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Measurement and Monitoring of Microwave
Reflection and Transmission Properties of
Cement-Based Specimens

Sergey N. KharkovskyMember, IEEE Mehmet F. Akay Student Member, IEEE
Ugur C. HasarStudent Member, IEEERNd Cengiz D. Atis

Abstract—The results of measurement and monitoring of termination of their quality. Moreover, knowledge of the di-
reflection and transmission properties of cement-based specimenselectric properties of cement-based materials is needed in prop-
(blocks of mortar, concrete) obtained by using a simple and g4ation-related research, for example, microwave propagation
an inexpensive measurement system at microwave frequencies . : : R
(X-band) are presented. Dependencies of the reflection and trans- modeling FO _deve|0p indoor W'fe"?ss communlcgtlo_n systems
mission coefficients on water-to-cementf/c) ratio, preparing [2], [3]- This is because the reflection and transmission charac-
and curing conditions of the specimens are demonstrated. It teristics of buildings, walls, etc., are governed by these dielectric
is shown that the amplitudes of reflection and transmission properties.
coefficients, together with thickness of the specimens, determine It is known that dielectric properties of cement-based ma-

the complex dielectric permittivity of the hardened cement-based terials ch during thei ice ti During the chemical
specimens. The expected applications of the results for the erials change auring their service ime. buring the chemica

determination of physical properties of cement-based materials réaction between water and cement (hydration process), their
are discussed. The causes and effects of measurement errors andnolecules chemically combine into a binder, transforming the

uncertainties are also discussed. initial free water into bound water; consequently, dielectric
Index Terms—Cement-based materials, concrete, curing, dielec- Properties of the material change. Recent investigations [4],
tric permittivity, free-space method, hydration, microwave mea- [5] have demonstrated the capability of microwaves to detect
surements, mortar, reflection and transmission coefficientsw/c  the state and degree of the hydration process in cement-based
ratio. materials. A strong correlation between the magnitude of the
reflection coefficient of microwave signals and thec ratio
l. INTRODUCTION of cement-based materials was shown by using a near-field
microwave inspection technique. Although the results are

EMENT-BASED materials (cement paste, mortar, CO"Eromising, only reflection properties of smooth plane surfaces

crete) are W'dely used n the constructlon mdu;try. KNOWs the specimen can be investigated by this contacting method.
edge of the physical properties of such materials is important gésides, it cannot provide measurement of reflection and

determination of the|rqual!ty. For_example, one O.f the mOSt'r@fansmission properties of such materials for propagation-re-
portant parameters associated with concrete is its COMPressiNe 4 osearch. By means of the free-space method [7]-[9], the
strength, which is significantly influenced by the/c ratio of '

reflection and transmission properties of the specimens can
concrete.

X . . be investigated. In the general case, real and imaginary parts
M_lcrowave nondest_ruct_lve tEChmql.JeS have shown great RA-their dielectric permittivity,e” and &, can be determined
tential for the determination of physical properties and wat g, the measurements of either reflection coefficient,or

content of different ma_terials [1]. Mic_rowave techniques Al ansmission coefficient;, or both. Reflection measurements
als_o capable of evaluating fche prope_rt|es of cement-based f& convenient in some instances because the sensor can be
terials [2]-[6]. Results of this evaluation are useful for the d‘:f)'laced on one side of the material. Transmission measurements

have the advantage of providing more information on the
Manuscript received May 29, 2001; revised September 5, 2002. This wanhole volume, because the wave propagates through all the
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#} From (4)—(6), it is seen that the amplitudes of reflection and
E; transmission coefficients are functions of complex permittivity,
— which is a function of water content, density, etc|-f and¢|
SAMPLE _E.t__> determine the complex permittivity uniquely, then they can be
E, used in order to evaluate physical properties of the specimens.
%— It is possible to show this by using numerical methods, for ex-
P ul ample, the graphical method and/or the root-finding methods.

For given measured values of the amplitudes of the reflection
and transmission coefficient®(@nd’), we can obtain the con-
stant value lines of the reflection and transmission coefficients

The paper is organized as follows: In Section I, theoretic§KPressed bg’z andC'T' [9]. The necessary and sufficient con-

foundations of the problem are analyzed. A description gjtion for determining the permittivity from them is that there is

the measurement set-up used and specimens is given in $&.One Cross point between the lin€g andC'T'. In Fig. 2,
tion Il. In Section IV, results of the daily measurements of thif1® linesCE and CT" with several different measured values
amplitudes of the reflection and transmission coefficients aiffj /2 @nd7’ for a lossy dielectric are shown. In the calculation,
calculations of complex permittivity for the specimens with difthe frequency is® = 10.38 GHz, arl1,d the sample thickness is
ferentw /c ratios and curing conditions are presented. Finall, = 150 mm. The ranges of, ande; are chosen according to

in Section V, results, measurement errors, and uncertainties g4l-known results of measurement of dielectric properties of
discussed. cement-based materials [6]. The graphical method is very clear

and useful for the primary evaluation of the dielectric properties

of lossy samples.

] o ] To find the permittivity by using any root-finding method, in
A typical situation in the measurement of the reflection andh ang (5) should be solved simultaneously. In order to simplify

transmission properties of slab specimens using the free-spagesolution of the equations, lo, = a— jb. The expressions

Fig. 1. Reflection/transmission measurement configuration.

Il. THEORETICAL FOUNDATIONS

technique is shown in Fig. 1.~ ~ for reflection and transmission coefficients then become
The wave travels from the radiating antenna to the receiving
antenna through the two media of the air and specimen. Reflec- 1 - (a— jb) A(a — jb)e=i®

(1)

tion occurs at the interfaces of the air—specimen |, and multiple r=r
reflections occur between each side of the specimen. The re-

flection coefficient at | is denoted by, . In this case, the total 4ng the amplitudes of reflection and transmission coefficients
reflection and transmission coefficients are given by [10]  can be written as

T (1 — e_j2®)

ST TH@-g) T Tra- 0y

= SET 1) ] = A —a)Z 102 .
(1= 2 )ei® (1+a)*+92
L= @ and . T
12 |t|:4 a? 4+ b%e " . ©)
where (14 a)?+ b2
O = kov/er d, k, = i—? e, = el —jel!. (3) From(8)and (9), we get the final equation as

Here, e, is the relative permittivity of the specimen, ang is 2a(1 — |r]*) — (1 - [r[2)2
the wavelength in free space. The specimen is nonmagnetic (i.e.,
the relative magnetic permeability is equal to one). { L d \/2a(1 + |r|?)

For lossy materials, the expressions faand¢ can be sim- ~ ~®*P (1=[r]?)
plified. We assume that the attenuation of the wave inside the
specimen is large enough that the multiple reflections betwegp; depends only oa.

the two surfaces of the specimen can be neglected. T+amd Equation (10) can be solved to find the valueadfy means

— (1 4 a?) }— tla=0 (10)

t are written as of an appropriate root-finding method, for example, the interval-
-/ halving method [11]. The real and imaginary parts of the permit-
NGS
=T = m 4 tivity are then calculated by using the following simple formulas
b=(1—rip)e™®. ®) e =a®> 0> and &’ = 2ab. (11)

In experimental techniques, the amplitudes of reflection and i _
transmission coefficients| and|t|are measured in decibels de!t can be seen from Fig. 2 and the (8)~(11) that the amplitudes of
fined as reflection and transmission coefficients together with the thick-

ness of the specimen uniquely determine the complex dielectric
T = —20log |t], R = —20log]|r|. (6) permittivity of cement-based specimens.
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Fig. 2. Constant value lines for the measured amplitudes of the reflection and transmission coeffictleR)C' 7.

I1l. M EASUREMENT SETUP AND SPECIMENS

0SC [— Coupler

>__

The schematic diagram of the measurement setup is shown ,X /\

in Fig. 3. A microwave oscillator (OSC) modulated by a 1-kHz
signal feeds the system. The output power of the oscillator is not 2
greater than 10 mW at frequencies of the X-band (8—-12 GHz). [ Antennas |
The specimen is placed between two horn antennas. The dis-
tance between the two antennas is adjusted according to the fol-

lowing facts: 1) the maximum amount of wave should be re- DC volt meTt.er
ceived by the receiving antenna when there is no sample be- meter dB

tween the antennas; 2) the minimum amount of wave should be
scattered by the edges of the specimen.

A simple reflectometer built from discrete components (a df9- 3. Schematic diagram of the measurement setup.
rectional coupler, a square-law detector and a dc voltmeter) is
used to determine the amplitude of the reflection coefficiemhinum plate whose absolute reflection coefficient is considered
The directional coupler has directivity greater than 40 dB. The be one.
square-law detector output is proportionalit{f. The constant  In the receiver side, the microwave signal modulated by
of proportionality is found by using a reflection from an aluthe 1-kHz signal is fed to a square-law detector and then to
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TABLE | N3 TOP
MASS PERCENTAGES OFRAW MATERIALS FOR THECEMENT-BASED SPECIMENS ’
N.4 LEFT-SIDE
Water Cement Sand Gravel Water/Cement SURFACE
ol 13.79 34.48 51.73 - 0.4 ¢
g \
= | nm| 2187 31.25 46.88 - 0.7
2 I 6.78 16.95 25.42 50.85 0.4 N.2 RIGHT-SIDE
g SURFACE
Slum| 1129 16.13 24.19 48.39 0.7
a T-meter. TheT-meter is a custom device with a precision
attenuator, an amplifier and an indicator. It is used to measu
the amplitude of the transmission coeffici€fitin dB. The
N:LL N.1 BOTTOM

reference level of this measurement is determined for a cacl
when there is no specimen between antennas. Fig. 4. Cement-based specimen.
Several cubic mortar and concrete specimens with different

w/c ratios were produced. They have dimensions of £5I60 e first several days of hydration. After several days, the mea-
x 150 mn?. The raw materials of the specimens are shown §req values df | for loweruw /c ratio specimens are higher than
the Table |. those for highetv/c ratios. This is a result of the evaporation of

The cement is Portland cement; 100% of the sand mass cg@e water from the cement-based specimen and the hydration
sists of particles less than 4 mm in diameter and 100% of graY)%cess occurring inside it.
consists of particles more than 4 mm in diameter. Coarse agarez) The speed of the hydration process is different for different
gates have a maximum size of 16 mm. The aggregates usedsiigs of the cubic specimen and depends paratio and curing
natural ones obtained from the river, and they are round shapgghditions.

The cement-based specimen used for the measurements 33 The differences between measured valuep-/ofor dif-
shown in Fig. 4. The side surfaces are labeled as N.2 and Nafent sides of the specimen for lowey c ratio specimens are
according to their positions during the fabrication of the spegsss than those for higher/c ratios. These differences decrease
imen, whereas the bottom and top surfaces are labeled as &{j;mg curing for all ratios and depend on the conditions in
and N.3, respectively. which the specimen is left to cure.

It should be noted that after 25 days, reflection coefficients
are approximately stable and depend on only:ilie ratio.

The transmission coefficients are very low for fresh cement-

Measurements of specimen reflection properties from d#hsed specimens. They change during the long time of the speci-
sides with different conditions were conducted daily during theens’ service lives. The results of the measurement of transmis-
28-day curing period at several frequencies of the X-band (8—3idn properties for two mortar specimens during their service
GHz). For example, Fig. 5 shows the results of the daily mefives between the 3rd and 6th months are shown in Fig. 7. In
surements ofr| at 10.380 GHz for two mortar specimens withthis case, the specimen is located so that the wave incidents on
differentw/cratios (Il—w/c = 0.4, l—w/c = 0.7). Curves .1 one side surface and goes out through the other side surface. It
and 11.1 correspond to sides with “wet” curing conditions, anghould be noted that there is not a marked dependen¢yowf
curves 1.2 and 1.2 with “dry” curing conditions. “Dry” curing the orientation of the specimen. The measuré¢ds about con-
conditions correspond to the case where the measured sidstaht for each specimen] = 0.5 (R = 6.02dB) forw/c = 0.4
the cement specimen is left unshielded when the measuremam |»| = 0.46 (R = 6.74 dB) for w/c = 0.7.
process is not carried out. In this case, fast evaporation take# can be seen from Fig. 7 and (6) that the transmission co-
place. For “wet” curing conditions, the measured side of thefficient |¢| of the specimens increases with time, indicating a
specimen is enclosed when the measurement process is d&iccation of water from the whole specimen as an effect of
carried out. Therefore, “wet” curing conditions prevent the fagiging. However, a higher transmission coefficient corresponds
evaporation of water inside the cement-based specimen.  to a higherw/c ratio. This indicates the existing differences be-

Fig. 6 shows similar measurement results for “dry” curingveen structures or densities inside the specimens with different
conditions and different surfaces of the specimens. Curves #:3¢ ratios. The main reason can be porosity inside the speci-
and 11.3 correspond to the reflection properties from the top sunens. It is well known that the higher porosity corresponds to
face, whereas curves 1.4 and 1.4 correspond to the reflectinigherw/c ratio [12].
properties of the side surface of the specimens. Differences beThus, the temporal dependenciegrdfand T show that after
tween the curves are due to the different preparing conditionabout 25 days, the porosity for highet/c ratio specimens is

The main reflection measurement results are the followinghigher than that for lowew /¢ ratio specimens.

1) The values ofr| in the first days of hydration are higher The common features of measuietiand7” for mortar and
for higherw/c ratio specimens. They rapidly decrease duringoncrete specimens are the same.

IV. RESULTS
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Fig. 5. Amplitude of the reflection coefficiert;|, of the two mortar specimens with differemt ¢ ratios over time for (a) “wet” and (b) “dry” curing conditions.

Fig. 8 shows the results of the numerical calculation of the petaily measurements df-| and |¢| can be used to determine
mittivity from (8)—(11) and measured valuegofandl'. Itcanbe the w/c ratio at almost all stages. For this purpose, a simple
seen that the values of ande!/ are in the ranges of well-known reflectometer provides monitoring of the cement-based spec-
data for cement-based materials obtained from measuremeriteén properties at the early stages of the hydration process,
the complexreflection coefficientusingavector network analyzexcluding three to six days because of the crossover of temporal
[6]. The relative values of the permittivity of the specimens withurves of|r| for differentw/c ratios.

differentw /c ratios and temporal dependencies'@nds" con-  The reflection measurements show differences among the
firmthe transmission/reflection measurementresults. The highggies of the specimen due to different curing conditions. It

value of the imaginary part of the permittivity corresponds to th§emonstrates the sensitivity of these measurements. However,
higherw /c ratio because the imaginary part mainly determingsis necessary to take into account that reflection measurements

constant for each specimen, and the higher value of this consta

corresponds to the lower/c ratio because the real part mainlyt
depends on the reflection coefficient.

%n the other hand, the transmission measurements indicate
he existence of differences between structures inside the speci-
mens with different initiakv /¢ ratios. They show opportunities

to indicate the initiakv/c ratio and variations of the specimens

V. DiscussION due to the effects of aging.

It is shown that the temporal characteristic |of and |r| Thus, the measurement results are promising, but their re-
depends on thevw/c ratio of the specimen. Because of thisliability depends on total measurement uncertainty and error.
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Fig. 6. Amplitude of the reflection coefficien;|, of the two mortar specimens with differemt/c ratios over time for dry curing conditions (a) top surface (b)
side surface.

Therefore, it is necessary to evaluate the influence of the meaThe coefficients in (1) account only for specular reflection,
surement uncertainties. which occurs for smooth surfaces. When the surface is rough,
The reflection and transmission measurements are both iafipinging energy will be scattered in angles other than the
fected by multiple reflections inside the specimen, multiple rspecular angle of reflection, thereby reducing energy in the
flections between the specimen and the antennas and betwsgecularly reflected and transmitted components. The specimens
the antennas through the specimen, and by surface roughnesaudt have surface protuberances with height which is less than
the specimen. critical heighth,. = A,/8 defined according to the Rayleigh
The multiple reflections between the two surfaces of thaiterion for a smooth surface [3]. The height of a given
specimen can be neglected if the specimen thickness fulfitteugh surface is defined as the minimum to maximum surface
the 10-dB attenuation criterion. As can be seen from measupgdtuberance. In practice, cement-based specimens are smooth
transmission coefficients (15—-32 dB) and reflection coefficieng the X-band.
(67 dB), the thickness of 150 mm provides avoidance of theThe accuracy of the transmission measurements also depends
multiple reflections inside the measured specimens. on measurement errors and geometrical uncertainties (thickness
The effects of multiple reflections between the specimen anéithe specimen, distance between antennas, etc.). For the trans-
the antennas and between the antennas through the specimission measurements the sources of error are partly deviations
are reduced by selecting the best conditions for matching of thhem the square-law characteristics of a crystal diode and partly
various components of the measuring system. errors in thel'-meter calibration. In a crystal diode, the devia-
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tion from the square-law is very small at low voltages. The metiiis easy to show from (5) that a thicker specimen is preferred
scale error is less thah0.1 dB per step with a maximum cumu-in order to minimize its measurement uncertainty. However, the
lative error 0f+0.2 dB between any two 10 dB steps. In additiorspecimen thickness should be optimized so that the microwave
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signal is able to penetrate the whole specimen. Hence, there eads on the real part of the permittivity, while the transmission
compromise between minimizing the uncertainty due to the ineefficient is mainly determined by the imaginary part of the
crease of thickness and increasing the measurement uncertgietynittivity.

due to the decrease of measured signal level.

Itshould be noted thatfurther investigations mustbe performed

The main causes of error of the reflection measurements us#was to optimize the technique by operating at optimal parameters
adirectional coupler can be the finite directivity of the directionab minimize measurement errors. The effect of environment and
coupler and variations in the placement of the reference platiee possibility of transmission measurements at the early stages
Evaluation shows that the influence of the finite directivity canf the hydration process should also be investigated.
be negligible in the case of cement-based material characterizah spite of well-known limitations of this measurement tech-

tion if the directivity of the coupler is greater than 40 dB.

nique, it can be used for quality control of cement-based struc-

The small value of variations of the reference plate placemetfufes in the construction industry. Besides, it can give useful
especially angular variations, can change its reflection propeijormation for propagation-related research, for example, mi-
significantly. This value is operator dependent and with the agrowave propagation modeling to develop the indoor wireless
propriate arranging and measurement technique, this measgmmmunication system.

ment cause can be reduced considerably.

Although an adequate calibration procedure has been con-
ducted, the reflection measurement precision cannot be com-
pared to that of a network analyzer. However, the cure-state pre[—1]
diction and earlyw/c ratio determination can be based on the [2]
temporal behavior off| (i.e., derivative ofr| versus time), and
any minute constant offset error term that is not corrected by[3]
the calibration will be nullified, when taking the derivative of
the measurements of| versus time [4]. Also, if more measure-
ment points are taken in the early stages of curing, the contribuI4
tion of any erroneous measurement resulting from an operator
error will be minimized.

Accuracies of determinations of the dielectric properties of 5;
cement-based materials from microwave measurements are
based upon the accuracy with which the amplitudes of the
reflection and transmission coefficients and the thickness of thele]
specimen can be measured.

The analysis shows that the method used is reliable for mon{’]
itoring with time and for measurements of the reflection and
transmission properties of cement-based specimens. It can be
used for the hydration state prediction and the evaluation off8l
physical properties{/c, compressive strength) of the cement-
based specimens. This technique is suitable for the analysis of
the problem at hand. [9]

[10]

VI. CONCLUSION [11]

The reflection and transmission properties of cement-base[clzl2
specimens at the X-band have been investigated. The measure-
ments indicated that a simple and inexpensive measurement
setup provides monitoring of the cement-based specimen prop-
erties at almost all stages of their service lives. The reflection
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