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This paper describes the use of electrical impedance spectroscopy to detect the time, location, and
approximate number of cracks on the surface of concrete. This method uses an electrically conductive
thin film that is applied to the surface of the cementitious materials. The electrical resistance of this film
is monitored as the substrate cracks. A sudden increase in the electrical resistance of the film corresponds
with the time of cracking. The location of the cracks can be obtained when the conductive film is applied
to two parallel surfaces of the cementitious material using the ratio of the capacitances (or resistances)
before and after cracking. For monitoring damage evolution consisting of multiple cracks an equivalent
circuit model is proposed. Using this model an increase in the electrical resistance that occurs due to
the growth of a single crack can be differentiated from the increase in the electrical resistance that occurs
due to the formation of more than one crack.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The electrical properties of cement based composites have been
studied by many researchers to monitor crack development and to
characterize damage [1-9]. Both direct current (DC) and alternat-
ing current (AC) has been used for these purposes. While DC resis-
tance measurement methods are inexpensive and easy to
implement and interpret, these methods can result in polarization
of electrodes which hinders accurate measurements [10,11]. An
alternative to the DC current measurements is the application of
a low voltage alternating current using electrical impedance spec-
troscopy (EIS) [1,2,9,12]. Previously, EIS has been successfully ap-
plied for damage characterization and quantifying the cracking
and micro-cracking in concrete and carbon fiber reinforced cement
paste [1,2,7,9,13,14].

This paper introduces a method for determining the time of
cracking using a thin layer of conductive material that is applied
to the surface of cement based materials. The resistance of the con-
ductive surface materials is monitored during the cracking of the
substrate. When the substrate cracks the resistance of the conduc-
tive surface material increases and the time of cracking of the sub-
strate can be captured. By using an appropriate capacitance theory
a relationship between the location of the crack (distance from an
electrode) and the ratio of the capacitance before and after crack-
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ing (similarly, the ratio of the resistance before and after cracking)
can be established. An equivalent circuit model for conductive sur-
faces is introduced. The equivalent circuit model facilitates moni-
toring damage evolution. Using this model the resistance
increase that occurs due to the growth of a single crack can be dif-
ferentiated from resistance increase that occurs due to increase in
the number of cracks.

2. Background

The frequency dependent response of a material that is sub-
jected to an AC stimulus can be presented using complex electrical
impedance through a Nyquist (also referred to as Cole-Cole plot)
(Fig. 1a) and Bode (Fig. 1b) plot. The plot of the imaginary portion
of the impedance against the real portion of the impedance is re-
ferred to as Nyquist plot. The real impedance that is measured
when the imaginary portion approaches zero at different frequen-
cies corresponds to the electrical resistance of the material [10,15-
19]. For example, for the circuit shown in the insert of Fig. 1a, the
electrical resistance of the circuit at low frequencies equals to the
sum of all resistances of all resistors in the circuit (i.e., 95 kQ),
while the electrical resistance at cusp corresponds to the sum
resistances of two smaller resistors (i.e., 13.4 kQ). At low frequen-
cies none of the capacitors in the circuit pass electrical current and
hence the low frequency resistance of the circuit equals to the total
resistance of the circuit. At higher frequencies (i.e., frequency of the
cusp), however, the large capacitor in the circuit (i.e., 22 pF) passes
the current and short circuits the large resistor in the circuit (i.e.,
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Fig. 1. (a) Nyquist plot and (b) Bode plot of the electrical circuit shown in the insert.

81.6 kQ) and the high frequency resistance of the circuit equals to
the sum of resistances of the smaller resistors in the circuit. Imped-
ance can also be represented using the impedance (real, imaginary
or total) as a function of frequency using a Bode plot [10,12,15-20].
The value of the equivalent resistance and capacitance of the mate-
rial can be obtained from Nyquist and Bode diagrams [19,21-23].
Conversely, the material can be represented by an equivalent cir-
cuit that produces the same frequency dependent response.

3. Overview of the proposed method

To detect damage, conductive materials are applied to the sur-
face of the concrete. Conductive materials such as gels, paints, and
epoxy could be used for this purpose. This work used conductive
colloidal silver paint and conductive copper tape. These are low
cost materials that can easily and rapidly be applied to the surface
of the concrete. As cracking occurs in the cement based substrate,
the conductive surface material stretches and cracks causing the
resistance of the conductive surface to increase. Fig. 2 provides a
schematic illustration of a typical configuration for the applied
paint or tape.
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Fig. 2. Schematic illustration of a cracked conductive surface on a cement based
substrate: (a) single crack, (b) two cracks, and (c) multiple cracks.
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The first crack in the conductive surface can be captured by a
sudden increase of the electrical resistance where the conductive
surface cracks (Fig. 2a). In the case of a single crack, the part of
the conductive surface material that is connected to the electrodes
effectively become a part of the electrodes due to the low resis-
tance of the conductive surface material compared to the resis-
tance of the substrate materials (i.e., electrodes and conductive
surface materials are similar in conductivity). This enables the
resistance of the material across the crack (connected portion of
the volume across the crack) to be measured. This is illustrated
schematically in Fig. 2a. Here it is assumed that the current flows
through the connected volume of the substrate after cracking. In
the cases when through-cracking takes place (no connecting vol-
ume exists across the crack), the resistance of the conductive sur-
face increases to that of the open circuit.

In the case of multiple cracking (Fig. 2b and 2c), material in be-
tween the electrodes (or the material in between the pieces of the
conductive surface materials that are connected to the electrodes)
consists of two distinct phases. One phase consists of highly con-
ductive material (i.e., conductive surface) and the other phase con-
sists of material with lower conductivity (i.e., a crack or concrete).

While the equivalent circuit model for a single crack (Fig. 2a) is
similar to the equivalent circuit model for concrete (Fig. 3a)
[15,16,19] the equivalent circuit model for multiple cracks
(Fig. 2b and 2c) is similar to the equivalent circuit model of fiber
reinforced concrete with conductive fibers (Fig. 3b) [7,18,22,24].
The conductive materials between the electrodes conduct current
at relatively high frequencies and are effectively non-conductive
at low frequencies [7,15,16,18,19,22,24]. The equivalent circuit
models for concrete and the equivalent circuit switch model for fi-
ber reinforced concrete are shown in Fig. 3 [7,15,16,18,19,22,24].

An increase in the number of cracks from 1 to 2 (or more)
changes the equivalent circuit model of the system from Fig. 3a
to Fig. 3b. With a further increase in the number of cracks (e.g.,
an increase from 2 to 3 cracks in Fig. 2) the low frequency resis-
tance does not change while the high frequency resistance of the
system increases. Therefore, by monitoring the evolution of the
equivalent circuit model and change in high and low frequency
resistance of the conductive material applied to the surface of con-
crete in addition to the time of cracking the damage evolution can
be monitored (i.e., the resistance increase that occurs due to the
growth of a single crack can be differentiated from resistance in-
crease that occurs due to increase in the number of cracks).

In addition to detecting the time of cracking and damage evolu-
tion, conductive surface coatings can be used to detect the location
of the damage; this can be done using two methods. In the first
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Fig. 3. (a) Equivalent circuit model for concrete [15,16,19] and (b) equivalent
circuit model for fiber reinforced cement paste [18,24].
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method, the conductive surface materials are applied in small seg-
ments and the resistance of each segment is monitored separately
as shown in Fig. 4a. The resolution of this method for detecting the
location of the cracks is dependent on the length of the segments.
This method requires electrical resistance measurements between
each of the two ends of each conductive surface segment. The seg-
mental application of conductive surface coatings along with a low
cost resistance measurement system [25] has several potential
applications. For example one could consider a heavily restrained
concrete element. The high degree of restraint causes the concrete
element to be more susceptible to cracking and this method can be
used to detect the time and location of cracking. Furthermore, this
method can be used where the concrete element is susceptible to
multiple cracking such as concrete pipelines [26].

The second method that can be used to detect the location of
damage is by applying the conductive surface coatings to two par-
allel sides of materials as shown schematically in Fig. 4b (a sand-
wich structure). An experimental sample is shown in Fig. 4c. In
Fig. 4b, the resistance and capacitance of the material between
the two conductive surfaces is measured before and after cracking.
The resistance and capacitance are related to resistivity and per-
mittivity using [10]:

R=p§ (1)
C:sg (2)

where p (© m) is the resistivity of the cementitious material, C (F) is
the capacitance, ¢ (F/m) is the permittivity, A (m?) is the area of the
electrode and d (m) is the distance between the electrodes (or thick-
ness of the material). By measuring the impedance between the two
surfaces (e.g., between electrodes 1 and 3 in Fig. 4b) before and after
cracking and using Eqgs. (1) and (2), the following equations are
obtained
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Fig. 4. (a) Schematic illustration of conductive surface segments to capture the
location of the cracks, (b) conductive surfaces applied to two parallel surfaces of
cement based material to capture the location of the cracks (side view) and (c)
beam sample coated with conductive colloidal silver.
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where subscripts i and f refer to initial (before cracking) and final
(after cracking) and L; is the length of the conductive surface coat-
ing. Using Eqs. (3) and (4) the location of the crack (Ly) measured
from a reference location can be obtained.

More information on subsequent cracking of the substrate
material for the geometry given in Fig. 4b can be extracted by elec-
trical resistance measurement between different electrodes shown
in Fig. 4b. If more than one crack occurs measurements between
electrodes 1 and 3 (or 4), 2 and 4 (or 3) and finally 1 and 2 can pro-
vide the necessary information for determining the location and
number of cracks.

4. Experimental procedure
4.1. Detecting the time of cracking in restrained shrinkage specimens

To evaluate the use of conductive surface materials and EIS for
determining the time of cracking, the restrained ring [12,27-30]
and restrained base [12] (corrugated steel base) test methods are
used to restrain the concrete and induce stresses that cause
cracking.

The restrained ring method consists of casting an annulus
cementitious material around a steel ring. The steel ring resists
the volume change due to shrinkage causing stress development
in the cementitious material which can result in cracking
[12,27,29]. The strain development in the steel ring is monitored
and compared with the electrical method (resistance change in
conductive paint or conductive tape applied to the surface of the
cementitious materials). The development of strain in the steel ring
is a function thickness of the steel ring (degree of restraint that
steel ring provides). With increase of thickness of the steel ring
(i.e., increase of degree of restraint) the strain that develops in
the steel decreases [27-29]. For steel rings with large thickness
detecting the time of cracking using strain gages becomes more
difficult. The geometry of the ring used in the present work in cho-
sen so that the developed strain can be easily monitored using
strain gages to prove the concept.

The restrained base experiment [12] consists of a cementitious
materials cast on top of a corrugated steel bar. Due to restraining
effect of the steel and shrinkage of the cementitious material
cracking may occur which is captured using conductive surface
coatings at the surface. Fig. 5a schematically illustrates the sample
geometries used for both restrained ring and restrained base meth-
od. It is noted that to detect the time of cracking of the ring sam-
ples two conductive surface materials were used: colloid silver
paint and conductive copper tape. Copper electrodes were
mounted on the samples to connect the conductive coatings to
wires. Two electrode arrangements were considered for the re-
strained ring test. In the first arrangement two electrodes were in-
stalled at 180° with respect to each other and conductive surface
materials were applied to connect these two electrodes in both
directions. This arrangement is referred to as two-directional elec-
trode arrangement. In the second electrode arrangement, elec-
trodes were mounted 2 cm apart and conductive materials were
applied to connect the electrodes in the longer path (approxi-
mately 360°). This arrangement is referred to as one-directional
electrode arrangement. Fig. 6a illustrates the one-directional
(Fig. 6a and c¢) and two-directional (Fig. 6b and d) electrode
arrangements.

Silver paint was used in both electrode arrangements; however,
copper tape was only used in the one-directional arrangement. The
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254.0 mm

Fig. 5. Schematic illustration of restrained ring and restrained base sample (corrugated steel base) geometries.
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Fig. 6. Location of electrodes for: (a) one-directional and (b) two-directional electrode arrangements, (c) sample with one-directional and (d) sample with two-directional

electrode arrangement (before sealing).

difference between these two electrode arrangements is that in the
one-directional arrangement, after the first cracking there is no
electrical connection through the conductive surface between the
two electrodes while in the two-directional electrode arrangement,

the electrodes remain connected through a conductive path in the
second direction after the first cracking. This difference influences
the magnitude of resistance change after cracking and the interpre-
tation of resistance change.
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Two mortar compositions (plain and steel fiber reinforced) were
used in the restrained ring experiments. Plain mortar was pro-
duced using ordinary portland cement (OPC) with a water-to-ce-
ment ratio (w/c) of 0.30, 25% fine aggregate volume, and 0.5%
high range water reducer by weight of cement. A low aggregate
volume was used to induce shrinkage cracking in a short time after
the exposure to drying. The steel fiber reinforced mortars consist of
the same mixture proportions with addition of 1% steel fibers by
volume. The steel fibers were 25 mm long and 0.60 mm in diame-
ter. Mixing was performed in a small Hobart mixer according to
ASTM C 305 for the plain mortar and for the fiber reinforced mor-
tars this mixing was followed by additional 5 min mixing by hand
after the fibers were added.

The ring samples were de-molded 24 h after casting and con-
ductive surface coating were applied. The width of the silver paint
was approximately 2 mm and width of the copper tape was
approximately 1.5 mm in all experiments. The ring samples were
exposed to 50 £ 1% relative humidity (RH) at 23 + 0.5 °C after de-
molding.

To determine the time of cracking in the restrained base exper-
iment (corrugated steel) cement paste with w/c of 0.3 were cast on
top of the corrugated steel. Cement paste with low w/c exposed to
low relative humidity was chosen in this experiment to facilitate
visual examination to confirm the time of cracking. The samples
were de-molded 24 h after casting and conductive silver paint
was applied to the surface of the paste. The width of the silver coat-
ing was 2 mm. Samples were exposed to 30 + 1% RH at 23 £ 0.5 °C.
In addition to electrical measurements samples were examined
visually approximately every 30 min.

4.2. Parallel electrode setup for determining the location of damage

To determine the location of cracking using the parallel surface
method, cement paste beams of 30 x 2.5 x 0.5 cm with w/c of 0.5
were prepared. The geometry of the sample is schematically illus-
trated in Fig. 4b and the sample is shown in Fig. 4c. The cement
paste beams were de-molded after 24 h and cured for 48 h at
100% RH. The experiment was performed on both saturated and
oven-dried samples to investigate the effect of moisture content
on accuracy of this method. In case of saturated beam samples,
after application of the silver paint to both surfaces of the beam
(30 x 2.5 cm surface), the beams were vacuum saturated for 4 h,
and in the case of oven-dried beam samples, the samples were
stored at 105 + 1 °C for 24 h before application of the paint. One
hour of drying was considered after application of paint to the
oven-dried samples during which the samples were placed in an
air-tight container.

In this experiment cracks were simulated. To simulate the
cracks, the paint was cut approximately 2 mm deep and 0.1 mm
wide on one of the surfaces. The cracks were created perpendicular
to the 30 x 2.5 cm face of the beam. The electrical conductivity
across the crack was examined before the EIS measurements to en-
sure no short circuit exists.

5. Results and discussion
5.1. Using restrained shrinkage method for detecting time of cracking

Fig. 7 illustrates experimental results from a restrained ring test
using plain mortar. Conductive silver paint with one-directional
electrode arrangement was used in this experiment. Fig. 7 shows
the strain that is measured in the inner surface of the steel ring
and the electrical resistance of the conductive silver. The resistance
measurements are obtained at 20 min intervals after de-molding
the sample at 24 h. By exposure of the sample to drying, stress
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Fig. 7. Time of cracking detected by monitoring the strain at the inner surface of the
steel ring and resistance of the silver paint (one-directional electrode arrangement)
applied to the surface of mortar.

(measured using strain on the steel ring [12,27-29]) develops in
the mortar. The time of cracking in plain mortar is detected by a
sudden release of the strain in the steel ring. This strain release cor-
responds to the time of cracking detected by monitoring the resis-
tance of the conductive surface paint (i.e., increase in the electrical
resistance of the conductive paint). The resistance of the conduc-
tive surface increases steadily after cracking while the strain values
remains nearly zero. This increase in the resistance after cracking
can be attributed to two effects: opening of the crack due to the
continuous drying, and drying of the sample resulting in an in-
crease in the resistance of the mortar.

Fig. 8, illustrates the experimental results for the restrained ring
test using plain mortar. Conductive silver paint with two-direc-
tional electrode arrangement was used in this experiment. Similar
to Fig. 7 the time of cracking is captured by a sudden increase of
the resistance of the conductive surface coating.

The resistance increase due to cracking in Fig. 7 is several orders
of magnitude larger than the resistance increase in Fig. 8. This is
due to the fact that a conductive path still exists between the elec-
trodes even after cracking (in the two-directional electrode
arrangement). In the one-directional electrode arrangement no
conductive path remains between the two electrodes after crack-
ing. Unlike Fig. 7 in Fig. 8, the resistance of the paint does not con-
tinue to increase after the change at cracking. In Fig. 8, the initial
decrease of the resistance is the effect of the drying/aging of the
colloidal silver paint. A portion of this decrease in resistance is
due to shrinkage of the substrate. The decrease in the resistance
is observed also after cracking. This decrease in resistance is also
the effect of drying/aging of the colloidal silver paint (and shrink-
age of substrate) since in two-directional arrangement a conduc-
tive path still exists between the electrodes after cracking and
current flows through this path preferentially.
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resistance increase of the silver paint (two-directional electrode arrangement)
applied to the surface of mortar.
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Fig. 9 illustrates the strain that is measured on the inner surface
of the steel ring and the resistance of a conductive copper tape ap-
plied to the surface of the mortar. The time of cracking corresponds
with the strain release. A non-conductive adhesive was used to
mount the copper tape on the mortar to avoid slippage and/or
peeling during the cracking. This adhesive prevents the passage
of the current from the tape to the mortar and therefore the effect
of crack opening and drying after cracking is not captured.

Plain mortar (which was used in the experiments described) re-
sults in localization of the damage in one location and a single
crack in the restrained ring test. The addition of fibers, on the other
hand, results in stress transfer across the cracks. This stress trans-
fer can result in a smaller crack width and multiple cracks.

Fig. 10, illustrates the results of the restrained ring test for a
steel fiber reinforced mortar. In this experiment conductive silver
paint was applied to the surface of the mortar in a one-directional
electrode arrangement. Two cracks are detected by both strain
measurements and electrical resistance measurements of the con-
ductive surface.

The first crack is detected by the electrical resistance measure-
ments at the time of the first strain release in the steel ring; how-
ever, there is a time lag in detecting the second crack with the
electrical resistance measurements. This observation can be ex-
plained as follows. After the first crack is developed, the residual
stress in the mortar decreases significantly (strain decreases in
the steel ring), therefore the second crack opens slowly at the sur-
face of the mortar. This causes a time lag in capturing the time of
the second crack using the electrical measurements since the crack
is not wide enough initially to rupture the paint. The resistance in-
crease due to the second crack is smaller compared to the resis-
tance increase due to the second crack.
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Fig. 9. Time of cracking detected by monitoring the strain at the inner surface of the

steel ring and resistance of copper tape applied to the surface of mortar in
restrained ring test.
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Fig. 11. Time of cracking detected using resistance measurements of conductive
surface coating applied to the surface of cement paste samples (w/c = 0.3) and visual
examination on restrained base experiment; insert illustrates closer view of the
results of sample No. 1 at the time of cracking.

Fig. 11 illustrates the results of the resistance measurements of
the conductive silver paint on the surface of cement paste in a re-
strained base experiment for two samples. Dashed lines in Fig. 11
shows the time at which the cracks on the surface were visually
observed. Cracks were observed at the first visual inspections after
cracking on both samples.

The resistance increase at the time of cracking is significantly
larger for sample No. 2 compared to sample No. 1; however, the
time of cracking of both samples is close to each other. The insert
in Fig. 11 illustrates the resistance increase of the sample No. 1 at
the time of cracking. Many factors such as crack width, quality of
the paint at the location of the crack, thickness of the paint and
the quality of the surface finish can affect the resistance change
at the time of cracking. Further work is currently ongoing to accu-
rately determine the resolution of this method in detecting the
cracks. Improvement in the method of application of the paint to
ensure consistency is required to minimize this effect.
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Fig. 12. Ratio of resistances and capacitances before and after cracking compared to
measured ratio of distance of crack to the initial length Ly/L; for: (a) water saturated
cement paste sample and (b) oven-dried cement paste sample.
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5.2. Parallel electrode setup for determining the location and number
of cracks

Egs. (3) and (4) show that the ratio of the capacitances (or elec-
trical resistances) before and after cracking are equal to the ratio of
the distance of the crack measured from an electrode to the initial
length of the electrode. For example in Fig. 4b, if the resistance (or
capacitance) of the sample is measured between electrode Nos. 1
and 3 before and after cracking, Eqs. (3) and (4) can be used to ob-
tain the distance of the crack from electrode No. 3 (i.e., Ly).

Fig. 12a illustrates experimentally measured ratios of C/Cy, Ri/R¢
and LyL; for the water saturated cement paste beams And Fig. 12b
illustrates these results for the oven-dried samples. The geometry
of the sample and electrode arrangements are shown in Fig. 4c.
The resistance and capacitance ratios in Fig. 12a and 12b are close
to the actual length ratios. Therefore when Ly is an unknown, it can
be calculated from C/Cy, Ry/Ry using Eqs. (3) and (4) accurately.

For the sample geometry shown in Fig. 4b, the location of the
first crack can be obtained by measuring the impedance between
electrodes 1 and 3 (or 1 and 4) (as shown in Fig. 12) and the loca-
tion of the second crack can be detected by subsequent measure-
ments between electrodes 2 and 4 (or electrodes 2 and 3).
Further cracking can be captured by the resistance measurement
between electrodes 1 and 2.

6. Conclusion

A method is presented in this paper that can be used to detect
the time and location of cracking. The method consists of applying
conductive materials to the surface of concrete or other cementi-
tious materials and monitoring the resistance of the conductive
surface coating material as the concrete substrate undergoes crack-
ing. This method is applicable to samples with large dimensions.
This can include large concrete slabs or concrete pipelines as it is
a “low cost sensor.” Examples of application of this method were
shown where this method was applied to restrained ring test. This
method can also be expanded to a wide range of geometries.

In addition to being able to detect the crack location, the
approximate number of cracks in the material can be determined
using different arrangements of electrodes and application of con-
ductive surface materials.

A frequency bifurcation model is introduced for a conductive
surface undergoing cracking. This equivalent model circuit can be
used to monitor damage evolution. The equivalent circuit model
facilitates differentiation between increase in resistance of conduc-
tive surface due to increase in crack width of a single crack and in-
crease in resistance due to multiple cracking.

The time of cracking, in the restrained ring test using conduc-
tive surface materials was captured accurately when cracking oc-
curs in one location, however, the width of the crack that
develops may influence the accuracy of the time of cracking. In this
work the smallest crack width detected was 0.05 mm. Further
investigation is currently ongoing to determine the accuracy and
resolution of crack detection using this method. The proposed
method can capture number of cracks accurately up to three cracks
in linear geometry and resolution decreases with increase of num-
ber of cracks.
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