.2

40 60
Temp. ,C

Figure 3-7: Relative thermal expansion of water and air relative to that of solids [Soroka, 1979] (from
Alexanderson, J., "Strength Loses in Heat Cured Concrete," Proc. Swedish Cement Concrete Research
Institute, 43, 1972.)
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Figure 3-8: Relative dynamic modulus of elasticity versus freeze-thaw cycles for Case D-1 (MCWC =
microwave-cured concrete and NCC = normal-cured concrete)

3.4.2 Freeze-thaw test result

The durability factor results are summarized in Table 3.2. In addition, Figures 3-8 through 3-12 show the

relationship between relative dynamic modulus of elasticity and freeze-thaw cycles while Figures 3-13 through

3-17 show the graphs of loss of mass versus freeze-thaw cycles.

As shown in Figures 3-8 through 3-12, Case D-1 with 0% air content suffers from the frost attack the

most while the other cases survive the frost action after approximately 300 repeated freeze-thaw cycles except

that the durability factor of microwave-cured concrete for Case D-3 is 88 which is marginally satisfactory, It

is noted that the passing scale of the durability factor according to ASTM C 494-90 is 80. However, some

industrial company (e.g. W.R. Grace & Co.) set it to 90. According to Neville [32], the durability factor is

used only for comparison and the value of 60 is satisfactory whereas there is no established criteria.

Figure 3-18(a) and (b) show photographs of test specimens of Case D-1 under microwave and normal

curing after the end of test. Surface scaling is very severe for both types of specimens. In Figure 3-19(a)

and (b), the photogragh of microwave-cured specimen of Case D-3 is compared with that of normal-cured
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Table 3.2: Freeze-thaw test results: durability factor for Cases D-1,
microwave-cured concrete and NCC = normal-cured concrete)

D-2, D-3, D-4, and D-5 (MCWC =

Case# Specimen Length Air Content Durability Factor
& type and # (inch) fresh concrete for each average

initial W/C (%)

D-1 MCWC #1 7.94 0 26 35
(NAEM2-D) MCWC #2 8.09 0 44

0.40
NCC #6 8.06 0 36 39
NCC #7 7.78 0 41

D-2 MCWC #1 7.91 7.5 107 105
(AEM5-D) MCWC #2 8.06 7.5 103

0.50
NCC #6 8.00 7.5 105 109
NCC #7 7.81 7.5 112

NCC #10 11.03 7.5 112 110
NCC #11 11.00 7.5 108

D-3 MCWC #1 7.88 5.4 84 88
(AEM4-D) MCWC #2 8.00 5.4 93

0.50
NCC #6 7.94 5.4 108 107
NCC #7 7.75 5.4 106

NCC #10 11.00 5.4 107 105
NCC #11 10.97 5.4 103

D-4 MCWC #4 7.94 1.8 107 108
(AEM3-D) MCWC #5 8.09 1.8 109

0.38
NCC #6 8.06 1.8 103 102
NCC #7 7.78 1.8 100

NCC #10 11.00 1.8 102 101
NCC #11 11.00 1.8 99

D-5 MCWC #3 8 2.8 112 114
(AEM6-D) MCWC #4 8 2.8 115

0.38
NCC #8 8 2.8 105 104
NCC #9 8 2.8 103

NCC #11 11 2.8 105 105
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Figure 3-9: Relative dynamic modulus of elasticity versus freeze-thaw cycles for Case D-2 (MCWC =
microwave-cured concrete and NCC = normal-cured concrete)
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Figure 3-10: Relative dynamic modulus of elasticity versus freeze-thaw cycles for Case D-3 (MCWC =
microwave-cured concrete and NCC = normal-cured concrete)
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Figure 3-11: Relative dynamic modulus of elasticity versus freeze-thaw cycles for Case D-4 (MCWC =
microwave-cured concrete and NCC = normal-cured concrete)
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Figure 3-13: Loss of mass versus freeze-thaw cycles
NCC = normal-cured concrete)

2250

2200

2150

w2100

2050

2000

1950

for Case D-1 (MCWC = microwave-cured concrete and

0 50 100 150 200 250 300
Freeze-thaw cycle (number of cycle)

----- MCWC#1

------ MCWC#2

---A-- NCC#6
--4--, NCC#7

350

Figure 3-14: Loss of mass versus freeze-thaw cycles for Case D-2 (MCWC = microwave-cured concrete and
NCC = normal-cured concrete)
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Figure 3-15: Loss of mass versus freeze-thaw
NCC = normal-cured concrete)
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Figure 3-16: Loss of mass versus freeze-thaw cycles
NCC = normal-cured concrete)
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Figure 3-17: Loss of mass versus freeze-thaw cycles for Case D-5 (MCWC = microwave-cured concrete and
NCC = normal-cured concrete)

specimen. It is clear that scaling of microwave-cured specimen, for Case D-3, is more severe than that of

normal-cured specimen but slightly less severe than that of specimens of Case D-1. The degree of scaling can

be directly identified from the results of the mass change in Figures 3-13 through 3-17.

3.4.3 Air-void characteristics result

According to the durability factor results reported in Table 3.2, besides the results of non-entrained speci-

mens in Case D-1, the microwave-cured specimens of Case D-3 exhibit the lowest durability factor which

is less than that of the specimens under normal curing from the same mix. It is therefore of importance to

further investigate and compare the air-void characteristics, especially the spacing factor, of specimens under

microwave and normal curing of Case D-3 in order to explain their results from the freeze-thaw resistance

test. Additional air-void characteristics of Cases D-2 and D-5 are also obtained for comparison.

Table 3.3 shows the results of the air-void characteristics of hardened concrete of Cases D-2, D-3, and

D-5. Their spacing factors vary from 0.0071 to 0.0155 in. (0.181 to 0.393 mm). In addition to the results
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(a) Microwave-cured specimen

(b) Normal-cured specimen

Figure 3-18: Photographs of test specimens of Case D-1 at the end of freeze-thaw resistance test
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(a) Microwave-cured specimen

(b) Normal-cured specimen

Figure 3-19: Photographs of test specimens of Case D-3 at the end of freeze-thaw resistance test

CHAPTER 3.
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Table 3.3: Air-void characteristics of hardened concrete

Air Content
Specimen Description fresh hardened Specific Spacing

# concrete concrete surface factor
(%) (%) (per mm) (mm)

D-2#2 0.50 w/c - MCWC 7.5 9.5 21.60 0.197
D-2#6 0.50 w/c - NCC 7.5 7.9 25.18 0.181
D-3#2 0.50 w/c - MCWC 5.4 5.2 19.32 0.301
D-3#6 0.50 w/c - NCC 5.4 3.7 26.59 0.239
D-5#4 0.38 w/c - MCWC 2.8 5.7 13.62 0.393
D-5#9 0.38 w/c - NCC 2.8 3.7 23.95 0.266

of the spacing factor, the results of air content in the hardened concrete can be meaningful. For Cases D-2,

D-3, and D-5, it is found that'the air contents of hardened microwave-cured concrete are approximately 1.5

to 2% higher than those of normal-cured concrete.

3.5 Discussion

There are three major areas of discussions on the results shown previously: I) effect of microwave energy on

freeze-thaw durability, II) use of data from loss of mass as the indicator of freeze-thaw durability, and III)

effect of the length difference of the specimens on freeze-thaw durability.

3.5.1 Effect of microwave energy on freeze-thaw durability

In addition to reducing the amount of freezable water in fresh concrete cured with microwave energy, it is

believed that during microwave application, microwave not only can cause small air voids to coalesce into

larger voids but also can cause air voids to expand and become a little larger due to the effect of greater

thermal expansion coefficient of air compared to those of water and other concrete constituents (see Figure

3-7). As a result of coalescence of small air voids, the spacing factor of microwave-cured concrete becomes

larger while the size of air voids is greater, which well relates to the smaller value of specific surface. Moreover,

the effect of expansion of air voids under microwave curing results in the increase of percent air content of

hardened microwave-cured concrete as well as the larger size of air voids. Cracks can also be formed if
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pressure due to expansion is increased and exceeded the resistance of the paste. The effect of microwave

on several air-void characteristics of air-entrained concrete shown in Table 3.3 agrees well with the proposed

explanation. It indicates that the spacing factor and the percent air content of microwave-cured concrete are

larger than those of normal-cured concrete while the specific surface of the former is lower than that of the

latter.

To summarize, the significant factors affecting the freeze-thaw durability of concrete cured with microwave

energy are as follows:

1) Reduced freezable water

2) Increased spacing factor

3) Increased air content (related to decreased specific surface and increased size of air voids)

4) Increased formation of cracks

It is believed that the effect of these factors on the durability significantly depends on the amount of air

content and the w/c ratio before the application of microwave energy. However, it is important to point out

that the amount of air content relates well to the w/c. The lower the w/c ratio, the lower the amount of air

content. This is due to the stiff paste of concrete with low w/c. Therefore, the effect of microwave energy

on freeze-thaw durability will be mainly discussed in two different cases of w/c ratio: low w/c case and high

w/c case. In addition, the comparison of some of the results between low and high w/c will be discussed.

Before the discussion between these two cases begins, it is important to note that non-air-entrained

concrete from both normal curing and microwave curing need an adequate air-void system to resist frost attack

as shown by the freeze-thaw resistance test result of Case D-1. For the results of air-entrained concrete, for

low w/c of Cases D-4 and D-5, it appears that the microwave-cured specimens obtain a little higher durability

factor than the normal-cured specimens; on the other hand, for high w/c cases, the microwave-cured specimens

of Cases D-2 and D-3 exhibit a little lower durability factor than the normal-cured specimens.
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Low water/cement case

For low w/c of Cases D-4 and D-5, the durability factors for concrete specimens under normal and microwave

curing are above 100 which means that the specimens can actually increase their maturity during the repeated

freeze-thaw cycles instead of being damaged by frost attack. The ability to resist frost attack of low w/c

normal-cured concrete is probably due to the effect of low freezable water in addition to the contributions of

an adequate air-void system.

For concrete under microwave curing, its good freeze-thaw durability is mostly contributed by reduced

freezable water, increased air content, and increased formation of cracks or voids, caused by the application

of microwave energy. Since the initial amount of w/c is already low, when microwave energy is applied, some

of the water will be dried out resulting in even lower w/c and lower freezable water. As already known, the

lower the freezable water, the less the frost action, and therefore the higher the frost resistance. For the effect

of increased air content, it is believed that its freeze-thaw resistance is likely to be improved rather than

deteriorated although it has been known from the principle of freeze-thaw resistance that it is not the total

percent air content that provides freeze-thaw resistance but the spacing factor. However, the freeze-thaw

durability result from Table 3.2 and the air-void characteristics result from Table 3.3 show that the spacing

factor is not important to freeze-thaw resistance of low w/c concrete under microwave curing. It is clear that

the increased spacing factor of microwave-cured low w/c concrete has no significant effect on freeze-thaw

durability even though the spacing factor is a lot higher than that of normal-cured concrete.

Moreover, it is believed that during microwave application, since the cement paste of low w/c concrete is

stiff, microwave will cause some formation of cracks and also cause the air voids to link to one another and

form continued channels of voids. By doing these, the freeze-thaw durability is improved. These explanations

are strongly supported by an observation of cracks and continued channels of pores, which mostly appear

along the aggregate interfaces, on the polished surfaces of the hardened microwave-cured specimens. For

comparison, Figures 3-20(a) and (b) show photographs of the actual surfaces, which are cut and polished,

of the microwave-cured concrete and normal-cured concrete of Case D-5, respectively. It is clear that the

continued channel of pores along the aggregate interface can be seen in the former while the latter shows only
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small air voids which are apart from one another. For better illustration, the drawings of the air-void system

for low w/c concrete under normal curing versus microwave curing are compared and shown in Figure 3-21.

To summarize, for microwave-cured low w/c concrete, the reduced freezable water, increased air content,

and increased formation of cracks seem to be the most dominant factors to resist frost attack. These factors

are believed to be the causes for microwave-cured specimen to obtain a little higher durability factor than

the normal-cured specimen.

High water/cement case

In contrast to the freeze-thaw durability results of concrete with low w/c, the durability factors of the

microwave-cured specimens of high w/c of Cases D-2 and D-3 are lower than those of the normal-cured

specimens, especially that of microwave-cured specimens of Case D-3. The freeze-thaw durability of high w/c

normal-cured concrete is believed to be controlled mostly by an adequate air-void system with sufficient air

content and low spacing factor which is important for high permeability paste.

For high w/c microwave-cured concrete, it is believed that its freeze-thaw resistance depends mainly on

the adequate air-void system or the adequate spacing factor and increased air content while the roles of

other factors such as the reduced freezable water and increased formation of cracks are not so distinct. A

plausible explanation is that the freezable water of high w/c concrete is still considered to be high after

microwave curing compared to that of low w/c concrete. There is also less formation of cracks because of the

ease of movement of air voids and water and less resistance of the high permeable paste during microwave

application. For the effect of microwave on spacing factor, it is believed that microwave can cause small

air voids to coalesce together and become larger during the initial stage of microwave curing, resulting in

bigger voids (and possibly higher air content) and larger spacing factor, which can be detrimental to the

frost resistance. For the increased air content, it is still believed that it has positive effect on the freeze-thaw

resistance. To compare, Figure 3-22(a) and (b) show photographs of the actual surfaces, which are cut

and polished, of the microwave-cured concrete and normal-cured concrete of Case D-2, respectively. It is

seen that their surfaces look similar and contain no continued pores and cracks. To better understand how
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(a) Microwave-cured specimen from D-5#4

(b) Normal-cured specimen from D-5#9

Figure 3-20: Photographs of surfaces of low w/c specimens of Case D-5 at a magnification of 50x
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Figure 3-21: Drawing of air-void system of low w/c air-entrained concrete under normal curing versus
microwave curing

microwave affects the air-void system of concrete, the drawing of the air-void system for high w/c concrete

under microwave curing is compared to that of normal curing (see Figure 3-23).

To see the effect of spacing factor on the durability, Case D-3#2 representing microwave-cured concrete

is compared to Case D-3#6 representing normal-cured concrete and it is found that the spacing factor value

of the former is higher than that of the latter while the durability factor of the former is lower than that of the

latter. Since there is more freezable water in high w/c paste, the need for lower spacing factor or adequate

air-void system is important in order to allow the pressure to be relieved in a proper manner during freezing.

If the spacing factor is not small enough, concrete will deteriorate more as it continues to be exposed to

freeze-thaw cycles.

In summary, the spacing factor becomes the most dominant factor to resist frost attack for microwave-

cured high w/c concrete and it is believed to be the only cause for microwave-cured specimen to obtain a

lower durability factor than the normal-cured specimen.
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(a) Microwave-cured specimen from D-2#2

(b) Normal-cured specimen from D-2#6

Figure 3-22: Photographs of surfaces of high w/c specimens of Case D-2 at a magnification of 50x
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microwave curing

Entrained air void

Microwave-cured concrete
(high wlc)
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Summary

As shown in Tables 3.2 and 3.3, it can be summarized that the effect of denser mix gives higher freeze-thaw

durability than the effect of better air-void system (i.e., smaller spacing factor). This is supported by the

comparison between the freeze-thaw resistance result of the denser mix of Case D-5#4 and that of the better

air-void system of Case D-3#2. This is mainly because the effect of less freezable water in Case D-5#4 is

more important to freeze-thaw resistance than the effect of lower spacing factor in Case D-3#2.

3.5.2 Use of data from loss of mass as the indicator of freeze-thaw durability

In general, loss of mass during freeze-thaw cycles in water is mainly due to surface scaling, but it can be more

severe if internal cracking of concrete occurs simultaneously. Figures 3-13 through 3-17 show the relationship

between loss of mass and freeze-thaw cycles.

Comparing the results of the mass loss as shown in Figures 3-13 through 3-17 to the results of the relative

dynamic modulus of elasticity in Table 3.2, the relationship between the decrease of the relative dynamic

modulus of elasticity and the loss of mass can be established. It is quite clear that loss of mass of the sample
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correlates well to the decrease of the relative dynamic modulus of elasticity of concrete. Therefore, the

significant loss of weight of the concrete can be used as an extra indicator of frost damage in the experiment.

3.5.3 Effect of the length difference of the specimens on freeze-thaw durability

Since the height of the microwave oven limits the size of the specimen under microwave curing, 3-inch by

8-inch cylinder is used rather than 3-inch by 11-inch cylinder which is the minimum size of cylinder required

by the ASTM C 666-92. Therefore, to study the effect of the length difference on the durability factor of the

normal-cured specimen, two 3-inch by 11-inch normal-cured specimens from Cases D-2, D-3, and D-4, and

one specimen from Case D-5, are compared against the 3-inch by 8-inch normal-cured specimens from each

case. It can be concluded from Table 3.2 that there is no significant difference in durability factor among 3

by 8 and 3 by 11 specimens of any case. Also, their mass changes are about the same as shown in Figures

3-13 through 3-17.

3.6 Conclusion

In conclusion, the significant findings are as follows:

* In normal curing, the frost resistance of low w/c concrete is proved to be better because of its low

permeability and low amount of freezable water while that of high w/c concrete is mainly due to the

smaller spacing factor and the higher air content.

* The microwave-cured air-entrained concrete need an adequate air-void system, similar to the normal-

cured air-entrained concrete.

* In microwave curing, the freeze-thaw resistance of specimens with low w/c with a relatively low air

content is the same as (or even better than) that of specimens with high w/c and high air content. In

other words, the effect of denser mix gives higher freeze-thaw durability than the effect of better air-void

system (i.e., smaller spacing system).
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* For high w/c concrete, microwave can cause small air voids to coalesce together and become larger

during the initial stage of microwave curing, resulting in bigger voids and larger spacing factor, which

can be detrimental to the frost resistance. On the other hand, for microwave-cured low w/c concrete,

the reduced freezable water, increased air content, and increased formation of cracks and voids help

resisting frost attack.

* Use of spacing factor as an indicator for freeze-thaw resistance is ambiguous. The spacing factor is

only useful for comparative study in concrete with high w/c with large amount of air content.

* In our experiments, loss of weight of the sample correlates well with decrease of the relative dynamic

modulus of elasticity of concrete. Therefore, like the relative dynamic modulus of elasticity, it can be

used as an indicator of frost damage in the concrete.

* Length of the sample (3 by 8 inch versus 3 by 11 inch) has no significant effect on the freeze-thaw

resistance.



Chapter 4

Complex Permittivity Measurement of

Concrete

4.1 Introduction

Because concrete is a non-magnetic material, its electromagnetic properties are fully characterized by its

complex permittivity. The real part of the permittivity is a measure of how much energy from an external

electric field is stored while the imaginary part represents how lossy the material is due to the external electric

field [7]. Once the concrete is placed inside the cavity and the microwave power is turned on, the electric and

magnetic fields will penetrate into its interior and part of the microwave energy will be coupled to the material

and dissipated as heat. Therefore, the complex permittivity which is frequency dependent is essential in this

microwave heating problem.

Since the state of concrete is changing continuously over time due to the reaction of water and cement, the

complex permittivity also changes. To include the evolution of complex permittivity as well as the additional

heat from microwave energy to establish the actual evolution of permittivity of heated concrete at microwave

frequency, the traditional maturity concept is employed. The maturity concept is widely used in predicting
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the strength of concrete from its thermal history and its current state for safe removal of formwork in concrete

construction.

Maturity concept simply states that concrete of the same composition with equal maturity will have the

equal strength no matter how different their actual temperature-time histories are [41]. However, it does not

take the influence of early temperature into consideration and since the early temperature can affect the long

term strength tremendously, some adjustment is needed [50].

In this work, the maturity concept is used to establish the permittivity evolution of heated concrete. Firstly,

the complex permittivity of concrete during the heating period has to be determined and the transmission

line method is selected for the measurement. Secondly, the average temperature is monitored and recorded

continuously throughout the heating period. Several heating conditions are applied in order to find the most

representative permittivity-maturity relationship for microwave heating. Once the relationship is found and

the thermal history is known, maturity can be computed and its corresponding complex permittivity will be

determined.

This chapter includes (i) permittivity of concrete, (ii) theory for the permittivity measurement, (iii) meas-

urement setup and procedure, (iv) permittivity results of water, normal-cured concrete and concrete cured

under several temperature histories, (v) permittivity-maturity relation of heated concrete, (vi) suggestion,

and (vii) conclusion.

4.2 Permittivity of Concrete

For concrete whose permeability is close to free space permeability (Po = 47 x 10- 7 henry/meter), its

electromagnetic properties are fully characterized by its complex permittivity, E, which can be defined as:

where the real part of the complex permittivity of material, and

where c' = the real part of the complex permittivity of material, and

0= the imaginary part of the complex permittivity of material.
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By dividing the above equation by the permittivity in free space (o, = 8.85 x 10-12 farad/meter), the

relative complex permittivity, Er, can be obtained as follows:

Er = El + iE r

where E'r = the real part of relative complex permittivity or dielectric constant, and

C"r = the imaginary part of relative complex permittivity or loss factor.

The imaginary part of complex permittivity, representing the loss in the material, is the main reason

for the microwave energy to couple the material and cause thermal dissipation during microwave heating.

Typically, in most materials, all losses are due to either the conductivity (ionic conduction) or the friction

among polarized molecules (dipole rotation) or both [33]. Further reviews on loss mechanisms could be found

in [33], [28], and [49].

In many references, the loss tangent (tan 6) is mentioned in place of loss factor and it is defined as follows:

E"
tan j =

Er

4.3 Theory for the Measurement Method

Fresh concrete, composed of water, aggregates, and cement, is a high loss material (i.e., large imaginary part

of permittivity). To measure its complex permittivity with accuracy, the transmission line method, which

is suitable for the measurement of both permittivity (E) and permeability (it) of absorptive materials, with

the use of simple fixtures, is selected [14]. With this method, large sample volume is used in order to obtain

appropriate and average dielectric property of a heterogeneous material such as concrete. It involves placing

a rectangular-shaped concrete sample (liquid or solid state) inside a transmission line (waveguide section)

backed with a metallic plate. A signal is then launched from the Network analyzer at the frequency of 2.45

GHz to the sample. The receiver will then detect the reflected signals from the sample. To compute the

complex permittivity of a material at each state with accuracy, two samples with different optimal lengths
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are prepared and the magnitudes of their corresponding reflection coefficients are used in the appropriate

formula. It is noted that only the magnitude of reflection coefficient is used because the phase value is quite

sensitive and not reliable.

The optimum length is chosen in such a way that the relative magnitude of reflected signal is closed to

1.0 due to that fact that the magnitude error for reflected signal increases when its magnitude approaches 0

and decreases when approaching 1 [14]. Therefore, if the permittivity of the material under test is generally

known, the plot of magnitude of reflected signal versus length will help to identify the optimum lengths to be

used in the measurement. However, the selected length should not be too small to handle. For example, the

permittivity of 25 0 C water at 3 GHz is known to be (76.7+12.0i) [9]; by plotting out the reflected value versus

thickness, it is easy to identify the range of optimum length. From Figure 4-1, the ranges of the optimum

length are (i) 0.60-0.80 cm and (ii) 1.3-1.5 cm, for example.

00 CH H-

Thickness (cm)

-ro L

H H H

- Wo o

4 1H 1

Figure 4-1: Relation between thickness of 25 0C water with (76.7 + 12.0i) backed with a metal plate and its
relative magnitude of reflection coefficient

The formula to compute the reflected valued can be obtained by applying the field theory to solve the

problem of a two-layered media in rectangular waveguide. By applying the appropriate boundary conditions,
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the reflection coefficient, R, can be expressed as follows: (see Appendix I for derivation)

R Rol + R12ei2ki(dl - d
O) i2kdo

1 + RolR12 ei2kiz(dl
- dO)

7r

= W2 E- = 2 -

= 1/w'Podo- ks2 2ro ro W2

= W2-911 - kX2 
= ( 2

rlErl ()

= reflection coefficient for wave propagating from region 0 to 1,

- -poi -R10,
= 1-_ -R o1+po

_ okl, _ 1
pl1 ko -plo '

= reflection coefficient for wave propagating from region 1 to 2,

= the measurement frequency ( 2.45 GHz ),

= speed of light (3 x 108 meter/sec),

= width of the rectangular waveguide (10.922 cm for WR 430),

= the relative complex permittivity for region 0 (air)

= the relative complex permittivity for region 1 (material under test or MUT),

= the relative complex permeability for region 0

= the relative complex permeability for region 1

= z-axis coordinate for region 0,

= z-axis coordinate for region 1, and

= V/EUT.

This measurement technique uses the perfect conductor as the second layer. As a result, R12 is set to -1.

Thus, the reflection coefficient formula when short is connected, Rs, is given by (where do is set to zero)

Rol - ei2kl,(dl)
1 - Rolei2kz(dl) (4.2)

(4.1)

where k :

koz

klz

Rol

Pol

R12

fo

c

a

ErO

Crl

PrO

/Url
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dli
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After two reflection coefficients are obtained, method of trial and error is used to solve for the relative complex

permittivity by limiting the percent error between the magnitude of calculated and measured reflected values

of each optimal-length specimen to be within a certain range (for example 0.05%-0.5%). An example of this

calculation is given in Appendix II.

4.4 Measurement

In this section, the measurement set-up is briefly described and followed by the experimental procedure.

4.4.1 Measurement set-up

A typical transmission line set-up makes up of

1. A HP 8510 network analyzer system consisting of

* a signal source or the sweeper to provide the stimulus

* the test set providing the signal separation and the receiver input stage

* the vector network analyzer including signal processor and display (see Figure 4-2)

Figure 4-2: HP 8510 vector network analyzer
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2. A waveguide(WR-430)-to-coaxial adapter (see Figure 4-3)

3. Two WR-430 waveguide sections (5.461 cm width x 10.922 cm height or 2.15 inch x 4.30 inch) to ensure

the ability to contain any solid or liquid material (each for an optimum length)

4. A metallic plate

Figure 4-3: An example of waveguide-to-coaxial adapter

4.4.2 Measurement procedure

The measurement procedure for computing the permittivity of any high loss materials can be listed as follows:

1. Perform S22 1 1-port calibration with the 3.5mm coaxial interface calibration kit supplied by Hewlett-

Packard to eliminate the systematic measurement errors, which is stable and repeatable, due to the

imperfections of the system. Random errors such as noise and temperature, which cannot be avoided

in the calibration, have to be minimized in order to obtain reliable measured data by (i) obtaining

good measurement practices and (ii) minimizing physical movement of the test port cables and the

fixture after calibration [7]. It is noted that the calibration is done with the 3.5mm coaxial interface

calibration kit supplied by Hewlett-Packard instead of the WR-430 waveguide calibration kit following

the procedures in [15] because the reflection coefficients obtained from the latter calibration kit are not

satisfactory.

'defined as the relative magnitude of reflected signal measured at port #2 while a signal is originally launched from the same
port.
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2. Connect the 3.5mm coaxial to the waveguide-to-coaxial adapter.

3. Insert sample material with the optimum length into the waveguide section and closed the waveguide

end with the metallic plate (see Figure 4-4). In case of liquid or wet material, lossless clear plastic tape

will be used to confine material within the waveguide section.

A thin clear plastic
(to contain wet material

Incident
-- W

Reflected

A waveguide-to-
tape coaxial adapter

or liq uid)md~ C

A 

aeud

as a material holder

A metallic plate
(perfect conductor)

Figure 4-4: A setup to measure reflection coefficient when a metallic plate is at the end of waveguide

4. Connect the material waveguide section to the waveguide-to-coaxial adapter and then connect the ad-

apter to the cable of test set which is connected to the network analyzer.

5. Measure the scattering parameters (i.e., the reflected signal or S22). The source from the network

analyzer system will launch a signal at a defined frequency of 2.45 GHz to the material under test

(MUT). The receiver tuned to that frequency will detect the reflected signal from the material. The

network analyzer system will then process the measured data and display the magnitude and phase.

Since the phase value is not so accurate, only magnitude of reflected value will be used to compute the

permittivity of MUT.

6. Measure another reflected value with another optimum length.

7. Use these two reflected values to compute for the real and imaginary parts of permittivity of MUT.

HP 8510 Network
Analyzer System

(2.45 GHz) Port 2
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4.5 Results

To check the validity of the described method, the permittivity of water at room temperature is measured and

compared with the published value by Von Hippel[9]. In addition, the permittivities of normal-cured fresh

concrete at several ages after mixing are measured to ensure that the values are reasonable when compared

to the permittivities of hardened concrete measured by Rhim[39] using probe technique. Then the required

measurements of fresh concrete cured under several heating conditions are performed.

4.5.1 Water

By limiting the percent error between the magnitude of calculated and measured reflected values to be within

0.05% for each optimum length, reasonable result can be obtained. Table 4.1 shows average permittivity

of room-temperature water measured and computed at approximately 0.68- and 0.73-cm thicknesses. Its

permittivity of (79.8 + 11.5i) is close to the reported value of (76.7 + 12.0i) for 25 0 C water at 3 GHz in [9].

Table 4.1: Result of measured permittivity of room temperature water at 2.45 GHz

Material dielectric constant loss factor

water at room temperature 79.8 11.5

4.5.2 Fresh concrete cured normally

For concrete in general, the optimum length should be in the range of 1.7 to 2.0 cm based on the reflection

coefficient calculation with use of permittivity value of (11.3 + 1.64i) reported by Rhim[39]. Therefore, in

this experiment, the approximated lengths of 1.7 cm and 1.9 cm are chosen to be used.

Figures 4-5 and 4-6 show the measured dielectric constant and loss factor of both 0.45 and 0.50 w/c

concrete at ages between 0.5 to 24 hours, respectively. It is noted that since the uncertainty in permittivity
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measurement of heterogeneous material is higher than that of homogeneous material, the percent error between

the magnitude of calculated and measured reflected values for the former is set to be higher than that of the

latter. For concrete, the percent error is set to be between 0.1-0.5% and it is found that the computed complex

permittivities are reasonable and fall within the expected range.

4.5.3 Fresh concrete cured under different temperature histories

In order to compute the power dissipated inside fresh concrete during microwave heating, the actual evolution

of permittivity in heated concrete has to be determined first. The evolution of permittivity of concrete, even

under normal curing, is complex. By applying the microwave energy, more complication arises. This is

because the evolution involves several parameters such as composition of concrete, heat of cement hydration,

microwave power dissipation, water evaporation due to heat, and thermal properties of concrete. To simplify

the problem, it is assumed that the change of permittivity of concrete depends only on the maturity of

concrete. This assumption is similar to the assumption made in the maturity concept used widely in concrete

construction to predict the strength of hardening concrete for safe formwork removal. However, there will

not be one unique curve representing all kinds of concrete cured under different temperature histories. This

is due to the drawback of maturity concept, which is the neglecting of the influence of early age temperature

on the degree of hydration which can greatly affect concrete properties including strength and permittivity.

To obtain the permittivity-maturity relation of heated concrete, fresh concrete after 30 minutes of mixing

with water will be cured under several temperature histories and its average interior temperature will be

monitored and recorded throughout the measurement. It is assumed that heating is uniform since the specimen

is relatively thin and small. Each measurement will take about 1-1.5 minute to obtain the reflection coefficient.

To complete the data curve, the specimen will be taken out of the curing chamber at about 10-minute intervals

and will then be returned to the chamber until reaching 45 minutes of curing. By using the maturity concept,

the permittivity-maturity relation of heated concrete can be obtained and will be described in the next section.

Since it is generally known that the maturity equation is not suitable for concrete initially cured at different

temperature [50], the reported results here will be arranged into two groups: low and high temperature range.
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Figure 4-5: Plots of dielectric constant vs time after mixing of 0.45 and 0.50 w/c concrete cured normally
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Figure 4-6: Plots of loss factor vs time after mixing of 0.45 and 0.50 w/c concrete cured normally
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Low temperature range

Concrete with 0.50 w/c initially cured under 30 to 50 0 C for 45 minutes in this case is classified to be in the

low temperature range. Its temperature histories in the first 45 minutes in the curing chamber are shown in

Figure 4-7 and Figure 4-8 shows its thermal histories after 30 minutes of mixing with water for a 10-hour

period. The plots of measured dielectric constant and loss factor versus time are shown respectively in

Figures 4-9 and 4-10.

High temperature range

High temperature range includes 45-minute heating of 0.50 w/c concrete in the chamber whose temperature lies

in between 70 to 1400C. Figure 4-11 illustrates its several measured temperature histories. The corresponding

dielectric constant and loss factor results are shown in Figures 4-12 and 4-13, respectively. It is noted that

the loss factor results vary a bit due to the fact that concrete is a non-homogeneous material whose properties

vary and are not as consistent as those of a homogeneous material. However, the general trends are obtained

and seem to be reasonable.

4.6 Permittivity-Maturity Relation of Heated Concrete

As mentioned before, maturity concept is used here to obtain the evolution of permittivity of concrete cured

under different temperature histories even though it does not account for the effect of early age temperature on

the degree of hydration which greatly influence properties such as strength and permittivity. It is used because

it makes the derivation of permittivity evolution rule of heated concrete less complicated. However, some

adjustment is needed. Fresh concrete under different initial curing temperature ranges will have their own

well defined permittivity-maturity curves instead of having just one curve for all initial curing temperatures.

In this work, permittivity-maturity curves are obtained for low and high ranges of initial curing temperatures.
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Figure 4-7: Plots of temperature vs time in the first 45 minutes in curing chamber of 0.50 w/c concrete cured
under low range temperature history
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Figure 4-8: Plots of temperature vs time after 30 minutes mixing with water of 0.50 w/c concrete cured under
low range temperature history
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Figure 4-9: Plots of dielectric constant vs time after mixing of 0.50 w/c concrete cured under low range
temperature history
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Figure 4-10: Plots of loss factor vs time after mixing of 0.50 w/c concrete cured under low range temperature
history
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Figure 4-11: Plots of temperature vs time after mixing of 0.50 w/c concrete cured under high-range temper-
ature history

To compute for maturity, the following equation introduced by [26, 34, 41] is used

M = (T- T)dt

where M

T

To

= maturity at age t minute (unit in oC Minute),

= temperature of concrete (oC), and

= datum temperature (OC).

It is noted that To, or datum temperature (originally selected as the temperature when there is no gain in

strength), should be set to the initial temperature. However, it is set to zero in this work for simplicity and

due to the fact that all fresh concrete specimens have the same initial temperatures.

113



COMPLEX PERMITTIVITY MEASUREMENT OF CONCRETE

15

14

U13
U

"- 12

U11

010
S9

8

7

---0---

-- A>--

- + -
- 7-

80 C

110 (

125 (

140 (

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
Time after mixing with water (hour)

Figure 4-12: Plots of dielectric constant vs time after mixing of 0.50 w/c concrete cured under high-range
temperature history
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4.6.1 Low temperature range

Using the measured temperature history and the complex permittivity, the complex permittivity-maturity

relations are shown in Figures 4-14 and 4-15. It is clear that there seems to be a consistent trend of

permittivity vs maturity for temperature in this range. However, the average complex permittivity-maturity

relation will not be calculated here since this temperature range is not in the interested range of temperature

for microwave curing. This result is useful to prove that there will not be just a single curve to represent the

permittivity-maturity relation for concrete cured at different temperature ranges.

4.6.2 High temperature range

For the high temperature range which is representative of microwave curing in the interested range of tem-

perature, Figures 4-16 and 4-17 show its complex permittivity-maturity relation. Again, there is an apparent

trend for permittivity-maturity relationship of concrete heated within the range of temperature. To summar-

ize, the complex permittivity-maturity relation can be approximated with the following experimentally-fitted

expressions.

For dielectric-maturity relation,

E'r = (-0.00288 x M) + 16.81 ; for any M (oC - Min)

and for loss factor-maturity relation,

E"r = J 4.71 ; for 0 < M < 540 (OC.Min)

(-0.00132 x M) + 5.42 ; for 540 < M < 3000 (OC. Min)

4.7 Suggestion

4.7.1 Measurement with only one optimum length

If the perfectly matched load of rectangular waveguide is available, the complex permittivity measurement

can be done with only one optimum length of material. However, two reflected signals are still needed: one
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HP 8510 Network Incident

Analyzer System
Port 2

(2.45 GHz) Reflected

A thin clear plastic tape
(to contain wet material or liquid)

A waveguide-to-
coaxial adapter

A waveguide section
as a material holder

A matched load
(to absorb all transmitted wave)

Figure 4-18: A setup to measure reflection coefficient when matched load is at the end of waveguide

from the waveguide with a short end and the other one from the waveguide connected to the load at its

end. The equation for reflection coefficient when load is connected, RL, (adapted from equation (4.1) but

R 12 = R1 0 = -R 0 1 and do = 0) can then be written as follows:

Ro1 - Rolei
2 klz(dl)

RL -
1 - RoiRolei2k 1 (dl)

By using the above equation along with the equation (4.2) for the waveguide with short end, the complex

permittivity of the material can be computed in the same way as before. Moreover, it is noted that if the

load is not perfectly matched, there will be some error in the measured value and of course the result will

not be so accurate.
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4.8 Conclusion

Based on the results in this work, it can be concluded that the complex permittivity-maturity relation of

concrete cured under different temperature histories can be roughly established with the use of maturity

concept, although different maturity relation are required for different temperature ranges.
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4.9 Appendix I. - Two-Layered Medium in Rectangular Waveguide

This derivation of reflection coefficient for a two-layered medium inside the rectangular waveguide is based

on the derivation of the reflection coefficient of a plane wave incident on a layered medium using field theory

described in [20].

For region I of layered medium inside the rectangular waveguide (see Figure 4-19(a)), the field components

of TE 10 wave propagating in -i direction can be written as

Eyl = (Aieiklzz + Ble - ikjz) (eikxz- e-ikx) (4.3)

Hx = (1 E) = k (-Aieik.z + BIe-ik'z) (eikr - e- ik) (4.4)
= iwP E Oz wplt

H = (+ yl = (Aeik' + BEe-ikzz) (ikxz - e-ik,) (4.5)

where At = amplitude of total waves propagating in +; axis, and

Bt = amplitude of total waves propagating in -i axis

It is noted that in region 0 where I = 0,

Ao = REo and Bo = Eo

while in transmitted region t where 1 = t,

At = 0 and Bt = TEo

where R and T represent reflection and transmission coefficients, respectively.

By applying appropriate boundary conditions between each layer, A, and BI can be expressed in the form

of neighboring At+l and Bi+i. At z = -dl, tangential electric (Ey) and magnetic (H,) fields are continuous,

we therefore obtain

(Aie- ikdl + Bleik' d') = (A+le- ik(+); ,d + Bi+leik(+)z d) (4.6)

kz (Aeikd, + Beikd,) k(l+)z (Al+le-ik(o+1),d + B+leikO+1), d') (4.7)
wpl wp(t+l)
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Figure 4-19: Reflection and Transmission of TE wave in a layered medium inside the rectangular waveguide
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By solving equations (4.6) and (4.7), we obtain [20]

A ei 2kld [1 - (I1/R1(1+1))] ei2(k(j+l)z+kz)d

W=- + (4.8)B = R,(+1) [1/R(t+1)] ei2(k(l+1),)dt + (At+1/B+1)

where R(t+I) =1( -R(+1) -

pl 1+1 1PI(=+) ptk(u+I)z - 114(++)ktz - P(1+1)1

Therefore, the closed-form solution of reflection coefficient, R, due to a layered medium can be found from

equation (4.8) since R = AO which is expressed in A1 term and - can be expressed in -A term and soBo B 1  B1  B 2

on until the transmitted region, where A = 0, is reached. It is noted that this solution is identical to the

solution of reflection coefficient when a plane wave is incident on a layered medium (see the complete solution

in [20]).

Again, by solving equations (4.6) and (4.7), we are able to write A(,+,) and B(1+1) in terms of At and B

which will be useful when solutions of field components in region I are found and field components in region

(1+ 1) layer are yet to be determined.

A(+) = (1 +P(1+1)1) (Ae-iklzd + (l+1)Ie ikzd) eikr+(,)zd,

B(+) = I (1 + p(+1)) (R(+)Ale-iktdi + Beikt dt) e-ik(t+)zd

But only a two-layered medium inside the rectangular waveguide (see Figure 4-19(b)) is considered in

this work, its reflected coefficient can therefore be simply expressed as [20]

R - R01 + R 12 ei2k1z(d - d 0)

1 + Ro1R 1 2 ei2kiz(dl-d0)
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4.10 Appendix II. - An Example of Permittivity Calculation

To understand the complex permittivity calculation used in this work better, an example of permittivity

calculation of water is described in details. According to Figure 4-1, two measurements are done at the

optimum length of 0.68- and 0.73-cm.

At 2.45 GHz, the measured relative magnitudes of reflected signals for room-temperature water at ap-

proximately 0.68- and 0.73-cm thicknesses are 0.960 and 0.958, respectively. Using equation (4.2), we will

have

Rol - ei2kiz(
0 0 0 6 8

)

S 2  = 1 - Roiei 2kz( 0 .00 68 ) = relative reflected signal for optimum length of 0.0068 m

SROl - ei2kiz(0.
0 0 7 3 )

22 = 1 - Roei2kl(0.0 0 7 3 ) = relative reflected signal for optimum length of 0.0073 m

1- Rolei2(0.0073)

Substitute Rol with ( °' we obtain

1+LU
22 = ( - ei2kiz(0.0068 )

koz(1 -1+2 1 -...... ) ei2ki(00068)

1 -( 
ei2k 

".(0.0073)

S 1 - ei
2 k,(0.

0 0 73 )

Moreover, by substituting k0o with ) 2proE o- ( )2 and kl, with rEr - ()2, the fol-

lowing equations can be obtained.

(e =/i2(2( (4.9);ro.(x)2 I

- V ( f ) )2 ( _)2 ) ... ( )(ooo ))- e i2 V( )Eo-, (0. 0068)
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- ei2V(
2

j )2
preri-) (0.0073)

s2 \ v j ru ruoo-\;i / (4.10)
1 rl

MrOerO IO (j /

where fo = the measurement frequency = 2.45 GHz,

c = speed of light = 3 x 10s meter/sec,

a = width of the rectangular waveguide = 0.10922 m for WR 430,

crO = the relative complex permittivity for region 0 (air) = 1.0,

Eri = the relative complex permittivity for region 1 (material under test),

= Elri + iE"ri,

11ro = the relative complex permeability for region 0 (air) = 1.0,

P r = the relative complex permeability for region 1 (non-magnetic) = 1.0.

The method of trial and error is used to determine the relative complex permittivity of material under test.

By sweeping the values of E,1 both real(E'i) and imaginary(E"'l) parts in equations (4.9) and (4.10), two

corresponding relative magnitudes of reflected signals can be obtained and then compared with the measured

values of 0.960 and 0.958, respectively. If the percent differences of both comparison (one for each optimal

length) are less than 0.05, the relative complex permittivity of material under test can be found.

In this example, the real part of permittivity is swept from 1 to 90 and from 0 to 20 for the imaginary part.

And by comparing the computed magnitude value of S12 to 0.960 (from measurement) and that of S22 to

0.958 (from measurement) within 0.05% allowed difference, the average complex permittivity of (79.8+11.5i)

is obtained.
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Chapter 5

Power Dissipation Model

5.1 Introduction

Because of its ease of implementation and flexibility, the Finite-Difference Time-Domain technique (FDTD)

is used to solve electric and magnetic fields in Maxwell's equations to compute power dissipation during

microwave heating of dielectric material. In this chapter, the Maxwell's equations governing the electromag-

netic problems, the FDTD algorithm, treatment of free space and dielectric material, treatment of boundary

conditions, treatment of excitation source, calculation of dissipated power, and verification of model will be

presented in order.

5.2 Maxwell's Equations

Maxwell's equations are fundamental to the electromagnetic wave theory. Composed of Faraday's induction

law, Ampere's circuit law and Gauss' laws for magnetic and electric fields, they are valid for all time at

everywhere in space and can be written in time-dependent three-dimensional differential forms for an isotropic

and homogeneous non-magnetic conducting material in source free region,
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VxE = (5.1)
Ot

0-
VxH = -D + E (5.2)

V D = 0 (5.3)

V-B = 0 (5.4)

where E = electric field strength (volt/m),

H = magnetic field strength (ampere/m) ,

D = electric displacement (coulomb/m 2 ),

B = magnetic flux density (weber/m 2 ), and

S= conductivity (mho/m)

To solve for E(-, t), H(F, t), D(F, t), and B(F, t), the constitutive relations which depend on electric and

magnetic properties of material are necessary and can be written as

D = EE = ErEoE (5.5)

B = ~H= rLoH (5.6)

where E = permittivity (farad/m), and

= permeability (henry/m)

From (5.1) and (5.6), in rectangular coordinate system, we have

0 a a
VxE = EzE - ExyEz) +( yE)E, xay Tz Oz Oz z y

= -Yrlo a(iHx +9H, z)lot
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Therefore, for i field component,

(+Ez - Ey = I r Po (HX)

which can be rearranged to

a_ 1 
-H = E - -  Ez (5.7)at Pr o Z d(y

Similarly, for P and i field components, we have

a 1 [a ai
- -Hy = E z E- ]  (5.8)

a 1 9 0Z
-Hz = - E (5.9)at IPrPo y x

Similar approach is applied for (5.2) and (5.5), we obtain

a 1 ra H
- E = Hz - a - E (5.10)
ir 1o 0Z 

SE = H - Hz - Ey (5.11)
at CrEo oz ox
-Ez = E-H - H - oEz] (5.12)

-t Er Co ox y

5.3 FDTD Algorithm

In FDTD technique, Maxwell's equations in differential form will be solved using center difference approx-

imation both in space and time. The calculated electric and magnetic fields are positioned on a mesh first

introduced by Yee [53] (see Figure 5-1). The mesh allows one to employ center difference to space derivative

of Maxwell's curl equations and also to implement Faraday's law and Ampere's law [46].

In FDTD calculation, time-stepping algorithm is used. First, all of the field values in the computational

domain are initialized to be zero. Then, the electric and magnetic fields will be computed alternately at every
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Hy(i+0.5,j,k+0.5)

-', - Hx(i,j+0.5,k+0.5)

- - Ey(ij+0.5,k) Y
Hz(i+0.5,j+0.5,k) (Z j

- -Ez(ij,k+O.5)

Ex(i+O.5j,k) ,jk)

Figure 5-1: Field components of a unit cell in rectangular coordinate

half time step. In this algorithm, the electric field will be determined first. Field calculation will continue

until sinusoidal steady state is reached or time expires.

The following notation used in Yee's mesh as shown in Figure 5-1 will be used in the finite difference

equations throughout this chapter. For any function of space and time,

Fn(i,j,k) = F(iAx,jAy, kAz, nAt)

Now, let's review the algorithm of center difference approximation which will be applied to the partial

derivatives of space and time in Maxwell's curl equations. Then we will discuss how to choose the space and

time increments.

5.3.1 Center difference

From Figure 5-2, for a function f(3), forward, backward and center difference algorithms can be used to

approximate the value of derivative of f(s), f(). For very small A, using forward difference

fix A f+ A) - f(-)12 .

128



5.3. FDTD ALGORITHM 129

f(x)

A
I i i

I 2 X 2X-/2 X X+1

Figure 5-2: Finite difference plot

and for backward difference

.X) -
S) ~ A/2

and the average of both forward and backward difference algorithm gives

f') - -
2 ( 2

(5.13)

which is the center difference algorithm.

To determine the level of accuracy of finite-difference using center difference approximation, Taylor's

expansion is used as follows:

(z+ A) = f(s) + A/ ) + )(2 if) I -

f x = fAX) - +( 2 f -_(

Subtract equation (5.15) from (5.14) resulting

(+4) - f(-X = A) f) + 32)f) +

f(~) + "'"

f) + ...

(5.14)

(5.15)

5.3. FDTD ALGORITHM 129



130 CHAPTER 5. POWER DISSIPATION MODEL

and after rearranging, we obtain

error terms

f(x+ A 2
S) + O(A)2 +""

which is similar to equation (5.13) except that there are some additional terms which will be discarded and

therefore cause the center difference approximation to have an error of second-order for both time and space

discretization.

5.3.2 Choices of space and time increment

Choices of space and time increment determine the stability and accuracy of the field calculation [48]. It is

suggested that grid size be a small fraction (- - to 1) of either the smallest wavelength in the problem or

the smallest dimension of the scattering object so that calculated field values cannot change significantly in

one space increment and the generated mesh well represents the object [48]. Also, use of fine-enough gridding

helps minimizing the numerical dispersion which can lead to physically invalid results [46]. In this model,

Ax = Ay = Az = A

To satisfy the stability condition of time-stepping algorithm derived in [48], the condition of At for a three-

dimensional case must be

1
(Ay)2 + (A\2"')1 1 1 1 ~At < Ca, (-1 + (+y)a

< (5.16)
Cmax 

where Cma, = the maximum wave velocity in the model.
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Hy(i+O k+O. 5)
(ij+1,k) Hx(ij + 0 .5,k+0.5)

Hz(i+ .5,j+0.5,)

(i+,,) (ij,k)
(i+1,j,k) (ij,k)

Ez(i,j+l,k+0.5)

(i,j+1,k) i \ Ey(i,j+0.5,k+l)
I Hx(ij+0.5,k+0.5)

Ey(ij+O.5,k) (-,k+1)

Ez(i,j,k+0.5)
(i,j,k)

H field location

X
Hy(i+0.5,j,k+0.5)

Ex(i+0.5,j,k+l)

Ez(i+1 ,j,k+0.5 (ijk+l)

- - Ez(i,j,k+0.5)
(i+l,j,k) Ex(i+.5,j,k)ijk)

Ey(i+l,j+0.5,k

(a) Hx (i,j+0.5,k+0.5)

Ex(i+0.5,j+l,k)

k) ,,- -'- - Ey(i,j+0.5,k)

(ij,k)

(i+1,j,k) Ex(i+0.5,j,k)

(b) Hy (i+0.5,j,k+0.5) (c) Hz (i+0.5,j+0.5,k)

Figure 5-3: Location of field components used to compute magnetic field in FDTD

5.4 Treatment of Free Space and Dielectric Material

In this section, the finite difference equations for free space (Er = 1 + 0i) and dielectric material are obtained

by applying center difference to Maxwell's equations.

Referring to equation (5.7), for example, the center difference approximations is applied to its partial

derivatives to determine H(n)(i,j + ", k + 1) with related E ny ) and E n ) (see Figure 5-3(a)),

-H,
.t

ay

(5.17)

(5.18)

(5.19)

En)(i,j + , k + 1)- E(n) (i, j + , k)
Az

Eln) (i,+ 1,+ 1, k + ) - En)(i,j,k + )
Ay

Substituting H -, Ey, and -Ez from equations (5.17), (5.18), and (5.19), respectively back into itsat ,z ' Oy

H (n-t- ) 2 1 1 (n- 1 IHz , 2(j+ 1, k + .1) - H,(n (i,j + 1?,k+ -1)
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original equation (5.7) results in the finite-difference equation (where Ax = Ay = Az = A) used to compute

H (n+ )(ij+ ,1+ 1,

n+ ) 1 1
H +. ) (i, i+ k ,+ )

2 2
+ At [E ) (i,J +Atrl~oI

1 1 1H2= ) (iJ+, k +)
E(n1) ) j + k) + Ejn)(i,j,k + ) - En)(i,j +

2' E-1 - (i,j + 2' 2

Similarly, H( )(i+ , j, k + -) and H" + ) ( i + ,j+ , k) can be obtained from equations (5.8) and (5.9),

respectively (see Figure 5-3(b) and (c) for related field locations),

(n+1) 1 1
HY 2 (i + -,J,k + -)

2 2
(n(-1) 1 1Y 2- )(i + -,j,k + -)

2 2

+At E(")(i + 1,j, ) - En)(i,j,k + ) +E)(i+
ApIrPo [2 2

(n+!) 1 1
H, +(i + 2 7k)2 2'

1 1
- jk) - E() (i + j, k
2 2

(n1) 1 1Hz( )(i+ 2 , k)
2 2

E(n)(i + , + 1, k) - E(n) (i + 1,j, k) + E(")(i,j + I k) - E()(i + 1,j
2'

+ , k)](5.22)

Next, the finite-difference equations for electric fields will be obtained by applying the center difference

approximation to each derivative of equation(5.12), for instance,

0a
-Ez

aH

Oxy

aEz

At

HY(n+) (i + , j,k + 1) - H(" +)(i 1,j,k + )
Ax

H(n+)(i,j+ ,,k+ ) - H+(i,j- ,k+

Ay

E [z+1) (i, j,k + ) + E ) (ijk+ )

and then substitute E, a Hy, H,, and aEz from above back to equation (5.12) (see Figure 5-4(c)),

At

+ 1)] (5.21)
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1, k + )] (5.20)

Ez"+ )(i, j, k + ) E () (i,j,k + 1)
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_ Ez(i,j,k+0.5)

Ex(i+0.5,j,k) (ij,k)
Y

E field location X

(ij,k-1)

(b) Ey (i,j+0.5,k)

(a) Ex (i+0.5,j,k)

(i,j-1,k)

(c) Ez (i,j,k+0.5)

Figure 5-4: Location of field components used to compute electric field in FDTD

yielding

1
E"+l) (i, j, k+ -)2

1 _ at
1+ At2erEo

a tI
E(")(i,j,k + 1) +

2

At

x HY" (i + -, j, k2

(Hn+) 1 1 (+i) ) 1
H(n+ )(i,j k+ )-(i,j k+ )) (5.23)

Again, E'(n)(i, J + 1,k) and E ')(i + -,j,k) can be obtained in similar manner from equations (5.11)

and (5.10), respectively (see Figure 5-4(b) and (a) for related field locations).

1 k)
E(n+)(i,j+ , k)

1+ ot J+ 2frfeo

AtAp,.o × S(n+x)(i1 k)+ +_ +
2crEo

1
'k+

2'

1 1k - + Hn+)(i 1 1 k)- H (i + 1 12 k - 2 7, j + k) - H (+ 2,j+ 2,k))

j,k+0.5)
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Hx(i,j,k)

Ex(i,j,k) (i,j,k)

X z

xe

Figure 5-5: Field assignment for implementation

At

-, j,k)+ Ai/A t|
2 1+ a

2Erto

x {H n+)(i +

1 1 1 1 (n+) 1 1 1
-H 2(+)'(i+ ,j- ,k)+Hy n+(i+ ,j,k--)-Hn+ )(i+ , k+ )} (5.25)

5.4.1 Implementation

To implement the above finite-difference equations, several changes in grid notation have been made. For

example, at (i,j, k) unit cell, H,(i,j + 1, k + ), Hy(i + ,j,k + ),and H(i + ,j + , k) are assigned to

be H, (i, j, k), Hy (i, j, k) and Hz (i, j, k), respectively while for electric field values, E, (i + -, j, k), Ey (i, j +

, k),and Ez(i, j, k+) are assigned to be E, (i,j, k), Ey(i, j, k) and E (i,j, k) (compare Figure 5-5 to Figure

5-1).

Therefore, equations (5.20), (5.21), (5.22), (5.23), (5.24), and (5.25) become

= Hn -) (i, j, k)

" E ")(i, , k +) - E() (i, j, k) + E.n) (i,j, k)- E (i,j 1, k)]-" A / j/k+-------k
A141oI YY

(5.26)

= Hy' ' -)(i, jk)HY ) (i, j, k

At
[E"n)(i + 1,j, k) - E(n)(i,j, k) + E(n) (i,j, k) - En)(i,j, k + 1)]z I3

[ 1At 1
E "(+l)(i + , j,k) = 1- , E0 n)(i +

1+ -;2crE-
1 1 k)
2j+ 2
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H+) (i, j, k)

)

(5.27)
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Hz' + (i, j, k) H, -2)(i,j,k)

+ [E1n)(i, + 1, k) - EIn)(i,j, k) + En) (i, k)- E)(i+ 1,j, k)] (5.28)

+)(i, j,k) =  E (i, j, k) + x {H (i,j, k)

-HYn+ ) (i - 1,j,k) + H n+) (ij- 1, k) - Hn+ (i, j,k)} (5.29)

1- oat ]At
E n+1)(i,j,k)= 2 ~atJ E(n)(i,j,k) + " ] x {H n + ) (ijk)

2ErI 2crEo

-Hk-1(i,j, - 1) + - 1,j, k)- H (i, j,k)} (5.30)

aAAt
E(+) (i, j, k) = E( ) + [+ro x {jH7k (i) k)

2reo 2creo

-H n+) (i,j - 1, k)+ Hy+) (i, j, k- 1) - Hn+ ) (i,j, k)} (5.31)

5.5 Treatment of Boundary Conditions

Several types of boundary conditions are involved in our numerical modeling: (1) perfect electric conductor at

metallic walls of the cavity and waveguide, (2) interfaces between dielectric materials, (3) absorbing boundary

condition to simulate unbounded space, and (4) boundary condition at the excitation port.

5.5.1 At metallic wall

At surface of metallic wall of cavity and waveguide which is assumed to be made of perfect electric conductor,

it is generally known that the tangential electric field and normal magnetic field vanish.

ii xE = 0
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i.H =O 0

Thus, Etangential and Hnormat will be simply set to zero at the metallic surface.

5.5.2 At interface of dielectric materials

Because the material properties (i.e., complex dielectric permittivity) in each unit cell can be different at

any time, the finite-difference equations to calculate electric fields at dielectric interface have to be treated

carefully. Using integral form of equation (5.2) to calculate E,

H- " dS =  -D + aE) " d -fCHdS =f+S 2+3+4 ( it-, .d

= Is,( o-EE + al-)" da f (r 2  E + 2 E) +

r3o E + E a + s4 (r 4, o- + a4 E- d (5.32)

By applying Stoke's theorem,

SH dS = (Vx H) d- (5.33)

to integral form of equation (5.32) in order to obtain its differential form. We obtain, E, (Figure 5-6), for

instance,

[ ] (rl + 'Er2 + r3 + Er4 o a + 2 + 0 '3 '4 Ez (5.34))ox y  4 E 4.34)

It is clear that equation (5.34) is similar to equation (5.12) except that the material property is averaged

along the interface in the former. Similar equations for E and Ey can then be obtained.

It should be noted that the permeability is equal to 1 everywhere in the model since only non-magnetic

material are considered. Therefore, the equations used to compute magnetic field components remain the

same.
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, 1 Y

Ez(i,jk --- Hx(isj-1 k) ----- X Z

(ij-1,k)

Figure 5-6: Interface between unit cells to compute Ez

5.5.3 At unbounded space

To be able to simulate the open or unbounded space at one end of excited waveguide, in our problem, the

absorbing boundary condition (ABC) is needed to be employed. The outstanding characteristic of ABC is

to make the computational domain finite so that the unbounded space can be simulated [11, 31]. Since there

is only one unbounded space behind the waveguide in this problem and for simplicity, the first-order approx-

imation ABC derived by Engquist and Majda [11] is employed rather than its second-order approximation

ABC.

Because of the nature of Yee's grid notation, the calculation of magnetic field requires the neighboring

electric field values which are in the same unit cell while to compute the electric field, the magnetic field

values at the near unit cell must be known. With this knowledge, the first-order approximation ABC will

be applied only to tangential electric field or the electric field at the boundary. And since TE1 o wave is

dominant in the waveguide problem, there will be only one tangential electric field needed to be taken care

of. For example, assuming the width of waveguide is along the x-axis and TElo wave is propagating in ±

direction, only the field components of Ey, H, and Hz will exist inside the waveguide. Therefore, ABC will

be implemented on E, field component only.

In this section, two examples of ABC's implementation are illustrated: (1) reflected TE1 o wave propagat-

ing in -2 direction and (2) reflected TE1o wave propagating in +i direction.
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Reflected TE1o wave propagating in -i direction

The differential equation for first-order approximation absorbing boundary condition used when reflected

TE1o wave is propagating in -i direction is

(z 1 -)E=O (5.35)

Engquist and Majda, and Mur illustrated how to derive the above equation in [11, 31]. Another way to explain

their derivations is that the first-order equation is derived from factoring of partial differential operator for

three-dimensional one-way wave equation with use of one-term Taylor series approximation [47].

Using linear interpolation in both space and time for each component of the above differential equation

along with center difference approximation, we obtain

S1 1 E +1) (i, j+ ,k+ 1)- Ey"+ (i, J , k)
zE y (i,j+--, k + +) = +

6z 2 2 A

n (i1) (i k + 1) E(n+1)(i,j + , k)+ Ey(ij + ,, k)

Sn+ 1 1 EYn+)(ij + , k + ) n)(ij _ 1,k +
-E ,, + , + 1) 2?-

(t 2 2 At

1 E ')(i,j + ,k+ 1) + E )'(iJ + , k) (E j(i, + 1, k + 1) + E"Y) (iJ + , k)

At R 2 ' 2

Substituting E!z'n+ (i, j + , k + ) and Eyn (i, ij + -, k + .) from above equations to equation (5.35)

yields

E(n+1) n) 
1  ct - 1 1

E (i, J + 7k) = E ' , + + 1) + E (+1) (7 + ,k + 1) - E( n)(i, j + , (536)
If reflected wave is to 2absorbed a t plane z = 0, for example, by substituting k with 0, the absorbing

If reflected wave is to be absorbed at plane z = 0, for example, by substituting k with 0, the absorbing
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5.5. TREATMENT OF BOUNDARY CONDITIONS

boundary condition obtained from equation (5.36) simply becomes,

E+) (ij+ )= E(n) (i,j
Y 2 y

Implementation

+ 1) + (C t- ) [E +)(i,j + , 1) - E (i,
+2' \KK + A 2'

(5.37)

To implement the ABC from above example, equation (5.37) will become

E i)(ijO) = En(ij, 1)+ E A( )
E+'1) (i,j, 0) =E E)(ij,1) + zt+A) [Ey+ )(i, j, 1) -

Reflected TE1 o wave propagating in +i direction

The similar first-order approximation boundary equation to absorb the reflected TE1o wave propagating in

+i direction is

a Ey = 0 (5.38)

Similar procedure as described in previous section applies to this case, yielding

E+l)(i,j +
, ) (i 1 ) + CAt (i,+ + 1)
,k) =E (i k+,1)+ cxt ) A +(ij+1

2' 2 )1y27+1 -E)(i, + 1,y 2 7k)] (5.39)

For example, if reflected wave is needed to be absorbed at the end of waveguide at plane z = p, by substituting

k with (p - 1) (since there is no (p + 1) plane), the absorbing boundary condition from equation (5.39) is

rearranged and yields

Ey"(+l)(i, + ,p) = E )(i,j + ,p- 1) + (CAt+-A) L(iJ 1 1) (i, + p)
,p- 1) - E , ,p) (5.40)

Implementation Again, to implement the ABC from above example, equation (5.40) becomes

E ) (i, j p) = E) (i, j, p - 1) + CAt A [E ,n+') (i, j, p - 1) - En)(ijp)
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5.5.4 At excitation port

In numerical model, the computational domain is divided into two regions: total and scattering field. The

total field is defined as

total field = scattering field + incident wave

The incident wave basically is an incoming wave which is excited inside the computational domain and

propagates into the total field region which is the area of interest. The main purpose to have the scattering

field excluded from the total field is to be able to include the incident wave into the model. Therefore, the

computation of E and H fields at the boundary between scattering and total field must be performed carefully.

As examples for better understanding, treatments of boundary condition at excitation port for incoming

wave excited in the waveguide coming in + direction are illustrated as followings. And it should be noted

that the notation used in these examples is for implementation purpose only.

Incoming TE1o wave propagating in +i direction (For implementation)

For incoming wave traveling in +i direction, the finite-difference equations in the vicinity of the excitation

port from equations (5.26) and (5.30) are modified while those from equations (5.27), (5.28), (5.29), and

(5.31) remain the same. And if the excitation port is at plane z = k, the modified finite-difference equations

of the unit cells around the excitation port are (see Figure 5-7):

,(n+!) .(n_ ) A t

),k))Jjk) --)+H ,t (ijk-1) " ,(ij,k 1) + At,.l x(E(n) (i, j, k) - E( 2(i, j, k)) -E~),(i,j, k- 1)+ E (n) (i, j, k - 1) - E(n) (i, j + 1, k - 1) (5.41)
YtotlY Zscat Zscat

total field incident wave

Scattering Field
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Excitation Plane
Hxtotal (ij,k)

Eytotal (ij,k)
Hztotal k Hxscat (ij,k-l)

(ij,k)

i. ._ _.- - ._. . For Hix incident wave
----- ------- - z (05*etz = (-O.S)*Dcta

Scatering fid region
Excitation Plane

Figure 5-7: Details at excitation port when TE 10 wave is propagating in +i direction

2Ceo 1 ,nlE(n+l) i j, k)E(n) (i, j, k) + A( 1 2(, k)

Total Field

where H i - 1) and E c(i,j, k) are the field components of TEo incident wave which will be
discussed in the next section. It is noted that (i, , - 1) is added to (i, , k in order to use1 (i,o, (ij k) (5.42)

H )p(i, j, k - 1) component in the equation. For similar reason, E) (i, , ) is subtracted by E (i, , k)

in order to be compatible with other scattering components in the equation.

For the other field components, the finite-difference equations (5.27), (5.28), (5.29), and (5.31) remain the

same as followings:

H , (i,j, k - 1) = H (ij,k 1) +
Yscat o° t ( tj7ky y
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E n ) (i + 1,j, k - k -- 1) + E (i,j,k- 1) - (E), (i, j, k) - E (i, j, k))

no Exin
e

H(n+j) (i,j,k) = HJ -U (i, j, k)

+ t E ( ) (i,+1,k) - (i j, k) + E( n ) (i, j, k) - E (n ) (i + 1,j, k)]

E(n ), (i, j, k)= T E ) (i, j, k)+ × E ,,P , ,jk)+J

(c:rAt Zt l r At
_ (i(n, o X+

Hn- 2frfo 2creI

-Hnl, )(i - 1,j, k) + H,1, (i,J- 1, k) - H ,o (i,j, k)}

F At
E--)(i k)= 1+ o Ex (i, j, k) + I At x { o (i, j, k)

2er+o 2ee I

- ttl (iJ - 1, k) + (Hsca (i,j, k - 1) + ~j,- (i,j, k - 1)) - ~yo, (i,j, k)}

= 0 because no Hyinc

And it should be noted that there will be no Hzin, included in the finite-difference equations at the excitation

plane although Hz component exists in TE1o wave.

Incoming TElo wave propagating in -i direction (For implementation)

For incoming wave traveling in -i direction and the excitation port is at plane z = k, the modified finite-

difference equations in the vicinity of the excitation port are only different in signs of incident wave compared

to those of the previous section (see Figure 5-8). For similar reason as in above case, the finite-difference

equations (5.27), (5.28), (5.29), and (5.31) for the other field components remain unchanged.

n+)(n- At

H ci, (i, j, k) H (i, j, k) + A X

E~c., (n) (n) -Eni, Ek) ) ,) t (o,+ )

total field incident wave

scattering field
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I
r
r
r
r
r
r
r

I

For Ey incident wave.
z=O

Figure 5-8: Details at excitation port when TE1 o wave is propagating in -i direction

Total Field

scattering field incident wave

E(n+ )(i, j, k) - 2 ! Er (i, j, k) + x (i,j, k)+ H.. t(ij,k))

- Heo.p (i, j, k - 1) + Hzt.,. (i - 1, j, k) - H , (i, j, k)} (5.44)
(n)+ )

where H~x 2(i,j, k) and E(c (i,j, k) are the field components of TE1o incident wave.

5.6 Treatment of Excitation Source

Since TE1o mode is the fundamental mode or the dominant mode in rectangular waveguide, it is assumed

that only TE1o mode is excited in the air-filled waveguide. In this section, the field components of TE1o wave

propagating in +~ directions are illustrated as well as the formula for each excited field component used in

implementation.
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5.6.1 TElo mode in air-filled rectangular waveguide propagating in +2 direction

For guided waves propagating in + direction (see Figure 5-7), the time-harmonic field components of TE 10

wave existing inside the rectangular waveguide can be easily obtained and written as [20]

HZ () = cos (kzx) eikz (5.45)

H() ik sin (kxz) eikz (5.46)

EY ~()= sin (k.x) ei k z  (5.47)

where k, =

kz = W%2p(o - kx 2 = real component (for air-filled waveguide), and

a = width of rectangular waveguide along x-axis

To obtain the time-space field components, e- iwt will be multiplied to the time-harmonic field components

and take the real part as shown below.

F(T, t) = Re {(T)e - iwt

Therefore, the equations (5.45),(5.46) and (5.47) can be rewritten in time-space relation as followings:

Hz (,t) = cos(kx)cos(kzz- wt) (5.48)

Hx (I, t) = sin (kx) sin (kzz - wt) (5.49)

Ey (, t) = ( sin (kzx) sin (kzz - wt) (5.50)

Implementation

Let the excitation plane be at plane z = 0, the implementation for H.i, and Eyio of the incident wave can

be illustrated below.

For H? ( i,j, k - 1) from equation (5.42), the value of z is assigned to equal (- A) in the equation
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(5.49) (see Figure 5-7), resulting

(i, j, k - 1) = ) sin(kxz)sin (kz(- A) - wt

while for Ey,(n(i, j, k) from equation (5.41), z is set to equal (0 A) in the equation (5.50) (see Figure 5-7)

and we will have

E () (i j, k)= (- sin (kx) sin (kz (0 * A) - wt)

5.6.2 TElo mode in air-filled rectangular waveguide propagating in -Z direction

To obtain time-space field components for TE1o wave propagating in -i direction (see Figure 5-8), similar

steps as shown in the previous section are applied so the field components of TEo wave can be shown below.

Hz (-F7, t)
HX (-, t)

Ey (-, t)
E,( t)

= cos (k.x) cos (kz z + wt)

= ) sin (kx) sin (kz z + wt)

= (kxO sin (kx) sin (kz + wt)110 )

Implementation

Again, let the excitation plane is located at plane z = 0, the field component of H( (i,j, k) from equation

(5.44) and E, (i, j, k) from equation (5.43)to be implemented are (see Figure 5-8)

1=(I) sin (kx) sn(sin (k,(A ) + wt)
= (Wito) sin (k7x) sin (k (0 * A) + wt)
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5.7 Calculation of Dissipated Power

5.7.1 Review of Poynting's theorem

From vector identity, V - (A x B) = B -(V x A) - A- (V x B), we will have,

V.(Ex H) = H (Vx E)- E(Vx H) (5.51)

From equations (5.1) and (5.2), equation (5.51) becomes

a- -
V.(ExH) = H (- -B) - E ( D +E)at at

Since B = PH and D = cE, the above equation becomes

- V(Ex H) = E2 H)+E ) - Eat at" (5.52)

Equation (5.52) is the differential form of Poynting's theorem. And by integrating over a volume V bounded

by the closed surface S, equation (5.52) becomes,

-V. (Ex 7) dV = E 2dV + I -H- (-H) +E - a dV
V V ( it- 7t--E

which is the integral form of Poynting's theorem. And by using Gauss' theorem or divergence theorem (which

is a mathematical form different from Gauss' law which is a physical law stating that total D flux leaving a

closed surface is the total charge inside the surface [43]) which states that

dV(V- )= IjdS(ti-;)

146



where h is a unit vector whose direction is outward normal to the surface S. We will obtain

- h - (Ex H)dS = +] E dV +]C 7H '(H)+EE E) dV

And for linear and isotropic medium, we obtain

- -a. (E 7 ) dS = aE dV + a) + 9 2 dV (5.53)

The left term of equation (5.53) is the net inward flux of the Poynting vector, S = E x H, into the volume V.

For the right hand side part, its first term is the power dissipated as heat while the second term represents

the total electromagnetic energy stored in the volume V. Therefore, the power dissipated inside the volume,

P, can be written as

P = (o)dV

And for conductivity medium, the power dissipation equation is

P = j (wEOE"2) dV

Since the electric field values vary sinusoidally with time, the time average power dissipated inside the volume,

< P >, can be computed from

1 ( 2
< P > = -wE (7.) dV (5.54)

2 V

where (Emax) 2 = (Em,,)2 + (Ey,,,) 2 + (Ez,,.) 2
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E middle
of unit cell

El

Figure 5-9: A component of E field in a unit cell

5.7.2 Finite difference equations for power dissipation equation

According to the nature of Yee's lattice, each unit cell is composed of four values of each electric field

vector component along the boundaries (see Figure 5-9). To compute time average dissipated power for

each cell, the maximum values of each electric field value on the boundaries for each cell over a full cycle

must be identified first. Then linear interpolation is used to obtain the electric field in the middle of the

cell. Therefore, (Emax )2 , (Eym.a) 2 , and (E,,,,)n for each unit cell at (i,j, k) used to calculate time average

dissipated power can be obtained from the following equations:

(En+ (ijk))

En,,a (i+ , k)+ x ,j+ k1)+E max j k+1)]

n+I(E.... (i, j, k))2 = +

En+ (ijk+ )+E+, (i,j + 1,+ ) + (i + 1,j,k + )+ E+l (i + 1,j + 1,k+
o + 2 o2 2 (i+ ,.+ 2]
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And equation (5.54) to calculate the time average power dissipation for each element (unit in watts) becomes

< P"+l(i,,k)> (E (ij,k))k)) 2 + (E (ik)) (5.55)

where A = Ax = Ay = Az = grid size in the model.

Implementation

In our numerical model, the following equations are employed instead of those shown above while the equation

(5.55) to calculate the time average power dissipation remains the same.

(E+l(ijk))2= 1 E+1 (i,j, k)+ E n + (i+ , j, k) + E "+  (i, j,k+ 1) + E + l (i + 1, j, k + 1) ]

E l ( i , j , k ) )  [E (i, j, k) + En (i + 1, j, k) + E"+ l (i , j +  , k )  E "+ 1  (i+ 1,j+ ,k)]

16 ( l zz,,

5.7.3 Steady-state dissipated power calculation

In this work, the excitation source generates sinusoidal waveform to the microwave cavity to heat the dielectric

material. To obtain steady state dissipated power distribution in the material, the summation of calculated

power at all layers in the dielectric material over a full cycle of the incident wave will be plotted against time

step so that we can check when the steady state has been reached. As shown in Figure 5-10, the steady states

for several materials are reached after approximately 6000 time steps. Therefore, after 6000 time steps, the

maximum electric field values will be obtained from each element of heated material over a full cycle and

used to compute the steady-state time average dissipated power.

5.8 Verification of the Power Dissipation Model

To check the developed FDTD algorithm used to analyze the absorbed power distribution, the values of

calculated field and power density are compared with either the analytical solution or the available results
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Figure 5-10: Example plots of total dissipated power versus time step for several materials

from other related papers. The analytical solution can be found in the appendix at the end of this chapter.

5.8.1 Field value comparison

Calculation of field values for two simple examples are performed and compared with the analytical solutions.

The problem is to compute the existing field values in the rectangular waveguide filled with air and some

lossy material (see Figure 5-11). One of the ends of waveguide is connected with metallic plate while the

other is opened to free space. It is assumed that the TElo wave propagating in -i direction is excited at

2.45 GHz at plane z = 0.20 m where the specified field is

H, = sin( )

a

where a = width of rectangular waveguide

Two interested points (where results are to be obtained) are at (0.05,0.025,0.05) and (0.05,0.025,0.15). First,

the simplest case is considered when there is no lossy material in the waveguide. Then, the waveguide is

-0.350
.0.325
:0.300
0.275

a0.250
oO0.225
0.200

w0.175
c0.150
- 0.125
c0.100
r0.075
r10.050
40.025
0
P 0. 000
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TE10 wave
Excitation plane
(Eyinc & Hxinc)

bol
r) d'W

Figure 5-11: Rectangular waveguide problem with excited TElo wave

partially filled with a lossy material.

Example 1: TElo wave in air-filled rectangular waveguide

Figures 5-12, 5-13 and 5-14 compare the Ey, H, and H, results obtained from the FDTD model to the

analytical results at two locations of interest ((0.05,0.025,0.05) and (0.05,0.025,0.15)) in air-filled rectangular

waveguide excited with TE1o wave. In this example, the space increment, which is equal to 0.01 m, is about

(1/12.25) of the smallest wavelength in the model while the time increment, 6.803E-12 second, is about (1/60)

of the period of incident wave excited at 2.45 GHz. And E1 = E2 = 1.0 for air in both regions. The other

parameters can be seen from Figure 5-11.

It is obvious that the field calculations from the model are matched well with the analytical results (in the

appendix).

Example 2: TE 1o wave in two-layered medium-filled rectangular waveguide

In this example, E1 is set to 1.0 for air in region 1 while E2 is assigned to (2 + 0.5i) for dielectric material

in region 2. The rest of the parameters are kept the same as those in the previous example. Figures 5-15,
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(a) at z = 0.05 m
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Figure 5-12: Comparison of Ey values from analytical solution and numerical modeling in air-filled rectangular
waveguide (unit of E is volt/meter)
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(a) at z = 0.05 m

M " i 1.r 0 O

k n \ A\ ̂ la Q h AAAA o\ oo AA

O, O O O O O O O O 0

- \ ci , e f ' vj tr O t- 0 O\
time (sec)
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Figure 5-13: Comparison of Hx values from analytical solution and numerical modeling in air-filled rectan-
gular waveguide (unit of H is ampere/meter)
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(a) at z = 0.05 m
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Figure 5-14: Comparison of Hz values from analytical solution and numerical modeling in air-filled rectangular
waveguide (unit of H is ampere/meter)
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5-16 and 5-17 compare the results obtained from the FDTD model to the analytical results (in the appendix)

at two locations of interest ((0.05,0.025,0.05) and (0.05,0.025,0.15)). Again, the field calculations from the

model agree well with the analytical solutions.

5.8.2 Dissipated power distribution comparison

In this section, the computed dissipated power distribution from the model is compared to the available

results by Liu et. al. [25]. As shown in Figure 5-18, a simple cavity is composed of a rectangular waveguide

unit connected to top of main cavity. The incident TE1 o wave is excited at a plane inside the waveguide in

order to introduce wave to the cavity where the dielectric material exists.

Example 3: Rectangular cavity with a lossy material

The lossy material under this comparison is a 11.47x11.47x1.72 cm rectangular block material whose permit-

tivity is (2 + 0.5i). Its dissipated power is computed when material is either at 1.72 or 4.587 cm from top of

cavity as shown in Figures 5-19 and 5-20, respectively.

The results, in Figures 5-19 and 5-20, are compared with the results by Liu et. al. [25] as shown in

Figures 5-21 and 5-22. It is noted that Figures 5-19 and 5-20 show plots of steady-state dissipated power

distribution for each layer and all layers of material while for the plots in Figures 5-21 and 5-22, Liu et. al.

[25] did not mention which layer is used to plot the dissipated power. However, after carefully comparison,

the plots of middle layer of material is found to match well with the plots in Liu et. al.

5.9 Conclusion

The Finite-Difference Time-Domain technique is an integral part of the power dissipation model. The model

is used to determine the steady-state dissipated power which is useful in simulation of microwave heating. A

computer algorithm for this model has been developed and tested. Plots of field values and dissipated power

distribution agree well with analytical solutions and available results.
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(a) at z = 0.05 m

400

200

0

-200

-400

1000

500

0

0
0S I

("

aN0I
0 010,

0r

time (sec)

0oV!

D
I-

0

00

or
o0x0r

o0 0 0 0 0 0 0 0 0 0

time (sec)

(b) at z = 0.15 m

a,

0 - - - -
" O- - - -

00oo

0I
o

Figure 5-15: Comparison of Ey values from analytical solution and numerical modeling in two-layered
medium-filled rectangular waveguide (unit of E is volt/meter)
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(a) at z = 0.05 m
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Figure 5-16: Comparison of Hx values from analytical solution and numerical modeling in two-layered
medium-filled rectangular waveguide (unit of H is ampere/meter)
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(a) at z = 0.05 m
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Figure 5-17: Comparison of Hz values from analytical solution and numerical modeling in two-layered
medium-filled rectangular waveguide (unit of H is ampere/meter)
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Figure 5-18: Rectangular cavity problem (loaded with dielectric material) with excited TE1 o in the rectan-
gular waveguide
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Figure 5-19: Steady-state dissipated power distribution for each layer of a block of (2 + 0.5i) material in a
rectangular cavity (material is 1.72 cm from top of cavity and unit of power on z-axis is in watt)

Top layer Middle layer
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Figure 5-20: Steady-state dissipated power distribution for each layer of a block of (2 + 0.5i) material in a
rectangular cavity (material is 4.587 cm from top of cavity and unit of power on z-axis is in watt)
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Y-A is (cm) X-Axis (cm)

Figure 5-21: FDTD results for dissipated power of a block
Liu et. al. (material is 1.72 cm from top of cavity)

of (2 + 0.5i) material in a rectangular cavity by

0
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6 88
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Figure 5-22: FDTD results for dissipated power of a block of (2 + 0.5i) material in a rectangular cavity by
Liu et. al. (material is 4.587 cm from top of cavity)
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5.10 Appendix I. - Two-Layered Medium in Rectangular Wave-

guide

5.10.1 Problem description

The rectangular waveguide filled with air and some lossy material is excited at 2.45 GHz and only TElo

mode exists in this excitation. At the bottom, it is terminated with the perfect conductor while the top is

left open. Figure 5-23 shows the rectangular waveguide with a two-layered medium. Total field is specified

at the boundary, z = c, as followings:

H, = Hosin(-) (5.56)
a

where Ho = the strength of the magnetic field = 1.0 ampere/m , and

a = width of rectangular waveguide

Question: What are the field components in regions 0 and 1?

5.10.2 Solution

Let us consider a two-layered medium inside the rectangular waveguide with perfect conductor at region 2

(see Figure 4-19(b) and refer to Appendix I of Chapter 4). The field components for TElo wave in region 0

and 1 can be written as (from equations (4.3), (4.4) and (4.5))

For region 0:

Eyo = (Aoeikozz + Boe - ikozz) (eikxx - e - ikx) (5.57)

1 0 koB
Ho yo = oz (-Aoeikozz + Boe- ikozz) (eik x - e- ik )  (5.58)

o = iwo wo( +B ) ( + ) (559)

Hzo = w + a Eyo = k (Aoe ik oz + Boe - ik o z ) (eikzz + e- ik ., )  (5.59)wpoO z axW/o
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Figure 5-23: Layered medium in rectangular waveguide

and for region 1:

= (Aleik' z + Ble - i k ' zz) (eikz - e - ikxx)

S kiz (-Aleik.z + Ble-ikz) (eikr - eikx)

Wyl

= X (Aleikl.z + Ble-ikzz) (eikx + e-ik.,)

Wll

(5.60)

(5.61)

(5.62)

where k. = ,

koz = /w 21oo - kx ,

k =z = W 2  
_l- k 2 ,

Ao = REo,

Bo = Eo, magnitude of electric field strength,

R Ro-R e
i 2 k 

I(dl-dO) ei2kz do
1+RoIR12e2kl,(d1-do)

Ro 1 -Po -Rio,l+po-
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Pol = =ok P'
Pliko Po

R12 = -1 when perfect conductor is at region 2

A1 = (1 +10o) (Aoe - iko.do + RioBoeikozdo) eiklido, and

B 1 =1 (1 + o) (RioAo - iko °do + Boeikoz do) e-ik.do

To solve the problem, Ho = Hosin(-E) is specified at the boundary (z=c) in region 0. Therefore,

Hosin( ) koz (-Aoeiko.c + Boe-iko.c) (eik.x _ -ik
a w1o

H g i(--) - oEo
Ho (eikx _ e-ik, kozEo (-Reikozc + e-iko.c) (eik, _ e-ikx)
2i W/o

wio Ho
Eo -

2ikoz (-Reikozc + e - iko c)

Eo = wpo
2ikoz (-Reikozc + e - iko e )

Thus, the field components, Eyo, Ho, and Hzo, in regions 0 can be determined by substituting Ao and

Bo in term of Eo (from above equation) as shown in equations (5.57), (5.58), and (5.59). Similarly, Ey1 , He,

and Hz1 , as shown in equations (5.60), (5.61), and (5.62), respectively, can also be determined.
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Chapter 6

Heat Transfer Model

6.1 Introduction

After the steady-state dissipated power is determined, the heat transfer model is used to compute the temper-

ature distribution during the microwave heating. By using the same finite-difference scheme as in the previous

section, the original mesh generated in the power dissipation model is applicable to the heat transfer model

but their time steps are different significantly. For example, the time step of the power dissipation model is

in an order of picosecond (10-12) while that of the heat transfer model is in an order of 1 second.

In this chapter, the transient heat diffusion, the effect of cylindrical-shaped material in the model, the

verification of model as well as the stability analysis are included.

6.2 Transient Heat Diffusion

The transient heat diffusion equation for inhomogeneous and stationary solid medium is given as

0
j- (pcpT) = -(V -Q) + F
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if medium is uniform, i.e., p and cp are constants,

a
pcp,-(T) = -(V -Q) + F (6.1)

where p = density of material (kg/m3),

c,= specific heat (joule/(kg OC)),

Q= rate of heat flow conducted through a unit area (watt/m 2), and

F= rate of heat source per unit volume (watt/m3 )

In microwave curing, temperature rise in fresh concrete are mainly due to heat absorbed from microwave

energy and convective heat lost to the surroundings. Heat generated from cement hydration is assumed to be

not so significant. Therefore, rate of heat source per unit volume includes only (i) rate of generated heat due

to microwave power absorption per unit volume (Fabs) and (ii) rate of convective heat loss per unit volume

(Fcvec).

Thus, equation (6.1) becomes

IT 1
O- = - x {-(V Q) + Fabs - Fcvec} (6.2)
Ot pcP

6.2.1 Rate of generated heat due to microwave power absorption

Rate of heat due to power absorption per unit volume (Fbs) can be simply written as

Fabs =
V

where P = absorbed power obtained from the power dissipation model (watt), and

V = volume (m3 )

168



6.2.2 Rate of convective heat loss

Convection loss depends on the exposed surface area, the air flow over the exposed area, and the temperature

between the surface and the air. Therefore, rate of heat loss due to convection per unit volume (Fcvec) can

be expressed as

hF A(T, - Ta)
Fcvec = V

V

where hc, = heat transfer coefficient (watt/(m2 K)),

A = surface area (m2),

T, = temperature at surface area (K), and

T, = temperature of the surrounding air (K)

Note that the convective term is only required for elements at the exposed surface. It can be set to zero

for all internal elements.

Since the convection heat transfer coefficient for air in natural convection is reported to be 5-25 watt/(m2

K) [17] and free convection is encountered in microwave curing, the heat transfer coefficient used in this work

is therefore assumed to be 25 watt/(m2 K).

6.2.3 Implementation

The explicit finite-difference scheme is used to represent the heat diffusion equation. If the grid sizes in x, y,

and z axis are equal (Ax = Ay = Az = A), to compute the temperature of element (i,j, k) at the next time

step, Tn+l(i,j, k) from equation (6.2) can be expressed as

At
T"n+(i,j, k) = Tn(i,j,k)+ p(i,,k)c(,,k) {-(V . Q(i,j, k))+ Fanb(i,j, k)- Fnv e(i, j,k)

where Fn(i, j,k) P(ij,k)

FEnec(i,j,k) = hAA(i,j,k)(Tn(ij,k)-Ta(ijh)) (at elements near exposed surface only),
-- A

3
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and (V -Qn(i,j, k)) is the net flow of Q out of a small unit cube cell divided by the cube volume. For

example, consider a vector Q having only i component and refer to Figure 6-1, the following can be obtained.

(V.Q) = (QXIAyAz - Q,AyAZ)
AxAyAz

A
(QxIl Qxr)

Therefore, for three dimensions, (V -Q) can be written as (notation is shown in Figure 6-1)

(V -Q)

-(V. Q)

(Qx~ - Qxr)
Ax

(Qxr - QxI)
AX

(Qt - Qyb)

Ay

(Qyb - Qyt)
Ay

(Qzf - Qzn)
Az

(Qz - Qzf)
Az

where each component of Q, which depends on thermal conductivity and temperature gradient according to

Fourier's law of heat, can be written as

Qr

Qyb

Qyt

Qzn

Qz!

[T(i,j,k)- T(i- 1,j,k)]
= Kr Ax

[T(i + 1, j, k) - T(i, j, k)]
Ax

[T(i,j, k) - T(i,j - 1, k)]= -Kyb Ay

[T(i,j+ 1, k)- T(i,j,k)]= -Kyt Ay

= zn[T(i, j,k)- T(i, j, k - 1)]
= Az

[T(i, j,k + 1) - T(i, j, k)]
= Az

where Kr, K t, Kyb, Kyt, Kn,

the adjacent cells as follows:

and KzI can be determined from averaging the thermal conductivities over

1
Ir = [Kc (i, j, k) + Kc (i - 1, j, k)]2
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Kxl = 0.5[Kc(i+1j,k)+Kc(ij,k)]

(i+lj,k) (ij,k) (i-ljk)

Temperature location at (ij,k)
I

Kyb
= 0.5

0 .51

rb(ij,k)

Kc(ijk+I

(a) contribution of (div of Q) at (i,j,k)
along x-axis

:( i j-+1,k)

(ijk)

C -- )-
I )

(b) contribution of (div of Q) at (i,j,k)
along y-axis

(c) contribution of (div of Q) at (ij,k)
along z-axis

Figure 6-1: Notation used in implementation of heat flow
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Kyb

Kya

= [Kc (i + 1,j,k) + Kc (i,j,k)]
2

= [Kc(i,j, k) + Ke(i,j - 1, k)]

1= [Kc (i,j + 1, k) + Kc (i,j, k)]
2
1= [Kc (i,j,k) + Kc (i,j, k - 1)]
2
1

= [Kc (i, j, k + 1) + Kc (i, j, k)]
2

where Kc(i,j, k) is thermal conductivity of material at unit cell (i,j, k)

And by allowing Ax = Ay = Az = A, equation to compute -(V -Qn(i, j, k)) becomes

-(V. Q"(i,j,k)) = () {Kel[Tn(i+ 1,j,k)- Tn(i,j,k)]+ Kxr[Tn(i - 1,j,k) - Tn(i,j,k)]}

(A) 2 {Kyt[Tn(i,j + 1, k) - Tn(i,j, k)]+ Iyb [Tn(i, j- 1, k) - Tn(i,j, k)]}

+ (A) {Kz[Tn(i,j, k + 1) - Tn(i,j, k)]+ Kzn[T(i,j, k - 1) - T(i,j, k)]} (6.3)

6.2.4 Choices of space and time increment

The choice of grid size and time step is obtained from the stability criterion (assume no source) shown in the

appendix section and is as follows:

A2

At < -
6a

where a = -K- = thermal diffusivity
Pep

6.3 Effect of Cylindrical Shape of Material in Numerical Model

For heat transfer problem, the heat due to convection related to heat transfer coefficient can be significant.

And because in the numerical modeling using Cartesian coordinate system, the cylindrical-shaped material

cannot be modeled exactly but will be modeled in a staircase manner. Therefore, the effective heat transfer
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coefficient has to be computed and used in heat diffusion equation.

If the original heat transfer coefficient is used, the heat due to convection will not be correct. The effective

heat transfer coefficient is therefore computed locally based on the ratio of the circumference length of the

real cylinder and the length around the surface of the staircase model. By doing this, the contribution of

convective heat will be more reasonable.

6.4 Verification of the Heat Transfer Model

To verify the heat transfer model, an example of reaching equilibrium and two examples of temperature

calculations during the cooling process of rectangular and cylindrical carbon steel are illustrated.

Example 1: A thin slab of water-like material (no heat loss to surroundings)

In this first example, the convective heat loss is neglected. A thin water-like material slab with an initial

temperature profile as shown in Figure 6-2 is left to return to equilibrium. As shown in Figure 6-2, it is clear

that the material reaches the equilibrium after 60 seconds. The mesh size is 5x5x1 with the 0.001 m grid size

(therefore representing 0.005x0.005x0.001 m material) and 1-second time step is used.

Example 2: A rectangular block of steel bar (including heat loss to surroundings)

The problem is to compute the temperature after 10 minutes in the center of the 1500C rectangular plain

carbon steel cooling in the air. The surrounding temperature is 35 0 C and the average heat transfer coefficient

during the cooling process is 600 watt/(m2 oC). Figure 6-3 shows the complete details of this problem.

From the approximation using the chart method (infinite-slab method) available in general heat transfer

text book such as in [42], the temperature in the middle of the steel bar after 10 minutes is about 42.4 0C

or 315.5 K while the result from the numerical model gives 41.2 0 C or 314.4 K. The small difference of

temperatures is probably due to the inaccuracy in reading the values off the available chart in the chart

method. To conclude, the value from the model is satisfactory. The time step is 0.25 second and the space

increment is 0.005 meter.
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Tinside = 150 C at time = 0 second

Tmiddle = ? afte

-- ~----'
0.15m

Toutside = 35 C

0.15 m

0.15 m

r 10 minutes

Plain carbon steel bar

heat transfer coefficient = 600 W/(m2 C)
density = 7854 kg/(m3 )
thermal conductivity = 58.01 W/(m C)

specific heat = 468.79 Joule/(kg C)

thermal diffusivity = 15.76E-6 m2/sec

Figure 6-3: Problem description for cooling process of rectangular steel bar

Example 3: A cylindrical shape of steel bar (including heat loss to surroundings)

This problem is similar to the previous problem except that the material is a cylinder and there is an insulation

at one end where temperature will be computed after 5 minutes of cooling. Figure 6-4 shows the description

of this example.

Again, by comparing the temperature obtained from an approximation using the chart method with that

from the numerical model, there is negligible difference between them. The temperatures of both methods

are 84.2 0 C or 357.3 K. The time step is 0.25 second and the space increment is 0.005 meter.

6.5 Conclusion

The heat transfer model is developed, verified and ready to be combined with the power dissipation model

in order to form the complete numerical model of the microwave heating.

It is noted that the time increment for heat transfer model is much larger than that for power dissipation

model which will help saving computation time tremendously during temperature computation.
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Tinside = 150 C at time = 0 second

.e
_ . ,, - 0.15 m

I- -, Toutside =35 C

, , 0.15 m

Insulated
0.15 m T = ? after 5 minutes

Plain carbon steel bar

heat transfer coefficient = 600 W/(m2 C)

density = 7854 kg/(m3 )

thermal conductivity = 58.01 W/(m C)

specific heat = 468.79 Joule/(kg C)

thermal diffusivity = 15.76E-6 m 2/sec

Figure 6-4: Problem description for cooling process of cylindrical steel bar with one end insulated

6.6 Appendix I. - Stability Analysis

This derivation is based on von Neumann stability analysis which is limited to linear equation and pure initial

value problem (with periodic initial data) but in practice it is still valuable beyond this limitation [30].

Since we know that

(pcT)= -(V. Q)+ F

and according to Fourier's law,

Q = -KcVT

and if medium is uniform, i.e., Kc (thermal conductivity), p and c, are constants, we obtain

OT
PC -

at

aT
at

= (V KVT)+ F

= C(V T) +

= a(V2T) + F
pcP
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where a = = thermal diffusivity
pcp

To simplify the derivation, we assume no source. Thus the three-dimension heat diffusion equation becomes

OT T a(V 2 T)
at

0
2

-T
19y2

+02T)+9 T
OZ2)

By applying the center difference, we get

= T+ 1 - 2Tn + T_ )
(AX)2

(T(+, - 2Tj + T_-)
y)2

(Tz) - 2Tn + TI)

(Az)2 I

Assuming that S is the exact solution of the above difference equation and S + 6 is the numerical solution

where 6 is the error due to numerical method including roundoff. If S + 6 is substituted into equation (6.4),

the following will be obtained

(S + ) +1 - 2(S + 6)?
j+ (AX)2

+ (S + j) )

+ a (( + +)j,
- 2(S + 6)3 + (S +

((S + 6)j+ - 2(S + 6)e' + (S + 6)e

and because of definition from equation (6.4), we obtain

(5)7,+1 - (')?
At + a(() 1n+l - 2(6); - (+)}_1

+ a ((5) - 2(,)' + (6) .

) (3 + (z) 4(A) 2(AZ)2

The general solutions of the error 6(t) and 6(t + At) for equation (6.5) used to study stability analysis of

TA+1 - Tn

At
(6.4)

(S + 6);+A - (S + )1
At

6)-1)

192a T+
( OZ2

(6.5)
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difference scheme for three dimensions are shown below [30].

5(x,y,z,t) = eatieiyyeie i z

6(x, y, z, t + At) = ea(t+At)eiP#ei'yYeirTz

(6.6)

(6.7)

where a = real or complex number,

/ = wave number in x direction,

7 = wave number in y direction, and

r = wave number in z direction.

Let's introduce the amplification factor or IGI which is defined as

I 6(, y, z, t + At)
6(, y, z, t)

Now substitute equations (6.6) and (6.7) to equation (6.8), the following is obtained

6(x, y, z, t + At)
6(x, y, z, t)

eipa _- 2 + e- i Ap
= 1+ aAt( )

(Az)2
ei a y - 2 + e - iYAY

+ at( (y) 2

(Ay)2
e i A z - 2 + e - i' Az

+ aAt( (Az)2

(Az)2

+ a 2cos(Ax) - 2
= 1+ cuAt( )

(AX)
2

2cos(7Ay) - 2
+ aAt( )

(Ay)2
2cos(77Az) - 2

+ at( A) 2

(A)2

To insure the stability, IGI must be < 1. Therefore,

cos(pAx) - 1 cos(-Ay) - 1+
(A)2 2

1(A) 2 + (y) 2

cos(rAz) - 1]

(6.8)
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1 - 4aAt sin2 (p)Ax
(AX) 2

sin2 y)

(Ay)2

sin2 ( - )
+ (Az) 2 < 1

And from this condition, the stability criterion can be found that

1 ( 1At <- +
2a (AX) 2 (Az)2 + (aZ)2

If Ax = Ay = Az = A,

A
2

At <
6a
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Chapter 7

Microwave Heating Model

7.1 Introduction

The microwave heating model combines power dissipation and heat transfer models together in order to sim-

ulate microwave heating process. For curing of concrete with microwave energy, the developed permittivity-

maturity relation is included in the heating model in addition to the update of thermal properties.

To simulate the microwave heating process, it is necessary to know what value of the input field strength,

which is needed to generate electric and magnetic fields used in power dissipation model, is equivalent to

certain power in the real microwave cavity. To achieve this, calibration of power in laboratory microwave

cavity is simulated by the model and the equivalent input field strength can be identified. The microwave

heating model is then verified by comparison to the experimental results with several materials.

This chapter includes (i) overview of the complete model of microwave curing of concrete, (ii) calibration

of input power and model verification, (iii) simulation of microwave curing of concrete and (iv) conclusion.
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7.2 Overview of Microwave Heating Model of Concrete

Figure 7-1 illustrates the overview of microwave heating model of concrete which basically combines power

dissipation model, heat transfer model, and permittivity-maturity relation together.

Figure 7-1: Overview of microwave heating model of concrete
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7.3 Calibration for Input Power

As mentioned before, to simulate the microwave heating process, the value of the input field strength in the

rectangular waveguide, where the microwave source is located, must be determined for its equivalent value

in terms of the real microwave power. For example, what will be the input field strength equivalent to 100

watts of microwave heating?

To achieve this, the calibration of power in laboratory microwave cavity is simulated by the numerical

model and the temperature rise obtained from the model can be used to determine the equivalent microwave

power based on the calorimetry equation (see below).

In practice, power calibration is done by heating a 1 liter of water in the cavity for 1 minute. According to

IEC (The International Electrotechnical Commission) Publication 705 [51], the initial temperature of water

is required to be 10 + 20 C. The final temperature is then measured and used to calculate the absorbed power

which actually is the power in the microwave cavity. The related equation based on the calorimetry method

is as follows:

(Tyinal - Tinit) (7.1)P = mcp t

where P = power (watt),

m = mass (gram),

cp = specific heat (J/(Celsius g)),

Tinai = final temperature (Celsius),

Tiit = initial temperature (Celsius), and

t = heating duration (second).

Therefore, the power calibration process in laboratory microwave cavity is numerically modeled. Figure

7-2 shows the parameters concerning the cavity, the rectangular waveguide, and the loaded dielectric materials

used in the model. The related properties of the materials in the model are shown in Table 7.1.
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WR340 (1.7x3.4x25.5 inch)

LI

excitation plane Absorbing Boundary Condition\/

7K
pling openings

14 layers of material
1 Litre of 9.1 C water (79.6+18.5i) ---- > (without glass)
with Pyrex glass container (4.82+0.026i) (14A)

- Pyroceram (5.63+0.015i) delta = 0.1 inch =A
(used as a turntable) delta = 0.1 inch = A

deltat = 3.4014e-12 sec = At

Main cavity (15.5x16.8x12.6 inch)

Figure 7-2: Laboratory microwave cavity with loaded dielectric materials used in numerical model to calibrate
input power

7.3.1 Result

In this investigation, a load of 9.1*C water is modeled first to approximate the equivalent microwave power.

From the plot of total dissipated power versus time step obtained from the power dissipation model as shown

in Figure 7-3, it is clear that the steady state dissipated power used in this calibration process can be obtained

after 6,000th time step. The time increment in power dissipation model is 3.4014 picosecond while that in

heat transfer model is 1 second.

Since only one minute of heating which is such a short time is performed in the calibration, it is therefore

valid to assume that the change in relative permittivity and related thermal properties which can affect the

dissipated power is so minimal that there will be no need to obtain a new steady state dissipated power.

Thus, the thermal properties of 9.10 C water are kept constant throughout the numerical computation.

By varying the input field strengths in the numerical model, several average temperature rises inside the

material are obtained and used to compute microwave input powers. As a result, Figure 7-4 shows a plot

of input field strength versus microwave input power. It is noted that the heat transfer coefficient and the
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Table 7.1: Properties of several materials used in the numerical model

-.. 9.1C water

21.4C water

S.......20C concrete

o o o 0 0 0 0 0C 0 0 0 0

o o o 00 o oN co o 0 o
T-4I rA N Mm st V %

Time step

Figure 7-3: Plots of total dissipated power versus time step for 9.1 0 C water, 21.4 0 C water and 20 0C concrete
due to microwave heating(1 time step = 3.4014x10- 12 second and input field strength = 1 ampere/m)

Property Pyrex Pyroceram 9.10 C water 21.4 0 C water 20 0 C concrete

(282.25 K) (294.55 K) (293.15 K)

dielectric constant 5.63 16.8
(3 GHz)[9] (2.45 GHz) (2.45 GHz)

loss factor 0.015 4.7
(3 GHz)[9] (2.45 GHz) (2.45 GHz)

density
(kg(m)) 2230 2610 997 997 2450

(kg/(m))

specific heat
750 963 4184 4184 880

(joule/(kg K))

thermal conductivity 1.2 3.64 0.58 0.60 1.4
(watt/(m *C))
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CHAPTER 7. MICROWAVE HEATING MODEL

temperature of the surrounding air used in this model are 25 watt/(m2 K) and 200C, respectively.

Figures 7-5 and 7-6 illustrate the dissipated power and temperature profiles of several layers of 9.1 0 C water

after 1 minute of heating with input field strength of 6.5 ampere/m equivalent to 412 watts. As expected,

the dissipated powers of the elements at the boundary and at the top layer of material are high because

those elements are exposed to the microwave more than those in the interior region. For similar reason, their

temperatures are high as well.
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Figure 7-4: Plot of microwave power versus input field strength
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7.3.2 Verification

Once each input field strength is determined for its equivalent microwave input power, 1 liter of 21.4 0 C water

is used as an example to verify the input field strength experimentally and numerically. From experiment,

21.4 0C water is heated with 412 watts for 1 minute and its measured temperature rise is 5.20 C. To compare,

the average temperature rise of the same water in the numerical model is 5.10 C.

Therefore, the microwave heating model is ready to be used with any materials with known properties.

In the next section, several simulations of microwave curing of concrete are done numerically and compared

with the experiments.

7.4 Simulation of Microwave Curing of Concrete

Since the microwave heating model is verified and its equivalent input field strength is determined, simulation

of microwave curing of concrete is proceeded and verified with experiments. In this section, a liter of 0.50

w/c fresh concrete in cylindrical Pyrex container is cured in laboratory microwave cavity under several

combinations of power levels and heating duration. The numerically computed temperatures in the center of

concrete are then compared to those measured during microwave curing. In addition, some examples of plots

of temperature and steady state dissipated power distribution are included.

It is important to note that in the following simulations, the material properties (such as specific heat of

concrete) will not be updated after some initial heating period because of lack of available related properties

at elevated temperatures.

7.4.1 Heating with 412 watts

Figure 7-7 shows the comparison between the temperatures in the center of concrete in cylindrical Pyrex

container obtained from numerical model with those obtained from experiment. It is clear that the results

within the first two minutes agree quite well.
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Figure 7-5: Dissipated power profiles of several layers of 9.10 C water after 1 minute of heating with input
field strength of 6.5 ampere/m equivalent to 412 watts (with convection and power on z-axis in watt)

Top layer (#14)

Layer 5
Bottom layer (#)
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Figure 7-6: Temperature profiles of several layers of 9.1 0 C water after 1 minute of heating with input field
strength of 6.5 ampere/m equivalent to 412 watts (with convection and temperature on z-axis in Kelvin)

Top layer (#14) Layer #10

Layer #5 Bottom layer(#1)
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Figure 7-7: Comparison of experimental and numerical results of temperature values at center of concrete
under 412 watts microwave heating

7.4.2 Heating with 200 watts

For heating with 200 watts, the results in Figure 7-8 show that during the first three and a half minutes, there

is good agreement between the temperatures in the center of concrete obtained from simulation and those

obtained from experiment. Since the thermal properties of concrete are not updated after temperature is

increased (i.e., after three and a half minutes of heating), the numerically computed temperatures are greater

than the measured temperatures.

Figures 7-9 and 7-10 illustrate the dissipated power and temperature profiles of several layers of 22 0C

concrete after 3 minutes of heating with input field strength of 4.3 ampere/m equivalent to 200 watts. As

shown before, the dissipated powers and temperatures of the elements at the boundary and at the top layer

of material are high.
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Figure 7-8: Comparison of experimental and numerical results of temperature values at center of concrete
under 200 watts microwave heating

7.4.3 Heating with 75 watts

Again, during the first twelve minutes of heating with 75 watts, there is very good agreement between the

computed temperatures in the center of concrete and the measured temperatures but after that, the former

are higher than the latter due to lack of the updating step of thermal properties of heated concrete in the

computational method (see Figure 7-11).

7.4.4 Discussion

According to the results from heating concrete with 200 and 75 watts, it is noticed that there is good agreement

between the computed temperatures from the model and the experimentally measured temperatures only in

the initial period of heating.

The discrepancy between computed and experimental results cannot be explained by the change in per-

mittivity of concrete (with use of the permittivity-maturity relation) because the calculated change in maturity

during the experiments is not sufficient to cause significant changes. The discrepancy is probably due to lack
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Figure 7-9: Dissipated power profiles of several layers of 220 C concrete after 3 minutes of heating with input
field strength of 4.3 ampere/m equivalent to 200 watts (with convection and power on z-axis in watt)
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Figure 7-10: Temperature profiles of several layers of 22 0 C concrete after 3 minutes of heating with input
field strength of 4.3 ampere/m equivalent to 200 watts (with convection and temperature on z-axis in Kelvin)

Top layer (# 14) Layer #10

Layer #5 Bottom layer (#1)
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Figure 7-11: Comparison of experimental and numerical results of temperature values at center of concrete
under 75 watts microwave heating

of the updating step of thermal properties of heated concrete in the computational method, particularly the

specific heat.

It is generally known that specific heat of concrete can increase significantly if its temperature is elevated

(see Table 7.2), rapid change in temperature due to microwave heating would lead to an increase in specific

heat. Referring to heat diffusion difference-equation, if specific heat is increased, the rate of temperature rise

will be reduced; therefore, the computed temperatures from numerical model will tend to agree well with

the measured temperatures from experiment once the new specific heat is reassigned to each element after

the proper initial heating period. And since there is no published data of specific heat of concrete at high

temperatures, no attempt has been made to check for this argument.

7.5 Conclusion

To summarize, the microwave heating model can be used to successfully simulate microwave heating process

of any material if its related properties are known and provided. In this chapter, water and concrete are used
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Table 7.2: Specific heats of pastes and concretes [adapted from Mindess et al., 1981]

as examples to illustrate the validity of the model. However, to improve the microwave curing process for

concrete, its thermal properties such as specific heat should be provided at various temperatures.

Material w/c ratio Temperature Specific heat

(OC) (joule/(kg OC))

Paste 0.25 21 1140
0.25 65 1680
0.60 21 1600
0.60 65 2460

Concrete - - 800-1200
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Chapter 8

Conclusion and Future Work

8.1 Research Summary

In this work, we investigate the determination of optimization for microwave curing process of concrete,

the freeze-thaw durability of microwave-cured air-entrained concrete, the approximation of permittivity of

microwave-cured concrete, and the numerical model for microwave curing process of concrete.

The temperature control of the heated specimen is carried out with a feedback loop to obtain the most

favorable temperature for cement to hydrate rapidly under microwave curing so that the early strength gain

is high and the later strength gain is not impaired much. Optimal process with high energy efficiencies can

then be obtained. Furthermore, we use superplasticizer and low w/c ratio to obtain higher early strength.

Microwave-cured concrete with air-entraining admixture is also tested for strength development.

After the completeness of the study on strength development of microwave-cured concrete, test on its

freeze-thaw resistance is carried out to make sure that microwave curing can be applied to concrete exposed

to frost attack (e.g. concrete for pavement repair).

The concept of maturity used widely in concrete construction is applied to approximate the permittivity of

concrete during microwave curing process. Then the complete model of microwave curing process of concrete,

including microwave power dissipation model, heat transfer model, and permittivity-maturity relation, is
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developed and verified with experiments.

8.2 Conclusion

The conclusions of this research are as follows:

1. Microwave curing technique exhibits high strength development at both early and later stages at op-

timized process. Early compressive strength at 4.5 hours can be as high as 5,129 psi while its 7-day

strength of 8,259 psi is comparable to that of normal-cured concrete with 8,322 psi. High early strength

is also obtained for splitting tension except that the later strength of microwave-cured concrete is about

12% less than that of normal-cured concrete.

2. Process with discrete power levels simulates the optimal process with continuous power levels well,

showing the possibility of using low cost microwave applicators in practical applications. Moreover,

when discrete power is applied without using the temperature probe, the discrete power process gives

better results than the continuous power process.

3. It is recommended to apply a relatively high heating power at the beginning of microwave curing

process and low heating power at the end so that free water can be removed as much as possible

without destructing the structure of the hardening concrete.

4. Based on the results of strength and freeze-thaw durability, concrete with a lower w/c ratio responds

to microwave curing well.

5. The microwave-cured air-entrained concrete need an adequate air-void system, similar to the normal-

cured concrete. For high w/c air-entrained concrete, microwave can cause small air voids to coalesce

and become larger during the initial stage of microwave curing, resulting in bigger voids and larger

spacing factor, which can be detrimental to the frost resistance. On the other hand, for microwave-

cured low w/c air-entrained concrete, the reduced freezable water, increased air content, and increased

formation of cracks and voids help resisting frost attack.
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6. The complex permittivity-maturity relation of concrete cured under different temperature histories

can be roughly established with the use of maturity concept, although different maturity relation are

required for different temperature ranges.

7. The discrepancy between computed and experimental results cannot be explained by the change in

permittivity of concrete (with use of the permittivity-maturity relation) because the calculated change

in maturity during the experiments is not sufficient to cause significant changes. The discrepancy is

probably due to lack of the updating step of thermal properties of heated concrete in the computational

method, particularly the specific heat.

8. The numerical model of microwave curing of concrete is shown to be promising if the related thermal

properties of concrete such as specific heat at higher temperatures are provided.

8.3 Recommendations for Future Work

Several recommendations for future work include the followings:

* Reduce the computational effort in the microwave heating model by assigning the initial field values so

that the steady state is reached faster. The initial field values can be obtained by initially simulating

the microwave heating in the empty cavity up to a certain time step. The values at several locations

are saved to be used as initial field values. It is noticed that it is not practical to save all the field

values so interpolation will be used to assign initial field values to every element in the case with the

dielectric material.

* Determine the related thermal properties of concrete at various temperatures to fully complete the

numerical modeling of microwave curing of concrete.

* Determine optimal processes for larger-size specimens using the developed numerical model and the

experimental results from small-size specimens.
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* Include the effects of mode stirrer and turntable in microwave heating model to completely simulate a

realistic microwave cavity.

* Design low-cost microwave applicators for concrete pavement repairs and precast concrete fabrication

after completeness of the numerical modeling of microwave curing of concrete.
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