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Abstract This paper provides the first report of
capacitance-based nondestructive cement-based mate-
rial defect detection. It is based on the use of the
fringing electric field (2 kHz) of a capacitor that
comprises the cement-based material (cement paste
slab, 250 x 250 x 9.31 Inm3) and two relatively
small copper electrodes separated from the slab by an
electrically insulating polymer film. Due to the fring-
ing field through the slab, the apparent permittivity is
high, thus enabling the measured capacitance to be
sensitive to defects. The through-thickness capaci-
tance, which relates to the apparent relative permittiv-
ity of the cement-based material, is measured using
electrodes that sandwich the slab. The in-plane capac-
itance is measured using closely spaced parallel co-
planar electrodes. A region (150 x 150 x 9.31 mm?)
of the slab is rendered defective by containing gypsum
pellets, the porosity of which causes the apparent
relative permittivity of this region (142) to be lower
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than that of the adjacent perfect region (199). To
determine the position of the boundary of the defective
region, the capacitance is measured using a series of
electrodes, with each electrode geometry consisting of
N squares linearly aligned perpendicular to the bound-
ary. The capacitance is measured in order of increasing
N, which is sufficient for the electrode to cover regions
on both sides of the boundary. The capacitance
increases linearly with N in each region, with the slope
being different for the two regions. The intersection of
the extrapolated linear curves of the two regions gives
the position of the boundary.
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Permittivity - Defect - Nondestructive evaluation -
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1 Introduction

Due to the aging of the civil infrastructure, nonde-
structive evaluation (NDE) of cement-based materials
is critically needed for enhancing public safety. The
NDE methods include microwave, electromagnetic
and impedance methods [1-6], electrical resistivity
methods [7], electrochemical methods [8—10], ultra-
sonic and acoustic methods [11-20], stress wave
methods [21], X-ray methods [22-28], gamma ray
methods [29], infrared spectroscopy [30], vibrational
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and stress methods [31-40], air permeability testing
[41], and nuclear magnetic resonance (NMR) [42, 43].

Electrical resistivity measurements are effective for
detecting defects only if the defects cause substantial
change in the resistivity of the material. In addition,
resistivity measurements have strict requirements on
the quality of the electrical contacts and the quality
may not be cost-effectively realized in the field. The
reflection of ultrasonic or radio wave off the surface of
a defect (such as a crack) with a well-defined and
substantial surface is effective for detecting the defect,
but defects that do not adequately present such
surfaces cannot be effectively detected. Vibrational
and stress methods are based on the effect of defects on
the mechanical properties (such as the elastic modu-
lus) of the material; their use requires mechanical
loading, which may not be desirable for the structure.
Electrochemical methods are based on the effect of
defects on the electrochemical properties, such as the
potential and current associated with corrosion; their
use requires an electrolyte, an anode and a cathode for
enabling the electrochemical reaction. Air permeabil-
ity testing is based on the effect of defects on the air
permeability; its effectiveness requires that the defects
are capable of affecting the air permeability substan-
tially. Infrared spectroscopy and NMR are chemical
analysis techniques that are commonly used in the
laboratory, but their effectiveness for defect detection
in a solid is limited, unless the defect has a substantial
effect on the infrared absorption or NMR character-
istics. X-ray and gamma ray methods are effective for
detecting defects, provided that the defects are suffi-
ciently different from the perfect part of the material in
the ability to absorb the radiation.

Instrumentation portability is valuable for NDE in
the field. X-ray, gamma ray, infrared spectroscopy,
NMR and microwave methods tend to involve instru-
mentation that is not portable. In contrast, electrical,
ultrasonic and electrochemical methods involve
portable instrumentation. Electrical methods are par-
ticularly attractive, due to the instrumentation porta-
bility, fast response and suitability for real-time
monitoring.

The electrical or electromagnetic behavior is
described by the impedance, which relates to the
resistance (related to the electrical conductivity) and
the capacitance (related to the electric permittivity).
The resistance is increased by the presence of flaws
[44, 45]. However, the measurement of the resistance

is complicated by the tendency for the cement-based
material to polarize, though the polarization can be
reduced by the addition of electrically conductive
admixtures such as short carbon fibers [46—48]. The
polarization causes the measured resistance to be
higher than the true resistance.

The permittivity of cement-based materials does
not vary over a wide range upon loading [49] or upon
admixture addition [50], so the permittivity is not
sufficiently sensitive to the flaws or microstructure, as
needed for NDE. However, we recently reported that,
when the capacitance is unconventionally measured
using electrical contacts (electrodes) that are smaller
in area than the cement-based material being sand-
wiched by the electrical contacts, the fringing electric
field is large and greatly increases the apparent
(measured) relative permittivity of the cement-based
material [51]. The apparent relative permittivity
(2 kHz) increases with increasing thickness, due to
the increasing fringing field with increasing thickness.
For plain cement paste of various thicknesses, it ranges
from 150 to 375. In contrast, when the electrical
contacts conventionally cover the entire area of the
cement-based material, the fringing field effect is
much weaker, so that the apparent relative permittivity
is much lower, ranging from 24 to 38 for plain cement
paste of various thicknesses. Therefore, in this paper,
we investigate for the first time the use of the high
capacitance associated with the high apparent relative
permittivity to probe the defective region of a cement-
based slab.

The objectives of this work are (1) to demonstrate
the feasibility of using capacitance measurement to
probe the defective region of a cement-based slab for
defect detection and defect location determination, (2)
to investigate the effects of defects on the dielectric
behavior of a cement-based material, and (3) to
provide a new NDE method for cement-based mate-
rials. The materials investigated are cement pastes
without and with artificially incorporated flaws.

2 Methods
2.1 Materials
Portland cement (Type I, ASTM C150, from Lafarge

Corp., Southfield, MI) is used. The water/cement ratio
is 0.35. No aggregate is used.
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Silica fume (Elkem Materials Inc., Pittsburgh, PA,
microsilica, EMS 965, USA) is used at 15% by mass of
cement, as in prior work [52]; it has particle size
ranging from 0.03 to 0.5 um, with average size
0.2 um; it contains >93 wt.% SiO,, <0.7 wt.%
Al O3, <0.7 wt.% CaO, <0.7 wt.% MgO, <0.5 wt.%
Fe,03, <0.4 wt.% Na,O, <0.9 wt.% K,0, and <6
wt.% loss on ignition. The silica fume has been
subjected to silane treatment in order to improve its
dispersion in the cement mix [53, 54]. The silane
coupling agent is a 1:1 (by mass) mixture of Z-6020
(HzNCHzCHzNHCHzCHzCst1(0CH3)3) and
Z-6040  (OCH,-CHCH,OCH,CH,CH,Si(OCH3)3)
from Dow Corning Corp. (Midland, MI). The amine
group in Z-6020 serves as a catalyst for the curing of
the epoxy and consequently allows the Z-6020
molecule to attach to the epoxy end of the Z-6040
molecule. The trimethylsiloxy ends of the Z-6020 and
Z-6040 molecules then connect to the —OH functional
group on the surface of the silica fume. The silane is
dissolved in ethylacetate to form a solution with 2.0
wt.% silane. Surface treatment of the silica fume is
performed by immersion in the silane solution, heating
to 75 °C while stirring, and then holding at 75 °C for
1.0 h, followed by filtration and drying. Subsequently,
the silica fume is heated at 110 °C for 12 h [53, 54].

A high-range water reducing agent (Glenium
3000NS, BASF Construction Chemicals) is used at
1.0% by mass of cement. The defoamer (Colloids Inc.,
Marietta, GA, 1010, USA) is used at 0.13% (% of
specimen volume).

All the ingredients are mixed in a rotary mixer with
a flat beater. Square oiled plastic molds of dimensions
250 x 250 x 9.31 mm are used to produce speci-
mens of the same size. For all specimens, after filling
the mold, an external vibrator is used to facilitate
compaction and diminish the air bubbles. The spec-
imens are demolded after 24 h and then cured at a
relative humidity of nearly 100% for 28 days.

A defective region of size 150 x 150 mm is
formed at a corner of the 250 x 250 mm slab
(Fig. 1) by pouring cement paste that contains gypsum
pellets (Fig. 2) into this region of the mold, as defined
prior to and during the pouring by using cardboard
separators of thickness 0.68 mm. Plain cement paste
(without gypsum) is poured into the remaining region
of the mold. The separator is removed at 15 min after
pouring.

250 i

Perfect region

<100 —>] 150 !

Fig. 1 Cement-based slab with a perfect region (plain cement
paste) and a defective region (cement paste with gypsum
pellets). All dimensions are in mm. The perfect region does not
contain gypsum. The defective region contains gypsum

Fig. 2 Gypsum particles used as an admixture to provide
defective cement paste. The scale nearest the gypsum particles
has the smallest division in mm

The gypsum pellets of density 0.8385 g/cm® and
average size 4.3 mm are prepared by smashing a
gypsum block that includes in its mix design cement in
the amount of 5% by mass of the gypsum. The gypsum
block is made from gypsum powder (Type Quick Set
provided by National Gypsum).

Cement powder and silica fume are dry mixed by
using a rotary mixer with a flat beater without water
addition for about 3 min. Then, the mixture is divided
into two portions. One portion amounts to 64% of the
total weight of the mix and the other portion amounts
to 36% of the total weight. The 36% portion is then
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mixed with the gypsum pellets in the amount of 20%
by mass of cement by using the rotary mixer for 2 min,
and then water (0.35 by mass of cement) is gradually
added to the mixture while mixing continues for an
additional period of 5 min. After this, the mixture
containing gypsum pellets is poured into the
150 x 150 mm corner part of the mold. Finally, the
64% portion is mixed by using the rotary mixer for
2 min, and water (0.35 by mass of cement) is gradually
added to the mixture while mixing is continued for an
additional period of 5 min, followed by pouring into
the remaining part of the mold.

The specimens (slabs) are demolded after 24 h, and
then cured at a relative humidity of nearly 100% for
28 days. The demolded specimens are ground and
burnished to ensure that the surfaces are smooth before
capacitance measurement.

2.2 Methodology
2.2.1 Permittivity measurement

The measurement of the relative permittivity typically
involves a parallel-plate capacitor configuration, with
the specimen under investigation being sandwiched by
electrodes [50]. There is an electrically insulating
(dielectric) plastic film positioned between the spec-
imen and each electrode, as necessitated by the fact
that the RLC meter used for the capacitance measure-
ment is not designed for measuring the capacitance of
a conductive material. In this work, this film is simply
a commercial double-sided adhesive tape. Although
cement in the absence of a conductive admixture is
only slightly conductive, the use of an insulating film
is recommended and used in this work. The electrodes
are in the form of copper foils. The electrode, plastic
sheet and cement-based specimen are held together by
adhesion.

The relative permittivity x in the direction perpen-
dicular to the plane of the sandwich is given by the
equation

Cy = &,KA( /1, (1)

where C, is the capacitance due to the volume of the
specimen, &, is the permittivity of free space
(8.85 x 107'? F/m), A, is the area of the sandwich
(i.e., the area of the electrode), and / is the thickness of
the specimen sandwiched by the electrodes.

The fringing electric field refers to the electric field
in the surrounding medium immediately beyond the
rim of the specimen in the parallel-plate capacitor
geometry. The fringing field results in the measured
capacitance to be higher than the expected value. This
is because the fringing electric field causes the
specimen area to be effectively larger than the true
area. As a consequence, the measured (apparent)
permittivity is higher than the true value. The higher is
the permittivity of the surrounding medium, the
greater is the fringing field effect and the higher is
the apparent permittivity. In this work, the surround-
ing medium is the cement-based material being
evaluated, as provided by the use of electrodes that
are smaller in area than the cement-based material
[51].

2.2.2 Decoupling the volumetric and interfacial
contributions to the measured capacitance

The interface between the specimen and the electrode
(whether there is an insulating film at the interface or
not) affects the measured capacitance. A method of
decoupling the volumetric and interfacial contribu-
tions to the measured capacitance involves testing
multiple sandwiches with different areas, but the same
thickness [51]. This is illustrated in Fig. 3 for three
areas that are equal to the areas of 1, 2 and 3 squares
that are in contact and lined up along an edge of the
square in the same plane and the same direction. The
measured capacitance Cp, is given by the equation for
capacitances in parallel, i.e.,

Cn = Co + ek NA/I, (2)

where N is the number of squares that constitute the
electrode and C, is the capacitance at N = 0. The C,
relates to the fringing field effect, as obtained by

1 U
2 1]
N=3 111

Fig. 3 Electrode configuration in the form of rectangles
consisting of 1, 2 or 3 squares that are lined up. The integer
N refers to the number of square lined up. The area of each
square slab is A

T
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0 NA——

Fig. 4 Schematic plot of C,,, versus the area NA, where N is the
number of squares that make up an electrode (Fig. 3) and A is the
area of each square

extrapolating the plot of C,, versus NA to N =10
(Fig. 4). This method of permittivity measurement is
as previously reported and shown to be reliable [51].
Based on Eq. (2), the slope of the plot of C, versus NA
is equal to &, x/I. Thus, k is obtained from the slope.
Since the interface is structural identical for all values
of NA, the slope effectively removes the interfacial
contribution. In case that the electrodes are smaller
than the cement-based specimen, the fringing field
effect is large and the x obtained from the slope is the
apparent relative permittivity.

2.2.3 Spatially resolved capacitance measurement

By positioning the electrodes at different points of the
cement-based specimen, spatially resolved capaci-
tance measurement is achieved. The capacitance is
measured in either the through-thickness direction
(configuration A, Fig. 5) or the in-plane direction
(configuration B, Fig. 6). The electrodes are either
square (for N = 1) or rectangular (for N > 1), with
width equal to 25.0 mm and length equal to the
combined length of N squares (Fig. 4). The left edge of
the electrode is at a distance of 10.0 mm from the left
edge of the slab.

In configuration A, the electrodes are directly on
top of one another and sandwich the specimen, which
extend beyond the electrodes. Configuration A allows
determination of the apparent permittivity, because
the cross-sectional area of the current path is well
defined (except for the fringing field increasing this

Cement-based material
Insulating film

(b) | 250

Perfect region

l«<—100 —sl«———150—|

Fig. 5 Configuration A for defect detection, using two elec-
trodes (area = 25N mm X 25 mm, where N = 1, 2,...,9) at the
same location on the opposite surfaces of the slab
(250 x 250 x 9.31 mm). An electrically insulating film is
positioned between the cement-based specimen and the entire
area of each electrode. All dimensions are in mm. a Side view,
showing the 25-mm edge of one of the locations of the electrode.
b Top view, showing a series of electrodes for N = 1, 2,..., 9,
with one of the 25 x 25 mm squares (the fourth square from the
left) striding across the boundary between the perfect region
(plain cement paste) and the defective region (cement paste with
gypsum particles), and with the left edge of the electrode at a
distance of 10.0 mm from the left edge of the slab. The series of
electrodes shown is perpendicular to the left boundary of the
defective region, thus allowing determination of the location of
this boundary. By using a series of electrodes (not shown) that is
perpendicular to the top boundary of the defective region, the
position of this boundary is determined. The perfect region does
not contain gypsum. The defective region contains gypsum

area beyond the electrode area). In configuration B, the
electrodes are coplanar on the same surface of the
specimen, such that they are parallel to one another,
with their proximate edges at a distance g apart, with
g = 15, 30, 60 and 90 mm. Configuration B does not
allow determination of the apparent permittivity,
because the current spreads between the two coplanar
electrodes. The spreading causes the cross-sectional
area of the current path to be inadequately defined.
Nevertheless, configuration B is more convenient than
configuration A for application to structures, which
may not be conveniently accessed from both top and
bottom surfaces.

PIEM
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(a) 2
Insulating film |%—5>|<i>|<§> Electrode
9.317 Cement-based material
| 250 |
(b) | 250 |

Perfect region

(o)

2.2.4 Determination of the boundary
between the perfect and defective regions

In both configurations A and B (Figs. 5, 6), N ranges
from 1 to 9 and capacitance measurement is progres-
sively conducted in order of increasing N. One of the
nine 25 x 25 mm squares (the fourth square from the
left) strides across the boundary between the perfect
region (plain cement paste, without gypsum particles)
and the defective region (cement paste with gypsum
pellets).

Figure 7 applies to both configurations and shows
the schematic plot of C,, versus NA. The slope of this
plot differs between the perfect region and the
defective region, due to the lower apparent permittiv-
ity of the defective region. The intersection of the
extrapolated linear curves of the two sides gives the
position of the boundary between the two regions.
Because the fourth square from the left edge of the slab
strides across this boundary, as shown in Figs. 5b and

-

<«Fig. 6 Configuration B for defect detection, using two coplanar
electrodes (area = 25 N x 25 mm, where N = 1, 2,..., 9) on
the same surface of the slab (250 x 250 x 9.31 mm), with the
proximate edges of the two electrodes separated by a distance
g. An electrically insulating film is positioned between the
cement-based specimen and the entire area of each electrode.
All dimensions are in mm. a Side view, showing the 25-mm
edge of each of the two electrodes. b Top view, showing a series
of nine pairs of electrode for N = 1, 2,..., 9, with one of the
25 x 25 mm squares (the fourth square from the left) striding
across the boundary between the perfect region (plain cement
paste) and the defective region (cement paste with gypsum
particles), and with the left edge of the electrode at a distance of
10.0 mm from the left edge of the slab. The two electrodes in
each pair have the same value of N and their proximate edges are
separated by a distance g. The series of electrode pairs shown is
perpendicular to the left boundary of the defective region, thus
allowing determination of the location of this boundary. By
using a series of electrode pairs (not shown) that is perpendicular
to the top boundary of the defective region, the position of this
boundary is determined. The perfect region does not contain
gypsum. The defective region contains gypsum. ¢ Photo of the
testing configuration, showing two strips of aluminum foil
attached to the specimen, with each strip having a portion that is
not attached to facilitate electrical connection to the strip by the
use of a clip. This photo also shows 25 mm x 25 mm squares
manually drawn on the specimen surface to guide the aluminum
foil attachment

6b, the data point corresponding to N = 4 is not
included in the data points used for obtaining the linear
curve for the perfect region. Hence, N = 1,2 and 3 are
used for obtaining the linear curve for the perfect
region, whereas N =5, 6, 7, 8 and 9 are used for
obtaining the linear curve for the defective region.

By using a series of electrodes that are oriented
perpendicular to the left boundary of the defective
region, the location of this boundary is determined. By
using a series of electrodes that are oriented perpen-
dicular to the top boundary of the defective region, the
location of this boundary is determined.

2.2.5 Instrumentation

The capacitance is measured using a precision RLC
meter (QuadTech Model 7600). For configuration A,
the through-thickness electric field is 0.027 V/cm. For
configuration B, the in-plane electric field corresponds
to that of a fixed voltage of 0.25 V between the two
coplanar electrodes across the distance g, which is
varied. The frequency is 2 kHz. The measured capac-
itance is that for the equivalent circuit model in which
the capacitance and resistance in parallel.
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Fig. 7 Schematic plot of capacitance C versus electrode area
NA (with N = 1, 2,...,9), illustrating the method of determining
the interface located at pA (where p, which is not necessarily
integral, is the number of squares in the electrode geometry in
the perfect region) between the perfect region (left of pA) and
the defective region (right of pA). This illustration applies to

2.2.6 Difference from impedance spectroscopy

This work uses a technique that differs greatly from
the widely used technique of impedance spectroscopy,
which measures the impedance as a function of
frequency and uses the frequency dependence to
obtain information. Firstly, the technique of this work
does not measure the impedance, but measures the
relative permittivity (real part of the permittivity).
Secondly, the technique of this work decouples the
contribution of the specimen-contact interface from
the contribution of the volume of the specimen. This
decoupling is not performed in impedance

S
>

74 84 94 NA

both configurations A and B. This interface is given by the
intersection of two extrapolated linear curves (shown by dashed
lines) on the two sides of the interface. The slope of the linear
curve is smaller for the defective region than the perfect region,
due to the lower apparent permittivity of the defective region

spectroscopy. Thirdly, the technique of this work does
not need to address the frequency dependence in order
to obtain meaningful information. In contrast, impe-
dance spectroscopy is focused on the frequency
dependence of the impedance, as conventionally
described in terms of the Nyquist plot, for the purpose
of deriving by mathematical fitting of the plot an
equivalent electrical circuit that is intended to describe
the electrical/dielectric behavior of the material. The
circuit model obtained by the curve fitting tends to be
not unique, so the determined values of the circuit
elements in the model are not very meaningful.

Table 1 Apparent relative permittivity obtained using configuration A

Perfect region

Defective region

Apparent relative permittivity

198.7 &£ 5.7

1415 £ 64

The slab has thickness 9.31 mm. The perfect region does not contain gypsum. The defective region contains gypsum

PIEM
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Table 2 Slope of the curve of the measured capacitance Cp, versus electrode area, obtained using configuration B

Defective region

Perfect region

g (mm)

90

60

30

15

90

60

30

15

0.157 £+ 0.008 0.142 £+ 0.007 0.136 + 0.004 0.102 £ 0.005 0.105 £ 0.003 0.092 £ 0.007 0.086 £ 0.004 0.070 £ 0.006

Slope (pF/mm?)

The apparent permittivity cannot be obtained using configuration B, because the cross-sectional area of the current path is not well defined. g = distance between the proximate

edges of the two electrodes. The perfect region does not contain gypsum. The defective region contains gypsum

3 Experimental confirmation of methodology

Figure 8 shows that the results for both configurations
A and B are as illustrated in Fig. 7. For both
configurations, the curve on each side of the boundary

(a) 1000
900 {
800 1
700 4
600 |
500 3

Cm (pF)

400
300 1
200 1

100 1

0 T T T T T
0 1000 2000 3000 4000 5000 6000

Area (mm?)

(b) 900
800+
700+
600

500 4

Cm (pF)

400 - 2
300 -’
200

100

0 1000 2000 3000 4000 5000 6000
Area (mm?)

Fig. 8 Dependence of the measured capacitance C,, versus
electrode area (pA, where N =1, 2, 3, 5, 6, 7, 8 and 9). The
interface between the perfect region (plain cement paste) and the
defective region (cement paste with gypsum particles) is
indicated by the intersection of two extrapolated linear curves
(shown by dashed lines) on the two sides of the interface.
a Configuration A. The interface is at pA = 2304.5 mm? and the
distance of this interface from the left edge of the electrode is
given by xo = pA/(25 mm) = 92.2 mm, i.e., the distance of this
interface from the left edge of the slab is 102.2 mm, and
p =3.69. b Configuration B. The interface is thus at
PA = 2469 mm? and the distance of this interface from the left
edge of the electrode is given by pA/(25 mm) = 98.8 mm, i.e.,
the distance of this interface from the left edge of the slab is
108.8 mm, and p = 3.95
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between the perfect and defective regions is linear, as
illustrated in Fig. 7.

Table 1 shows that the apparent relative permittiv-
ity obtained using configuration A is lower for the
defective region than the perfect region. This is due to
the porosity associated with the gypsum in the
defective region and the fact that the relative permit-
tivity of air is low (namely 1.0005 [55]).

The value of the apparent relative permittivity of
the perfect region (200, Table 1) is similar to the value
of 144 previously reported by the same authors [51]
for silica fume cement paste using a similar method.
The difference in the permittivity is attributed to the
differences in specimen dimensions and electrode
dimensions.

Table 2 shows that the slope of the curve of the
measured capacitance C,, versus electrode area,
obtained using configuration B, decreases with
increasing g. This is expected, since g relates to the
thickness of the capacitor. Thus, for enhancing the
sensitivity of the NDE, a low value of g is recom-
mended. For the same value of g, the slope is lower for
the defective region than the perfect region, also due to
the porosity associated with the gypsum in the
defective region.

Figure 9 shows the positions of the boundary of the
defective region, as determined by the method of
Fig. 7, for configurations A and B. This boundary is
located from the transverse edge of the electrode (the

electrode edge perpendicular to the length of the
electrode and containing the square for N = 1, Fig. 7)
at distance pA/25 mm, where A is the area of each
square in the electrode geometry and p is the number
(not necessarily integral) of squares in the electrode
geometry in the perfect region. For configurations A
and B, p is 3.69 and 3.95 respectively (Fig. 8). There is
some deviation of the determined boundary location
from the actual boundary location. Table 3 shows that
the error of the distance of the determined boundary
location from an edge of the slab is comparable for
configurations A and B; the error is mostly below 10%.

The series of squares that constitute an electrode
does not need to include a square that strides across the
boundary of the defective region, although the striding
option is used in this work. This is because the linear
curve on each side of the boundary can be established
with three or more data points away from the boundary
and the intersection of the linear curves of the two
sides provides indication of the position of the
boundary (Fig. 9).

The boundary of the defective region is straight in
this work. However, the boundary of the defective
region does not need to be straight, as the measure-
ment is conducted along a line that intersects a
particular point along this interface.

By decreasing the size of each square in the
electrode series, the error would be reduced. By
increasing the size of the slab, the error would also be

Table 3 Determined locations of the interface between the perfect region and the defective region and the error of this determination

Configuration Location Left boundary of the defective region

Top boundary of the defective region

Determined distance of the
boundary from the left edge of
the slab (mm)

Error of

determined
boundary location

Determined distance of the
boundary from the top edge of
the slab (mm)

Error of
determined
boundary location

(%) (%)

A 1 94.5 55 94.1 5.9
2 102.2 22 94.2 5.8

3 110.5 10.5 98.2 1.8

4 101.9 1.9 96.9 3.1

B 1 108.8 8.8 93.3 6.7
2 106.2 6.2 94.7 53

3 106.6 6.6 91.5 8.5

4 97.2 3.8 93.4 6.6

The locations along the left boundary of the defective region are labeled 1, 2, 3 and 4, in order according to the distance from the
bottom edge of the slab. The locations along the top boundary of the defective region are labeled 1, 2, 3 and 4, in order according to
the distance from the left boundary of the defective region. The perfect region does not contain gypsum. The defective region

contains gypsum
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reduced. Since the size of a structural slab is much
larger than the size of 250 mm used in this work, the
error in practical implementation will be small even
using the same square size (25 mm) as this work.

In practical implementation, configuration B is
more convenient than configuration A. This is because
configuration A requires the presence of electrodes on
two opposite surfaces, whereas configuration B
requires electrodes on the same surface. The conve-
nience associated with configuration B is particularly
great in case that the cement-based structure is large or
has non-parallel surfaces. On the other hand, config-
uration A is advantageous for detecting the internal
flaws, particularly when the thickness is large, since
the electric field goes through the entire thickness of
the material. In contrast, configuration B only detects
flaws that are in the surface region, with this limitation
being particularly significant when the thickness is
large. In general, configurations A and B may be used
in a complementary manner for various parts of the
same structure.

The implementation of the capacitance method in
structures is simple, as it just involves the adhesion of
metal foil (e.g., copper foil, aluminum foil, steel foil,
etc.) on the cement-based structure. The adhesive
agent also serves as an electrically insulating (dielec-
tric layer). Although double-sided adhesive tape is
used in this work for the adhesive agent, a variety of
polymeric adhesive agents can be used instead. This
means that paint, which is also insulating, may not
need to be removed prior to the application of the
electrodes, in case that the cement-based structure is
one that has been painted.

Capacitance measurement and electrical resistance
measurement are the two main types of electrical
measurement. The capacitance method is simpler and
less expensive to implement than the resistance
method. The resistance method requires electrical
contacts with sufficiently low contact electrical resis-
tance, thus necessitating the use of relatively expen-
sive conductive agents (such as silver paint) and the
removal of any paint or coating prior to the application
of the electrical contacts to the cement-based material.
Furthermore, reliable measurement of the electrical
resistance requires four electrical contacts, with the
outer two contacts for passing current and the inner
two contacts for measuring the voltage. By using four
contacts, the contact resistance essentially does not
contribute to the measured resistance. If two contacts

(a) 250
Top boundary of perfect region
200 - .
Perfect region
— .,
150 4

}op boundary of
defective region
100 —/Left boundary of

perfect region Defective region

50
>Z/Lef't boundary of
defective region
0 T T T
0 50 100 150 200 250
(b) 250
Top boundary of perfect region
200 1 .
Perfect region
—y———
150 1 AN
|_-Left boundary of §  Top boundary of
perfect region defective region
100 . .
Defective region
50 ;"
Left boundary of
defective region
0 T T T
0 50 100 150 200 250

Fig. 9 Locus of the interface positions determined using
various electrode series that are all directed perpendicular to
the interface but positioned at various locations along the length
of the interface. The four determined interface positions along
the left boundary of the defective region are shown by X; those
along the top boundary of the defective region are shown by A.
All dimensions are in mm. a Configuration A. b Configuration B

are used instead, the contact resistance is included in
the measured resistance, thus causing the measured
resistance to be not sufficiently reflective of the
condition of the cement-based material being
inspected. In contrast, capacitance measurement
involves only two electrodes (electrical contacts).
The two-electrode configuration is much simpler to
implement than the four-electrode configuration.
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4 Conclusion

This paper provides the first report of capacitance-
based nondestructive defect detection for a cement-
based material. It is based on the use of the fringing
electric field (2 kHz) of a capacitor that comprises the
cement-based material (cement paste slab,
250 x 250 x 9.31 mm?) and two copper electrodes
that are separated from the slab by an electrically
insulating film held by adhesion and that is much
smaller in area than the slab. The film is used because
an RLC meter is not designed for measuring the
capacitance of a conductive material. (The necessity
of the film depends on the conductivity of the
particular cement-based material.) Due to the strong
fringing field emanating from the electrodes and going
through the cement-based slab, the apparent permit-
tivity is high, thus enabling the measured capacitance
to be sensitive to defects in the slab.

The through-thickness capacitance, which relates
to the apparent relative permittivity of the cement-
based material, is measured using electrodes that
sandwich the slab (configuration A). In contrast, the
in-plane capacitance is measured using closely
spaced parallel electrodes on the same surface of
the slab (configuration B). The defective region
(150 x 150 x 9.31 mm®) of the slab is rendered
defective by containing gypsum pellets (density
0.8385 g/cm® and average size 4.3 mm), the poros-
ity of which causes the apparent relative permittivity
of the defective region (142) to be lower than that of
the adjacent perfect region (199).

To determine the position of the boundary of the
defective region, the capacitance is measured using a
series of electrodes, with each electrode geometry
consisting of N squares (25 x 25 mm?) linearly
aligned perpendicular to the boundary. The capaci-
tance is measured in order of increasing N, which is
sufficient for the electrode to cover the regions on the
two sides of the boundary. The capacitance increases
linearly with N in each region, with the slope being
different for the two regions, due to the difference in
apparent permittivity. The slope (which excludes the
influence of the capacitance associated with the
electrodes) rather than the capacitance value (which
includes the influence of the electrodes) is used as the
indicator. The intersection of the extrapolated linear
curves of the two regions gives the position of the
boundary. The in-plane capacitance increases with

decreasing spacing between the electrodes. With
spacing 15 mm, the capacitance per unit electrode
area is 0.157 and 0.105 pF/mm? for the perfect and
defective regions, respectively.
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