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Abstract: This paper presents the results of microwave and mechanical measurements of engineered
cementitious composites (ECCs) using a nondestructive microwave near-field detecting technique.
The objective of this research is to investigate the correlations between effective conductance and
compressive strength of ECCs at various curing ages under the influence of different initial water
contents. Parallel measurements and regression analysis on compressive strength and microwave
conductance were undertaken. It is shown that the strength evolution of ECCs can be accurately
modeled and predicted by using microwave conductance at the early ages using bi-exponential
functions. Compressive strength grows as a function of decreasing effective conductance, whereas
the regression coefficients of the correlation models have a linear variation with water-to-binder
ratios. These findings have highlighted the effectiveness of the microwave technique in detecting the
variation of liquid phase morphology and pore structure.

Keywords: engineered cementitious composite; strength prediction; microwave technique; electrical
conductance; structural health monitoring; water-to-binder ratio

1. Introduction

Determining the compressive strengths at different curing ages of ordinary concrete in situ is of
primary importance for ensuring safety in construction. The compressive strength estimated on the 28th
day has been widely used as a vital indication of the strength development of cementitious materials
in industry [1]. Over the past few decades, nondestructive detecting and monitoring techniques
have become popular in structure health monitoring (SHM) and evaluations as they offer many
advantages over the conventional destructive techniques. As the microstructures of cement-based
materials (CBMs), like pores and hydration compounds, govern their macroscale mechanical behavior,
great efforts and various techniques have been employed to study and evaluate the process and
the mechanism of microstructure during hydration in order to establish the strength prediction.
Conventional thermal-based monitoring of heat generation leading to temperature increases during
the hydration process was used in bridge and dam construction [2], whereas the compressive strength
of CBMs in relation to the reflection loss of ultrasonic waves was investigated in [3]. An ultrasound
technique was used to evaluate the compressive strength of CBM with added mineral admixtures,
where compressive strength and ultrasonic pulse velocity were measured and correlated for days 3, 7,
28 and 120 of the curing period [4]. The relationship between pulse velocity and compressive strength
was, hence, found to fall within the trend of exponential functions. A novel technique that made
use of a fuzzy logic system to correlate the early-age CBM strength with harmonic amplitudes using
smart aggregate was presented in [5]. Crack detection, hydration monitoring and energy harvesting
using similar embedded piezoelectric transducers were reported in [6–8]. Recently, good correlation
between acoustic emission energy at low frequency (25–100 kHz) and plastic strain energy of reinforced
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concrete specimens was established in [9,10]. An active acoustic method at a lower frequency of around
6 kHz was also employed [11] to monitor setting and hardening in concrete at early ages, wherein
the P-wave velocity and attenuation coefficient were used to characterize the development of calcium
silicate hydrate (C-S-H) gel inside the concrete and, hence, predict strength growth during early ages.
However, the aforementioned detecting techniques require in situ embedded sensors to be set up and
or non-real time signal post-processing. For example, they need wired sensor pair matches, sensor
locations and alignments, and so on. All of these require prior precise arrangement and calibration, and
therefore will be high-cost and time-consuming, as they were applied to large-scale CBM’s monitoring.

Conversely, simple, direct detection of intrinsic electrical properties, e.g., direct current (dc)
resistivity, of CBM during hydration was proposed [12,13]. The four-probe (Wenner method) resistivity
measurement used a simple setup, where no embedded sensors and alignment were required.
However, the simple method suffers from accuracy problems due to the contact resistance between
electrodes and CBM specimens being tested, as well as due to the possible shrinkage gap. To
combat such problems, Li et al. introduced a non-contact measurement approach to monitor the
hydration process of early-age concrete through electrical resistivity using alternative current (ac)
transformer method [14]. It was found that non-contact resistivity measurement was appropriate for
precise monitoring of CBM at very early-age period since the technique was sensitive to the ionic
concentrations and mobility in the liquid or pore solution [15]. However, the transformer-based
method has its limitations in terms of operating frequency because the accuracy of measured resistivity
is a function of frequency [16]. The actual measured value is the complex impedance rather than the
pure resistance, and thus could not truly reflect the hydration process, especially at higher frequency
beyond 30 kHz. This is attributed to the high magnetization reactance and high core loss of the
transformer at high frequencies.

In this paper, the authors propose a microwave near-field detecting approach to monitor the
development of microstructure of CBM via the change of effective conductance during early-age
hydration, where the degree of hydration relates to concrete’s temperature response [17]. Moreover,
the changes in the conductivity of hardening CBM are known to be the outcomes of microstructure
development in the hydrating CBM. The CBM can be considered as a homogenous dielectric slab with
an effective complex permittivity (εc = ε’ − jε”). Dispersion in CBM is mainly due to the presence of
liquid phase, which is actually a water solution of salts and chemical compounds sourcing from the
cement components. According to the extended Debye model of dielectric materials, the imaginary
part takes account of the energy losses due to the dielectric relaxation and the effective electrical
conductivity (σeff) of CBM, and is given by [18]

ε′′e f f (ω) =
σe f f (ω)

ω
=
σdc
ω

+
ωτ∆ε

1 +ω2τ2 , (1)

where σdc is the dc conductivity, and ∆ε = εdc − ε∞ is the difference between values of the real part
of the complex relative permittivity at very low and very high frequency, respectively, and τ is the
relaxation time in second (s) whereasω is the angular frequency in s−1.

From (1), it is known that the four-probe direct resistivity measurement method may only
account for part of bulk conductivity, namely, the dc conductivity of CBM during hydration.
Moreover, the losses due to dielectric relaxation and dipole polarization are not to be included in the
transformer non-contact measurement method because a low frequency (10 kHz) was used [14,15].
Nondestructive microwave near-field detecting techniques have remarkable applications, such as
estimating compressive strength [19] and cure-state monitoring of CBM [20,21]. The chosen microwave
frequency allows electromagnetic (EM) energy to penetrate deeper into the specimen [21,22], and
hence a near-field technique at a microwave frequency of 2 GHz was used in this study. The goal was
to measure the bulk effective conductance that accounted for all types of loss in order to monitor the
development of microstructure of CBMs under the influence of various water-to-cement ratios [21,23].
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The objectives and applications of the aforementioned studies were to make compressive strength
of CBM predictable and improve monitoring efficiency at early ages of the materials. However, these
studies were largely focused on the traditional materials like concrete, mortar, and or cement paste, with
less attention on the new type of cement composites. With the advent of ultra-ductile fiber-reinforced
composites like engineered cementitious composite (ECC) [24,25], substantial developments in
commercialization and research of ECC technologies have materialized both in the academic and
industrial communities [26–28]. ECC uses moderate amount of polyvinyl alcohol (PVA) fiber in
volume fraction of 2%, but offers tensile ductility several hundred times higher than the conventional
CBMs [25]. The present study developed two correlation models between compressive strength and
effective electrical conductance measured at early ages. The goal was to monitor the strength evolution
by means of early-age conductance and hence to predict the final compressive strength under influence
of initial water-to-binder (w/b) ratios. It is known that compressive and flexural strengths of ECC
are sensitive to initial water content at all ages. However, PVA fibers are hydrophilic material so
they absorb water and provide a strong interfacial bond with the cementitious matrix and thereby
have a favorable effect on strength development. Furthermore, commercially available PVA fiber,
in general, has unknown water absorption characteristics. Therefore, one of the objectives in this
study was to differentiate the effect of tight water contents inside PVA-ECC matrixes using effective
electrical conductance.

2. Methodologies

The nondestructive microwave near-field technique and the conventional (destructive) mechanical
compressive strength test were both employed in this study. The electrical conductance at a microwave
frequency used in this study is the normalized conductance (dimensionless) known as the effective
conductance, and it accounted for electromagnetic energy loss in cementitious material [18,21]. Initial
water content used during mixing plays a crucial role in the hydration reactions of cement binder
system. Water acts as conductive media and then, after the dielectric loss at microwave frequencies,
it combines the conductive loss effects associated with the acceleration of free ions in the interstitial
pore. Furthermore, the effective conductance is partly attributed to the dipolar loss effects associated
with molecular rotation of water, and the interstitial build-up of charges within the capillary pores.
Therefore, in this study the authors measured electrical conductance via the near-field technique,
in which decrease in conductance directly reflects reductions of water content during hydration of
ECC specimens.

The average values of measured microwave data from each measurement were curve-fitted and
modelled by means of bi-exponential regression functions. In order to evaluate the strength prediction
and strength evolution monitoring using microwave properties, the correlations between compressive
strength and microwave conductance were established via the method of curve mapping. Figure 1
shows the block diagram of the parallel processes undertaken in this study. The mix of PVA-ECC
materials and the casting of different shapes of specimens were performed on the same day, defined
as Day-0. In consecutive experimental and computational processes, electromagnetic near-field and
mechanical measurements were simultaneously performed for the same PVA-ECC materials with
different initial water-to-binder (w/b) ratios. The daily decay of conductance at early ages (first 8 days)
as well as the growing compressive strength of ECC specimens for 28 days were modelled using
exponential regression functions. These two physical properties via respective early-age (conductance)
and mature-age (strength) models were then correlated, and the ultimate goal was to predict the
compressive strength by means of effective microwave conductance.
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Figure 1. A block diagram illustrating the parallel experimental processes.

2.1. PVA-ECC Specimen Mix Design

The ECC mixes integrate general purpose cement (Type-GP cement conforms to AS3972-1997),
fine silica sand (supplied by Sibelco Australia), ASTM class-F fly ash, polyvinyl alcohol (PVA) fibers,
water, and admixture. The silica sand has a maximum size and a mean grain size of 250 µm and
122 µm, respectively. The PVA fibers are the essential admixture that allows the ECCs to exhibit
excellent ductility and strain hardening behavior. A standard PVA fiber at a volume fraction of 2% was
used in this study. This fiber fraction has been proven to offer an interfacial bond and was tailored to
satisfy the strain-hardening criteria [24]. The mechanical and physical properties of the PVA fibers
are listed in Table 1. Throughout the study, the standard mix design of PVA-ECC (ECC-M45) with a
water-to-binder (w/b) ratio of 0.255 as initiated by Li et al. [24,25] was used as the reference ECC mix,
which is designated as PE2. The binder system was defined as the total amount of raw cementitious
materials, such as cement and fly-ash. The ingredients and mix proportions of ECC mixes are given in
Table 2, where a sand-to-binder ratio (s/b) of 0.364 is used for all mixes. The use of fine sand, fiber
volume fraction, ratios of s/b and w/b was optimized to satisfy the multiple cracking criteria [25].
The chemical compositions of the raw materials, Portland cement (PC), fine sand (FS), and Class-F
fly ash (FA-F), were analyzed by using the scanning electron microscope (SEM) of JEOL JSM6510LV.
The corresponding chemical compositions are shown in Table 3. From the analysis one can see that the
ECC mixtures have a higher amount and finer particle size of chemical constituent of silica (SiO2) than
common concrete mixes.

Table 1. Mechanical and physical properties of polyvinyl alcohol (PVA) fiber.

Fiber Diameter
(µm)

Length
(mm)

Tensile Strength
(MPa)

Flexural
Strength (GPa)

Specific
Gravity Shape Color

PVA 38 8 1600 40 1.3 straight white

Table 2. Mix normalized proportions by weight of PVA-ECC specimens.

Specimen Cement Fly Ash Sand Water w/b s/b HRWR PVA (% Vol)

PE1 1 1.2 0.8 0.440 0.200 0.364 0.028 2
PE2(ECC-M45) 1 1.2 0.8 0.560 0.255 0.364 0.022 2

PE3 1 1.2 0.8 0.660 0.300 0.364 0.012 2
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Table 3. Chemical composition by weight of Portland cement (PC), fine sand (FS) and fly ash (FA-F).

Constituent PC FS FA-F

CaO 58.1 - -
SiO2 24.7 95.6 76.3

Al2O3 6.4 1.9 20.2
SO3 3.5 0.3 -

MgO 2.4 - -
FeO 2.2 0.3 0.4
TiO2 - 0.9 0.9
K2O 0.5 - 0.4
LOI 2.2 1.0 1.8
Total 100 100 100

In order to investigate the effect of slight variations in w/b ratio, reference PVA-ECC materials
with decreases (w/b = 0.20) and increased (w/b = 0.30) initial water content were included in the
experimental program. The corresponding ECC materials are denoted as PE1 and PE3, respectively,
as displayed in Table 2. Except the use of high range water reducer (HRWR) admixture, all other
proportions with respect to cement remained constant for all ECC specimens. Owing to the water
demand from PVA fibers, which affected the rheological properties to a different degree from batch to
batch, appropriate amounts of HRWR admixture were empirically added into the mixes. Moreover,
with the aim of improving fiber distribution and, hence, obtaining better mechanical properties of
ECC, a new mixing sequence [29] was used in this study. In order to obtain good plastic viscosity for
the ECC mixture, a 40 L Hobart planar mixer was used throughout the experiment program.

2.2. Microwave Near-Field Detecting Technique

2.2.1. Preparation of ECC Specimens for Microwave Measurement

For the purpose of obtaining conformity measurement, three ECC (PE1, PE2 and PE3) cubes with
200 mm sides were cast and prepared for daily measurement. The purpose of choosing a relatively
large cube size was to make an approximate infinite half space as seen by the open-ended rectangular
waveguide (RWG) probe at R-band frequencies. After casting, the cubic specimens were moved inside
a laboratory for natural air curing for about 24 h and then demolded. The laboratory has an automatic
climate control to maintain a temperature of 24 ± 2 ◦C and a humidity of 50% ± 5%.

2.2.2. Microwave Measurement Setup

The schematic of the measurement setup is illustrated in Figure 2; an Agilent N5225A performance
network analyzer (PNA) capable of generating continuous wave signals from 100 MHz to 50 GHz was
used. The monitoring of electrical properties of ECC specimens was undertaken by using an R-band
RWG probe (WR-430) that has an aperture size of 4.30 inches (109.22 mm) × 2.15 inches (54.61 mm).
The RWG probe was connected to a single port of PNA that supplied a constant output power of
−5 dBm via a flexible microwave cable. At the beginning of daily measurement, a calibration was
the crucial procedure in order to achieve accurate measurement results. When calibrating the system
with RWG probe, the impedance of a ‘matched load’ was used as the impedance reference. The load
impedance was matched to the waveguide characteristic impedance across the frequency bandwidth
of R-band. Normalized impedance was then attained by setting OFFSET Z0 to 1 ohm for each standard
and setting system Z0 (SET Z0) of the PNA to 1 ohm [30].
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Figure 2. Schematic of microwave measurement setup.

2.2.3. Measurement Techniques

In measurement, the authors used the near-field reflection wave approach [20,21]. The complex
reflection coefficient (Г) was obtained and computed from the PNA using signal reflected from the ECC
specimen under test. The PNA was capable of direct displaying a normalized admittance (unit-less)
from the built-in inverse Smith chart with approximate loaded waveguide probe admittance (YL).
The measured normalized admittance (yL) has a complex form as

yL(ω) =
Zo

ZL(ω)
=

YL(ω)

Yo
= g(ω) + jb(ω) (2)

where Yo = 1/Zo is the waveguide characteristics admittance in unit of Siemens; g(ω) and b(ω) are,
respectively, the normalized conductance and normalized susceptance at frequency ω, and j is an
imaginary number with a value of the square root of −1.

In this study, a direct measurement of normalized admittance (both the real and imaginary
parts) in a single step was used. The reflection coefficient with respect to the RWG aperture and the
normalized admittance have the following relationship:

Γ(ω) =
Yo −YL(ω)

Yo + YL(ω)
=

1− yL(ω)

1 + yL(ω)
(3)

Effective electrical conductance was directly related to the dielectric properties of CBMs with high
water/moisture content at early ages, and thus more suitable for measurement of early-age CBMs
during hydration [21]. Daily near-field measurement was undertaken for PE2 and PE3 specimens
from Day-1 to Day-8, whereas measurement of PE1 commenced on Day-2 due to its late casting and
hydration. For each specimen, 10 measurements were performed on non-overlapping locations of each
side surface excluding the top and bottom surface, to avoid high surface roughness. Therefore, a total
of 40 readings of normalized electrical admittance for each specimen were recorded in such a way that
the side-surfaces were rotated in turn for measurement. The average and standard deviation values of
these 40 measurements would be used to represent the daily variations of microwave properties for
each specimen. In order to obtain measurement results under consistent environmental conditions,
surface temperature and humidity of specimens were monitored during the measurement.

2.3. Mechanical Destructive Compression Test

2.3.1. Preparation of ECC Specimens for Compression Test

Compressive strength of cementitious materials is the main parameter utilized in civil structural
design processes, such as construction scheduling and formwork stripping, that call for this property,
particularly at their early ages. Following the regression modelling of compressive strength evolution,
the goal of this study is to establish correlations between electrical conductance at 2 GHz and
compressive strength of ECC matrixes having different initial water contents. To realize this, a
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number of cylindrical specimens for each specimen were cast for compression tests on Day-3, Day-7,
Day-14 and Day-28, respectively. Namely, three cylinders had a standard dimension of 100 mm in
diameter and 200 mm in height for compression test on the prescribed ages. Prior to the destructive
test, all specimens were capped with sulphur mortar in accordance with AS 1012.9 [31] in order to
ensure the cylinders had uniform bearing surfaces with minimum gaps for the contact surfaces of the
compression machine.

2.3.2. Compressive Strength Measurement

The compression tests were performed in accordance with ASTM C39 [32] for the cylindrical
specimens using a displacement control method. The axial concentric load was steadily applied to the
specimen using an INSTRON testing machine with 10 MN hydraulic load capacity. The compressive
load was transmitted through a steel bearing block that had a disc shape. The applied load with a rate
of 1 mm/min was applied until incidence of specimen failures, as shown in Figure 3. The average
value of the maximum compressive stress in MPa would be used for each specimen on each testing day.
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Figure 3. Destructive compression applied on an ECC specimen on Day-3.

3. Experimental Measurements and Results

3.1. Electrical Conductance Measurement from Early-Age ECCs

As mentioned before, the ECC specimens (PE1, PE2 and PE3) had small differences in their initial
water content, and moreover, the PVA fibers had unknown water absorption in each batch of mix.
All of these factors would lead to a challenge in distinguishing ECC specimens using conventional
resistivity measurement methods. The nondestructive microwave near-field technique is a powerful
way to detect such small differences at lower microwave frequency regimes, as illustrated in Figure 4.
It should be mentioned that the measurement of the PE1 specimen commenced on Day-2 whereas
the measurements of the other two started on Day-1. This was owing to the difficulty of modus
dismounting as the PE1 mix had the minimum water content per unit volume but needed a high
amount of HRWR in order to maintain the target workability. Figure 4a shows the detected normalized
conductance of all specimens having their values crossover (transition) [21] (see also Figure 7) on Day-3,
whereas Figure 4b shows the effective conductance in proportion with the water contents of PE1, PE2
and PE3 in order, across the R-band. It is observed that the electrical conductance decreases daily
according to a way of exponential decay although the values are hardly to be observed in frequency
domain of Figure 4. To verify this observations on the daily decay values of conductance in frequency
domain, the measured effective conductance was further expressed in temporal domain as shown in
Figure 5. The relative small values of electrical susceptance were not investigated in this study.
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Figure 4. Measured normalized conductance versus frequency: (a) on Day-3; (b) on Day-4.
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Figure 5. Measured temporal response of electrical conductance at 2 GHz.

3.2. Mechanical Compression Test Results

Like other cementitious materials, the overall picture of ECC quality is predominantly reflected
by the compressive strength. It is known that the strength evolution process, hardening with time,
depends on the chemical reaction of binder (cement plus fly-ash) with free water and hence the
development of a microstructure inside the composites. Three cylindrical specimens were prepared for
ECC with different w/b ratios for testing of compressive strength on Day-3, Day-7, Day-14 and Day-28,
respectively, using the conventional compression test method. Figure 6 shows the average values with
corresponding standard deviations of compressive strength of ECC specimens. It is observed, merely
from the measurement data, that the strength growing rate of PE2 is comparatively higher than other
counterparts. Nevertheless, the 28-day strength values show the ECC specimens have reasonable final
strength gain at a mature age. Namely, PE1 specimens having the lowest w/b result in the highest
28-day strength whereas the PE2 and PE3 specimens have their lower strengths.
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4. Mathematical Modelling of Experimental Results

4.1. Microwave Conductance Modelled by Bi-Exponential Regressions

The authors modelled the temporal responses of effective conductance shown in Figure 5, using a
bi-exponential regression function, as given by

g2(t) = A1 exp
(
− t

b

)
+ A2 exp

(
− t

c

)
, 1 ≤ t ≤ 8 (4)

where g2(t) is the regression function intended to model the reduction of conductance at 2 GHz as
shown in Figure 7, and t represents the time variable. A1, A2, b, and c are the regression coefficients.
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Figure 7. Non-linear regressions of electrical conductance at 2 GHz using bi-exponential functions.

The bi-exponential function consists of two terms characterizing the decay in conductance with
age. The first term is an approximate ramp function that imitates the steady slow decay in the later
response, namely, conductance decreases linearly from Day-4 to Day-8, whereas the second term is a
first-order exponential decay function that imitates the rapid decay of conductance in the first 3 days.
It is observed that the bi-exponential functions have excellent goodness of fits, as verified by the values
of R2, than the single time-constant exponential functions used in [20,21]. All the fitting coefficients of
(4) and goodness of fits are summarized in Table 4.

Table 4. Regression coefficients and goodness of fits for Equation (4).

2 GHz w/b A1 b A2 c R2

PE1 (g2,1) 0.200 3.535 60.96 25.44 0.6358 0.9999
PE2 (g2,2) 0.255 3.601 71.43 4.913 0.8003 0.9997
PE3 (g2,3) 0.300 3.649 72.32 4.794 0.8708 0.9993

To understand the physical meanings of the modelling functions, especially, the conductance
variations and their decaying rates against the strength development at early ages as well as the effect
of water-to-binder ratio (w/b), the step responses of the second term of regression functions were
examined, as shown in Figure 8a. It is observed that the acquired time constants of the normalized
curves (second terms) are distinguishable and varied as a function of w/b. We hence conclude that the
responses are reasonable against the initial water contents of the ECC mixes, and the time constant
(c) can be used to monitor the changes of moisture inside each specimen. As shown in Figure 8a, the
decay time constant (ci) indicates the time/age for the bulk electrical conductance of an ECC material
decreasing in value to exp(−1) or 36.8% from a step decrease. The regression coefficients A1 and c
varies linearly with increasing w/b, as shown in Figure 8b. The coefficient A1 is the initial value of the
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first term of the bi-exponential regression, which can be considered the extrapolation point of the slow
declining ramp function.
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Figure 8. (a) Comparison of time constants for step responses; (b) Regression coefficients A1 and c
(time constant) versus w/b.

4.2. Compressive Strength Modelled by using Bi-Exponential Regressions

Exponential regression methods are known to be well-suited for the fitting of growing/decaying
data with time [13,20,21]. In particular, the mean compressive strength of cement concrete at times
other than 28 days can be estimated, as long as the type of cement is known [33]. In this study, the
measured results of compressive strength of ECCs, which grow with age for 28 days, were modelled
by using the bi-exponential regression as given in (5).

fc(t) = S1 exp
(

t
d

)
+ S2 exp

(
− t

e

)
, 0 ≤ t ≤ 28 (5)

where S1 and S2 are the initial values of the two exponential terms, respectively, and d and e are the
regression coefficients. Table 5 summarizes all regression coefficients and the goodness of fit values,
whereas the regression curves are plotted against age as shown in Figure 9.

Table 5. Regression coefficients and goodness of fit for Equation (5).

ECC w/b S1 S2 d e R2

PE1 (f c1) 0.200 41.9 −41.82 143.947 3.960 0.9998
PE2 (f c2) 0.255 45.1 −44.94 534.759 3.347 0.9980
PE3 (f c3) 0.300 30.68 −30.63 72.727 2.820 0.9996
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For a better understanding the strength modelling using the bi-exponential regressions, the fitting
curves (fcs21, fcs22, fcs23) of (5) were resolved into two terms as shown in Figure 10a for comparison.
We examined the fact that the first terms are the approximate ramp functions with small slopes,
whereas the second terms are the exponential growth functions in which the strength curve has
different growing rates due to different initial water contents. Through further analysis of the unit-step
responses of the second terms of (5) as shown in Figure 10b by using the criterion of exp(−1), the
values of time constants e1, e2, and e3 are verified as the same as that given in Table 5. However, the
magnitudes of the time constants are in the reverse order of the initial water contents, i.e., e1 > e2 > e3.
Figure 11a shows the variation of time constants versus the w/b; this linear curve indicates the strength
evolution is inversely proportion to the initial water content. Namely, the higher the w/b ratio of ECC
specimen features, the faster the rate of strength evolution; however, it has a lower final strength. This
statement can be further verified using (5) by putting t = 28 days to obtain the compressive strengths
for PE1, PE2 and PE3 specimens, respectively, and compared with the measured data, as shown in
Figure 11b. Moreover, the 28-day strength of bi-exponential functions exhibits a linear decay relation
with w/b, which corroborates the results for the normal cementitious materials, e.g., [20,21]. This
decline relation is highly expected in this study of PVA-ECC specimens despite the unknown factor of
water absorption from the PVA fibers.
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4.3. Correlations between Compressive Strength and Conductance

In this section, the correlations between compressive strength and electrical conductance are
established via data mapping of (4) and (5). As the first step, effective conductance at 2 GHz is
calculated using (4) and compressive strength is obtained using (5), both through the bi-exponential
functions for the first 8 days. The compressive strength of all ECC specimens is developing while
electrical conductance decays with time as shown in Figure 12a. All (three) strength-conductance
curves (S-C curves for short) have similar trends in accordance with hydration process—reducing the
free water whilst C-S-H gels are developed inside specimens. It is observed that the S-C curves of PE1
and PE2 have alike behaviors in the conductance range of 3.1 to 3.5, whereas the S-C curves of PE2
and PE3 have close behaviors in the conductance range of 3.6 to 5. Meanwhile, the S-C curves show
that when conductance equals 3.54 both the PE1 and PE3 specimens yield a strength value of 24 MPa
while PE2 exhibits a higher strength of about 28 MPa. This observation agrees with the strength values
of ECC specimens on Day-3 as shown in Figures 6 and 9. As the second step, all ECC mixes with
similar initial w/b ratios in the range of 0.20–0.30 are considered as a global set of S-C data from Day-1
to Day-8. A generic regression model is established by fitting all S-C data using a single function in
bi-exponential form, as given by

fcs2(g2) = 3236 exp(−1.53·g2) + 19.97 exp(−0.14·g2) (6)

The bi-exponential regression function (6) fitted with data as shown in Figure 12b, where the
goodness of fit is R2 = 0.8829 and RMSE = 3.138. Electrical conduction at high frequency such as
2 GHz occurs due to dielectric relaxation, dipolar loss, and ion transport through pore solution and is
strappingly related to moisture content, porosity and ion concentration inside the CBMs. The reduction
of effective conductance reflects the growth of C-S-H gels and thus the strength gains. Therefore, one
can use this generic function to monitor the strength evolution of ECC specimens as long as the w/b
ratio has fallen into the range of 0.20–0.30.
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Figure 12. (a) Computed correlations between compressive strength and conductance directly using
regression functions (4) and (5); (b) proposed regression function (6) for fitting of all S-C data.

As the final step for forming correlations between compressive strength and effective conductance,
the effect of different w/b ratios on compressive strength is further considered. The authors developed
a more accurate regression function (7), by taking the w/b ratio as a dependent variable, as given by

fcs2(g2,
w
b
) =

K
g2

(w/b) −m
(7)

where K and m are the regression coefficients of (7).
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Figure 13 shows the performance of the proposed regression functions as a function of effective
conductance at 2 GHz (g2). Function proposed for the PE1 (w/b = 0.20) mix is shown in Figure 13a
whereas functions fitting individual data sets of PE2 (w/b = 0.255) and PE3 (w/b = 0.30) are shown in
Figure 13b. Table 6 summarizes the fitting coefficients and goodness of fit for (7). The rational model
of (7) gives more meaning yet a simpler form than the bi-exponential model of (6), both the coefficients
K and m are varying linearly with increasing w/b, which can be used as indications for distinguishing
water contents of ECC specimens.

Table 6. Regression coefficients and qualities for Equation (7).

ECC w/b K m R2

PE1 (f c1) 0.200 2.274 1.196 0.9814
PE2 (f c2) 0.255 2.710 1.285 0.9953
PE3 (f c3) 0.300 3.008 1.336 0.9979
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Figure 13. (a) S-C correlation for PE1 (w/b = 0.20) specimen; (b) S-C correlations for PE2 (w/b = 0.255)
and PE3 (w/b = 0.30) specimens.

5. Conclusions

This paper presents the compressive strength prediction and correlations of engineered
cementitious composites (ECCs) by means of early-age microwave conductance using a nondestructive
microwave detecting technique. The measurements of effective conductance and compressive strength
were undertaken in parallel for the same type of ECC specimens with different water-to-binder ratios.
Near-field measurement was conducted daily in the first eight days whereas the compression test
was performed in accordance with the standard ASTM-C39 till 28 days of age. Innovative models for
the correlations of compressive strength against effective conductance were developed and analyzed.
The following conclusions can be drawn within the scope of this study:

1. The decay of conductance at 2 GHz is modelled by using the bi-exponential regression function (4),
where the time-constant of the rapid decay term increases as a function of increasing w/b.

2. The growth of compressive strength of ECC specimens till 28 days is found to be best fitted by
using bi-exponential function (5). The time constant of the rapid growing term decreases as a
function of increasing w/b.

3. ECC specimens have the general trend—strength develops as a function of decreasing effective
conductance. This produced the ability of the microwave technique in monitoring the variation
of the liquid phase morphology and pore structure.

4. When considering the ECC specimens with similar w/b ratios in the range of 0.20–0.30, a generic
model is developed in a bi-exponential form for all ECC specimens as a whole, as given in (6).
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5. An accurate correlation model for strength–conductance is developed by including w/b as the
dependent variable. The rational correlation model effectively emulates the nonlinear evolution
of compressive strength with decreasing conductance. Moreover, the two coefficients K and
m increase as a linear function of increasing w/b. This makes in situ nondestructive strength
predicting and monitoring feasible for concrete infrastructure.
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