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Abstract
Interest in self-sensing structural materials has grown in recent years due to their potential to enable continuous low-cost monitoring of next-generation smart-structures. The development of cement-based smart
sensors appears particularly well suited for structural health monitoring due to their numerous possible
field applications, ease of use, and long-term stability. Additionally, cement-based sensors offer a unique
opportunity for monitoring of civil concrete structures because of their compatibility with new and existing
infrastructure. In this paper, we propose the use of a computationally efficient resistor mesh model to detect,
localize and quantify damage in structures constructed from conductive cement composites. The proposed
approach is experimentally validated on non-reinforced and reinforced specimens made of nanocomposite cement paste doped with multi-walled carbon nanotubes under a variety of static loads and damage conditions.
Results show that the proposed approach is capable of leveraging the strain-sensing and damage-sensitive
properties of conductive cement composites for real-time distributed structural health monitoring of smart
concrete structures, using simple and inexpensive electrical hardware and with very limited computational
effort.
Keywords: structural health monitoring, sensor network, damage detection, nanocomposite conductive
concrete, resistor mesh model, damage localization, smart concrete

1. Introduction
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Real-time condition assessment and structural
health monitoring (SHM) of civil infrastructure can
provide enhanced structural safety and increased
maintenance service intervals through conditionbased maintenance [1]. However, SHM is often
complicated by the inherent size of the civil structures under monitoring and the inability of traditional sensors to distinguish between global (i.e.
loss in stiffness) and local (e.g. a crack in grouted
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joint) properties [2]. For example, global vibration characteristics (e.g. modal frequencies and
mode shapes) can be easily estimated from acceleration time histories through output-only operational modal analysis methods. However, correlating changes in modal parameters to localized damage cases has been shown more challenging [3, 4].
For the deployment of real-time condition assessment strategies in civil infrastructure, the monitoring scheme must be capable of damage detection
and localization [1]. A possible solution to the localglobal damage localization challenge is the deployment of highly scalable sensing solutions to form
dense sensor networks, deployed onto the strucJuly 19, 2017
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ture’s surface, that are capable of discretely monitoring local changes in a structure over its global
area [5]. Various researchers have proposed dense
sensor networks, often termed sensing skins, as a
solution to the local-global challenge. Yao et al
[6] proposed large sensing sheets of resistive strain
gauges (RSG) with embedded processors on a 50
µm thick polyimide sheet for crack detection and
localization on civil infrastructure. Loh et al [7]
introduced a layer-by-layer assembled carbon nanotube nanocomposite sensing skin that, when combined with the electrical impedance tomography
mapping technique, enabled two-dimensional damage detection. Hallaji et al [8] developed a largearea sensing skin for damage detection in concrete
structures, consisting of electrically conductive copper paint that is applied to the surface of the concrete. Cracks in the underlying concrete resulted in
a dislocation of the sensing skin, and, therefore, in a
change in skin conductivity. Electrical impedance
tomography was then used to detect and localize
damage in the substrate. Downey et al [9] proposed
the use of a hybrid dense sensor network consisting
of large-area strain-sensing capacitive-based sensors
and RSGs for the low-cost monitoring of large structures. The various dense sensor networks presented
here, while promising, lack the capability to directly
detect a structure’s internal damage. The problem
of detecting internal damage is of great importance
as, for instance, load bearing walls are often made
of thick slabs of steel reinforced concrete composites and internal damage may not be evident on
the surface. Other notable examples demonstrating the importance of detecting internal damage
include the reinforced concrete beam-column joints
that can undergo shear failure under seismic loading
and grout failure in mechanically spliced columnfooting connections [10].
A solution to the challenge of internal monitoring of civil structures is to embed self-sensing structural materials into the segments of interest to enable smart monitoring [11, 12]. Self-sensing cementbased structural materials offer the benefit of easily binding with the monitored structure as they
possess similar material properties as the structure
being monitored [13]. Fabrication of self-sensing cementitious materials through the doping of carbonbased particles into traditional admixtures of cement has been achieved[14]. Various carbon-based
materials have been mixed with cementitious materials, including carbon fibers [15, 16], nano-carbon
black [17] and, more recently, multi-walled carbon
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nanotubes (MWCNT) [4, 18, 19]. MWCNTs offer great potential due to their excellent electrical and mechanical properties [20, 21]. For this
reason, they have been employed in the fabrication of many strain sensing composite materials. It
has been demonstrated that the cementitious material’s strain sensing property is due to piezoresistivity caused by the slight pull-out of fibers passing
through micro-cracks [16].
Research on damage detection and localization
has been performed for various forms of conductive cement composites. Multiple examples of datadriven damage detection, where damage is inferred
from a change in electrical signal [19, 22, 23], can
be found in the literature. Chen et al [15] demonstrated a data-driven damage detection approach
in a carbon fiber-reinforced concrete beam under a
three-point-bending test. The damage was clearly
detected, but damage localization within the specimen was not achieved. Hou et al [24] presented
an electrical impedance tomography method for
use with cementitious structures. Results demonstrated that the electrical impedance tomography
method was capable of detecting and localizing
damage in a polymeric fiber reinforced cementitious composite. However, repeated measurements
were required along with various applied current
distributions to solve the tomography mappings inverse problem. Furthermore, electrical impedance
tomography requires the use of a finite element or
finite difference method to obtain an approximation
of the solution, as an analytical solution is generally
not feasible [25].
This work introduces a computationally efficient
and direct model-based approach to damage detection, localization and quantification of crack type
damage in self-sensing cement-based structural materials. Here, a simple resistor mesh model is
created to approximate the self-sensing material.
Varying strain and damage states can be introduced
into the resistor mesh model through changing the
resistive value of individual resistors. This capability is based on the hypothesis that the electrical resistivity of any self-sensing conductive material depends on its strain [18] and fault state
(healthy/damaged) [26]. Cracks in the self-sensing
material are considered to cause a reduction in
conductivity since cracks are non-conducting when
opened. The resistor mesh model is efficiently
solved through nodal analysis, providing a voltage level for each model node, and compared to
experimental data. Individual resistors within the
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model can then be adjusted to localize the damage
within the material. This approach enables realtime detection and localization of damage in concrete structures with simple and inexpensive electrical hardware while requiring only light computations. The proposed method is validated for an
MWCNT cement composite under static damage
cases and a steel reinforced MWCNT cement composite under a four-point loading case. In the fourpoint loading case, a finite element analysis model is
developed to update the resistor model with straininduced resistance changes for each loading case.
The contributions of this paper are twofold: 1)
a straightforward and easily solvable resistor mesh
model is introduced and experimentally verified for
damage detection, localization and quantification in
multi-functional cement-based self-sensing materials; 2) experimental validation of the resistor mesh
model for damage detection and localization in a
steel reinforced cement-based beam is performed,
successfully locating and detecting an internal damage case that is non-evident on the specimen’s surface.
This paper is organized as follows. Section 2
presents background on the self-sensing cementbased material used for experimental validation,
along with the biphasic DC measurement approach
used for monitoring the self-sensing material. Section 3 presents the proposed resistor mesh model
for damage detection and localization. Section 4
presents the three experimental validation cases
and results. Section 5 concludes the paper.
2. Background
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The self-sensing cement composite specimens
used in this study are introduced in this section.
Thereafter, the biphasic DC measurement approach
used in the presented experiments is described, and
its enhanced time stability in comparison to other
existing methods is demonstrated along with its capability to monitor the strain sensitivity of the cement composites.

Figure 1: Self-sensing structural material specimen consisting of MWCNTs suspended in a cement matrix used
for strain sensitivity testing: (a) specimen dimensions; (b)
experimental setup for validation of the materials strainsensing capability.

2.1. Self-sensing cementitious material
Specimens made of a self-sensing nanocomposite cement paste doped with MWCNT are used
for model validation. Previously conducted axial compression tests have demonstrated that the
MWCNT/cement-based matrix mix design considered here is capable of behaving as a strain-sensing
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structural material [18]. The fabrication process of
the material and its sensing principle are described
in details in reference [18]. Briefly, the composite
is made by doping a traditional cementitious mixture with carbon nanotubes, providing the material
with a piezoresistive strain sensing capability. Here,
specimens were fabricated by adding 1% MWCNT
(Arkema C100), with respect to the mass of cement,
to deionized water and a surfactant (Lignosulfonic
acid sodium salt). Nanotubes were dispersed in
water by using a sonicator tip after a preliminary
mechanical mixing. The obtained water-nanotube
suspension was then mixed with type IV Portland
cement. Four specimens were cast. The first into a
51 × 51 × 51 mm3 mold along with 4 stainless steel
mesh electrodes (4 × 4 mesh, 1.2 mm wire diameter) for the strain sensing tests, as shown in figure
1. An additional 51 mm side cube, along with a
40 × 40 × 160 mm3 and a 100 × 100 × 500 mm3
beam were cast for experimental model validation.
These three samples will be discussed later.
The use of any strain-sensing material requires
the assumption of an electromechanical model to
relate strain to a measurable electrical parameter.
While various equivalent electromechanical models
for cement-based materials doped with MWCNT
have been introduced [27, 28], these models typically conclude that only resistance is influenced by
the mechanical deformation [28]. Under this assumption, the resistance-strain relationship can be
presented as:
∆R
= −λε
(1)
R
where R is the specimen’s unstrained nominal resistance, ∆R is the incremental variation in electrical resistance caused by the axial strain, λ is the
material’s gauge factor and ε is the strain assumed
positive in compression. According to the simplified
model presented in Eq. (1), λ is the only parameter
characterizing the strain-sensitivity of the material.
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2.2. Biphasic DC measurement approach
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Self-sensing cement-based materials doped with
carbon nano inclusions are known to exhibit an inherent time-based drift in their electrical output.
When using a DC measurement technique, this drift
usually represents itself as an increase in the resistance starting from the time the sensing current
is applied. The drift can be recognized in various
research and is often attributed to material polarization [29, 30], variations in material’s dielectric

Figure 2: Biphasic DC measurement approach: (a) voltage
signals for a 2 Hz square wave sensing current; (b) comparison of DC four-probe resistance measurement vs the biphasic DC measurement approach; (c) strain sensitivity for the
specimen shown in figure 1.
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constant [31] or direct piezoelectric effect [32]. Various techniques for minimizing the effect of this drift
have been proposed, including: comparing a sensing
material with a control sample [33], delaying measurements until the drift levels out [34] and using
AC measurements techniques [26].
This work is aimed at detecting, localizing and
quantifying cracks in reinforced self-sensing concrete structures by exploiting permanent local
changes in electrical resistance induced by the
cracks. To do so, resistance measurements made
using a standard DC measurement method were
found to be inappropriate, due to the constantly
changing resistance caused by material polarization. Similarly, AC measurements made with an
LCR were also deemed unacceptable due to the
need to simultaneously monitor various sections of
a continuous structure such as a beam. In order
to overcome the limitations of existing DC and AC
measurement methods, this work utilizes a biphasic
DC measurement approach able to provide consistent and stable long-term results by continuously
charging and discharging the self-sensing material,
also allowing multi-section readings. The method
has been newly proposed by the authors and is the
focus of a separate work [35]. Its main features are
introduced here for completeness.
In the biphasic DC measurement method, the
biphasic signal is sourced from a function generator
producing a 2 Hz square wave ranging from -2.5 to
2.5 volts across the specimen with a duty cycle of
50%. The applied sensing current is presented in
figure 2(a), and is labeled as Vapplied . Material depolarization is obtained during the sensing current’s
discharge region and DC measurements are taken
during the measurement region of the square wave.
DC voltage measurements are taken 0.2 seconds after the start of the periodic square wave measure
cycle, as shown in figure 2(a). Resistance, R, is calculated by dividing the measured voltage, Vsense , by
the current, i, flowing through the specimen crosssection, as follows:
R=

Vsense
i

Vdrop
Rin−line
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(2)

The current, i, in Eq. (2), is obtained by monitoring the voltage drop, Vdrop , across a resistor,
Rin−line , set in series with the test specimen, namely
i=

260

(3)
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The voltage and, therefore, the resistance, can
be sampled at multiple points along a continuous
beam. This way, the biphasic DC measurement
approach allows for the simultaneous measurement
of every section in a multi-sectioned test specimen.
In addition to the applied voltage, figure 2(a) also
presents the voltage drop across the in-line resistor
(Vdrop ) and the four-probe sense voltage ( Vsense ),
where the sense voltage is sampled as shown in figure 1(b).
The capability of the biphasic DC measurement
approach to eliminate resistance drift caused by material polarization is demonstrated in figure 2(b). In
this plot, the resistance of the specimen presented
in figure 1 is shown using both a traditional DC
measurement and the biphasic DC measurement
approaches for the first 300 seconds after a sensing current is applied to the sample. A four-probe
configuration is used to eliminate the effects of contact resistance [36]. Resistance results obtained using DC measurement experiences an increasing drift
with respect to time. The drift is greater in the
first few seconds after the sensing current is applied,
while it tends to decrease afterward. In comparison,
the proposed biphasic DC measurement technique
provides a constant resistance measurement with no
polarization drift present in the first 300 seconds. It
is hypothesized that the discharge region of the periodic square wave acts to fully discharge the sensor
between subsequent measure regions. The smaller
resistance value measured through the biphasic DC
approach in comparison to the result of the standard DC method can be explained by the circumstance that the biphasic approach limits polarization time to 0.2 seconds, thus also limiting the related apparent increase in resistance.
2.3. Strain sensing characterization
The capability of the biphasic measurement to be
used for strain-sensing in smart structural materials is demonstrated in figure 2(c). The nanocomposite cement paste cube presented in figure 1 is
tested in a quasi-static compressive loading test.
The load is applied in 0.1 kN step increments from
fully unloaded to 1.5 kN. The loading time history
is shown in the insert in figure 2(c). Seventy-five
resistance samples were taken at 2 samples per second (S/s) for every loading step and are presented
as a series of box plots to show the sample distribution. Resistance values are calculated using
equation (2) as presented above. Strain is concurrently measured with RSGs adhered to oppo-
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site sides of the specimen. A linear regression of
the data is performed and a linear relationship between the measured strain and resistance with a
sensitivity of 0.4 Ω/µε was obtained. This strain
sensitivity was found to agree well with the experimental data acquired during testing of specimen
III, the only specimen to undergo a strain-induced
changen in resistance. However, the effect of scaling and normalizing the strain sensitivity value will
need to be addressed in future work. For the purpose of this introductory work, the strain sensitivity value is assumed valid and used throughout the
rest of the work and adjusted to electrical resistivity where appropriate. The maximum loading case
for specimen I was limited to 1.5 kN, coresponding
to 34 µε, due to the testing apparatus. During testing of specimen III a maximum compression of 65
µε was recorded with an externally mounted strain
gauge. The linearity of strain sensitivity for compressive loading has been documented well passed
this loading level and is assumed to remain linear
for the purpose of this study [17, 19, 37, 38]. As
expected, the specimen resistance decreases with
the increasing compressive force. This decrease in
resistance stems from the reduction in the average
distance among MWCNTs, therefore decreasing the
resistance of the conductive networks through the
quantum tunneling effect. This same theoretical
approach applies in tension, where the difference in
gauge factors is small enough that a common gauge
factor can be assumed [39]. For concrete specimens
in tension, this theoretical approach governs until
the opening of micro-cracks starts to control the
conductive networks, however, for simplicity microcracks are not modeled in this work. The piezoresistive effect described here has been demonstrated
under multi-axial strain [40].
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here for the detection, localization and quantification of damage in conductive cement-based composites. A rectangular mesh is first constructed to
mimic the geometry of the conductive specimen,
whereby it is noted that this work focuses exclusively on the construction of 2-D rectangular resistor meshes. The use of 3-D meshes of varying
shapes would not entail any substantial change in
the methodology. However, this topic is beyond the
scope of this introductory work. Contacts are introduced into the model as non-resistive elements
between model nodes. Voltage measurements are
made as the differential sensing voltage between
contacts as diagrammed in figure 3. The introduction of three resistor types into the resistor mesh
model are considered: (i) strain-sensitive resistors,
(ii) contact resistors and (iii) damage resistors. The
model’s capability to detect, localize and quantify
damage is based on the hypothesis that a resistor
mesh model, with the correct consideration of resistor type and placement, is capable of accurately accounting for the conductive cement-based composites strain and damage state over the full geometric
shape considered in the model. An explanation of
the resistor types is presented in what follows.

3. Resistor mesh model
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This section introduces the proposed resistor
mesh model for damage detection, localization and
quantification in conductive cement-based composites. First, the resistor mesh model and its methodology are proposed. Then, a validation scheme and
the specimens used for model validation are presented.

Figure 3: A resistor mesh model with a 10×5 resistor mesh
for crack detection, localization and quantification in cement
composite structures with key components highlighted.

385

3.1. Methodology
The resistor mesh model shown in figure 3 is a
simplified form of the resistor mesh model proposed
6

Strain-sensitive resistors, represented by light
continuous lines in figure 3, make up the majority of
the resistor-mesh model. Their values are adjusted
through the use of a finite element analysis (FEA)
model to estimate strains present in the model and
the material’s known strain sensitivity. Their nom-

Table 1: Specimens fabricated for validation.

dimensions (h × w × d (mm))
number of contacts
contacts depth (mm)
resistor mesh model (h x d)
circuit nodes
total solve time (s)
nominal resistance (Ω)
contact resistance (kΩ)
current flow (mA)
applied voltage (V)
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I

specimen
II

III

40 × 40 × 160
8
35
40 × 160
6401
3.29
500
44
0.709
2.5

51 × 51 × 51
5
49
51 × 51
2602
0.37
1000
80/37 (L/R)
0.903
2.5

100 × 100 × 500
16
60
50 × 250
3126
14.70
105
10.5
2
2.5

inal values are determined considering the contact
resistance through matching the current flow and
voltage measurements of the specimen under study
to those obtained from the resistor mesh model.
Their value is, therefore, dependent on the density
of the resistor mesh used and may not be directly
related to material properties. In cases where the
strain is considered to be non-relevant to the detection of damage, strain-sensitive resistors may be
left as their nominal resistance values, therefore removing the need to develop a separate FEA model.
Contact resistors, represented by thick continuous line resistors in figure 3, are added to account
for the increased resistance at the current carrying
contacts caused by the electrochemical reaction between the conductive cement structure and metal
electrodes. For cement composites with carbonbased additives, the value of the contact resistance
may be considerable [36, 41]. Here, contact resistors are added only where one resistor extremity
is in direct contact with the embedded electrode
and the opposite resistor extremity interacts with
the resistor mesh. The contact resistance is fully
accounted for at the cement/contact interface, as
demonstrated by Han et al [41]. The value of the
contact resistance is set through monitoring the experimental data and are adjusted together with the
resistance value of strain-sensitive resistors.
Damage resistors, represented by dashed blue resistors in figure 3, introduce damage into the model
at locations of observed cracking or through appropriate selection to reconstruct an experimental measurement. Here, cracks in the self-sensing
material are considered to cause a strong reduction in conductivity, because cracks may be non-
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conducting when opened. Damage resistors are replaced with non-conductive elements in the model.
In some cases, the use of damage resistors that
maintain some level of conductivity may be appropriate. This strategy is beyond the scope of this
work.
The correctly assembled resistor mesh model can
be solved for each unknown voltage as a system
of linear algebraic equations. This nodal analysis
problem only requires Vapplied as a model input.
The model’s calculated current flow and voltage at
contact locations can then be used for comparison
with experimental values. In this work, a 2-D resistor mesh is used for modeling the experimental
specimens, assuming a constant cross-section. This
simplifaction allows for the modeling of the embedded contact mesh as a single linear contact through
the depth of the material. The effects of contact
selection and placement on electrical field distribution in the material and optimal contact placement
for damage detection will need to be addressed in
future works. Here, the resistor models used to reproduce the experiments are solved in SPICE [42],
an open source analog electronic circuit simulator.
3.2. Model validation
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Experimental validation of the resistor mesh
model is conducted using three self-sensing cement
composites doped with MWCNTs (denoted as specimen I, II and III). Specimen I is designed to validate the simple case of a controlled damage induced
into a non-reinforced conductive cement beam without strain-induced resistance changes. Specimen II
is designed to validate the damage detection model
for induced damage in a cubic specimen, where edge
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effects are considered to be the greatest among the
three specimens. Additionally, the low number of
contacts used in this case demonstrates the resistor
model’s capability to function even without dense
networks of electrodes. Again, no strain-induced
resistance change are considered for specimen II.
Specimen III is designed to validate the resistor
mesh model for damage detection, localization and
quantification in a steel reinforced conductive cement beam under a four-point loading condition.
An FEA model is used to update strain-sensitive
resistors in the model. During loading, an uncontrolled damage develops in a pre-existing surface
crack on the left-most contact. Model parameters
and material properties of the specimens are presented in table 1.
For validation purposes, the experimental data,
locations of known damage (induced or observed)
and FEA models (specimen III only) are used to
construct a resistor mesh model that is then solved
using SPICE. The model’s output is compared to
experimental data and the results are reported, as
diagrammed in figure 4. Voltage measurements
are acquired using the biphasic DC measurement
approach presented in section 2. Results from the
resistor mesh model and experimental results are
presented as voltage drops between sections.

500

Figure 4: Validation scheme for the proposed resistor mesh
model.

Figure 5: Experimental setup for specimen I, showing:
(a) experimental setup with modeled locations for the preexisting damage (crack 1 and 2) and the induced damage;
(b) experimental wiring; (c) pre-existing damage cases and
an induced damage of 10 mm.

4. Experimental validation and discussion
The experimental setup, results and discussion
for each specimen are presented in this section.
490
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4.1. Specimen I: eight contact beam
Specimen I consisted of an eight contact (seven
sections) non-reinforced cement composite beam intended to validate the resistor mesh model in a simplified form. Figure 5 diagrams the experimental
setup for the beam, consisting of monitoring the
voltage drop over all seven sections and inducing

a controlled damage into the center of section 4.
Damage was introduced in the form of a 1 mm wide
crack (cut), using a hacksaw. Cuts were made in
5 mm steps from 0 to 30 mm with voltage measurements made starting from the healthy state and
after each cut.
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A resistor mesh model of 40 × 160 resistors
was generated to approximate the specimen. The
model was then calibrated to the experimental data
through the adjustment of the resistance values for
the strain-sensing and contact resistor values to
match the specimen’s experimentally obtained current flow and voltages for the beam’s healthy state
as shown in figure 6(a). The voltage drops over sections 3 and 5 were found to be greater than what
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would be expected for an undamaged section. Upon
inspection, surface cracks were found to be present
in these sections (see figure 5(c)) and were added
as pre-existing damages to the resistor mesh model
as denoted in figure 5(a). Crack 1, as labeled in
figure 5(a) was added as a 12 mm crack from the
surface down in the center of section 3, while crack
2 was added as an 8 mm crack from the surface
down in the center of section 5. Both cracks were
visible on the front, top, and back of the beam
and are assumed to have propagated through the
beam. Figure 6 reports the results for both resistor
mesh model (labeled model) and the corrected resistor mesh model (labeled corrected model) that
accounts for the pre-existing cracks. Damage is
introduced into the resistor mesh model in 5 mm
steps.
Results presented in figure 6(a) demonstrate that
the resistor mesh model is capable of reconstructing the electrical characteristics of the beam in both
its corrected and uncorrected forms. Moreover, the
results for the fully damaged beam (30 mm cut),
presented in figure 6(b), show that the model is
capable of detecting and localizing the damage as
occurring in section 4. Also, it is shown that the
model is capable of accurately tracking the damage as it propagates deeper into the section (figure
6(c)). As the crack depth increases, the specimen’s
sensitivity to damage grows. This was expected
as each unit increase in crack depth produces a
larger relative change in the conductive area across
the cross-section of the beam. The resistor mesh
model, in both its uncorrected and corrected forms,
is able to replicate this increase in sensitivity as
shown in figure 6(c). Lastly, the average error of
all the sections as a function of the induced crack
length is presented in figure 6(d) for both the uncorrected and corrected model. As expected, the
uncorrected model displays a higher average error
across all crack lengths due to lack of knowledge
about the pre-existing cracks. Overall, the error is
relatively constant for both model cases over the
range of the induced crack length. This demonstrates that the simplified 2-D resistor mesh model
is capable of tracking the damage case to a degree
of certainty.

Figure 6: Experimental data and analytical model results
for specimen I, showing: (a) healthy state; (b) 30 mm center
cut; (c) voltage drop for section 4; (d) average total error for
all sections.
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4.2. Specimen II: five contact beam
Specimen II consisted of a five contact (four sections) self-sensing non-reinforced cement paste cube
intended to validate the resistor mesh model for use
in a highly compact specimen that is subject to a
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large amount of edge effects, in a simplified form.
Figure 7 diagrams the experimental setup for the
cube, consisting of monitoring the voltage drop over
all four sections and inducing a controlled damage
into the center of section 2. Again, damage was
added using a hacksaw and cuts were made in 5 mm
steps from 0 to 25 mm. At 25 mm, an embedded
contact was hit by the hacksaw blade. Therefore,
the damage cases were not continued past 25 mm.
A resistor mesh model of 51 × 51 resistors was
developed to model the specimen. As before, the
model was calibrated to the experimental data
through the adjustment of the resistance values

contact resistance of 58 Ω on both sides) and the
corrected model.

Figure 7: Experimental setup for specimen II, showing: (a)
experimental setup; (b) induced damage of 25 mm.
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for the strain-sensing and contact resistor values
to match the specimen’s experimental current flow
and voltage drops. These results are presented in
figure 8(a) for the healthy case. In specimen II the
voltage drop in section 1 was found to be higher
than the voltage drop in section 4. However, upon
inspection, no visible surface damage was found on
any face of the sample. Therefore, the cause for this
discrepancy was hypothesized to be a difference in
the average contact resistance of the two outside
contacts, possibly caused by a local variability of
the material. A corrected model was developed to
accommodate for this change in contact resistance
with a contact resistance of 80 Ω being used for the
contact on the left and a contact resistance of 37
Ω being used on the right. Results are presented
in figure 8 for both the uncorrected model (using a

Figure 8: Experimental data and analytical model results for
specimen II, showing: (a) healthy state; (b) 25 mm center
cut; (c) voltage drop for section 3; (d) average total error for
all sections.
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Similar to results obtained from Specimen I, results presented in figure 8(a) demonstrate that the
resistor mesh model is capable of reconstructing the
electrical characteristics of the cube specimen in
both its corrected and uncorrected forms. The capability of the model to account for varying contact
resistance values further enhances the capability of
the resistor mesh model for damage detection. Results for the fully damaged beam condition (25 mm
cut) are presented in figure 8(b). The disagreement
between the models and experimental data for sec-
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tions 3 and 4 for the 25 mm damage case is assumed
to be a function of the saw contacting the embedded contact. This assumption is further strengthened by the changing voltage drop (figure 8(c)) for
section 3 as a function of the induced crack length.
It can be seen that both the corrected and uncorrected models are capable of tracking the damage
growth up to the 20 mm crack length. However, the
25 mm crack length shows a significant level of disagreement between the model and the experimental
data. Lastly, the average error of all the sections
as a function of the induced crack length is presented in figure 8(d). The uncorrected model displays a higher average error across all crack lengths
but both models retain a relatively constant error
over all induced damage cases except for the final
damage case, as expected.
4.3. Specimen III: sixteen contact beam
Specimen III is a steel reinforced cement paste
beam with 16 embedded contacts (15 sections), intended to validate the model’s capability to fully
detect, localize and quantify damage in an uncontrolled damage case in the presence of steel reinforcement. The beam is presented in figure 9,
where figure 9(a) annotates the key components of
the beam and figure 9(b) is a picture of the experimental setup. Damage present on the top extremities of the beam in figure 9(b) occurred while
extracting the beam from the molds. The surface
of the beam contained multiple cracks, and these
were photographed to enable crack monitoring during testing. Six RSGs were adhered onto the face
of the beam and were used for validating the FEA
model built for updating strain-sensitive resistors.
Twenty-four loading steps were applied in 0.1 kN
intervals. The load cell in figure 9(b) was used
to evenly distribute the loading onto the two steel
pins. The beam suffered damage during the application of the 1.8 and 1.9 kN loads. An audible crack
was heard during the application of both loading
cases. Experimental results presented later in this
section and the resistor mesh model strongly suggest that the damage occurred on the outside of the
left-most monitored section, as annotated in figure
9(a). This damage case demonstrates the capability
of the resistor mesh model to detect, localize and
quantify damage in a steel reinforced cement composite beam. A resistor mesh model of 50 × 250
resistors was used to model the specimen as it provided accurate analytical results while requiring a
relatively short computation time.
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The FEA model for updating the strain-sensitive
resistors consisted of 50,000 eight-node solid elements and developed using Abaqus [43]. The steel
reinforcements were incorporated into the 3-D FEA
model. The front surface of the FEA solved strain
map is shown in figure 10. Four of the sixteen embedded contacts were added to the FEA model, the
remaining contacts were withheld due to the software imposed limitation of 50,000 elements. The
FEA model was validated using the RSGs diagrammed in figure 9(a). A 2-D strain map was
developed from a cross section taken from the center of the 3-D strain map. The 2-D strain map
was used to update the resistor mesh model using
a strain sensitivity of 0.4 Ω/µ.

Figure 10: FEA model results (strain) of specimen III used
for developing strain fields used in the implementation of the
resistor mesh model.
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The experimental results and the resistor mesh
model are presented in figure 11. As shown in
the figure, the experimental data shows a significantly large voltage drop over a few adjacent sections located in the middle of the specimen. This
deviation is assumed to be a function of the cracks
present in the specimen and a slight cavity in the
top of the beam that formed during casting and extends through sections 6, 7 and 8. These irregularities were due to the decrease in workability of the
carbon-doped cement paste and difficulties in getting the cement to flow around the densely packed
electrodes. However, due to the high number of
surface cracks, the cavity in the cement paste and
the circumstance that damage formed outside this
region, it was not necessary to develop a corrected
model for specimen III.

Figure 9: Experimental setup for the self-sensing reinforced cement paste beam: (a) annotated diagram labeling key components
of the test setup; (b) experimental setup as tested, (with the load bearing clamp removed for clarity).

12

730

735

Figure 11: Experimental analytical model results for the
healthy state of specimen III.
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As stated before, the beam experienced damage
during the application of the 1.8 kN load that produced an audible crack. The results shown in figure 12(a) allow for a data-driven approach to damage detection and localization. First, the change
in voltage for section 8 (the center section) is inspected. As the loading increases, the voltage drop
across the center section increased as a consequence
of an increase in the section’s electrical resistance.
This increase in voltage drop is related to tension
forming along the bottom of the beam (figure 10),
and reaches a maximum around 1.4 kN. Thereafter,
any increase in tension along the bottom of the
beam does not cause an increase in the voltage drop
as the material starts to form excessive amounts
of micro-cracks and looses its sensitivity to strain
[16]. Moving outward from the center in symmetric
pairs, each pair of sections demonstrated a constant
and matching change in voltage drop over all the
sections. This was expected due to the symmetric
loading of the beam and is demonstrated by the
paired sections 4 & 12 and sections 6 & 10, shown
in figure 12(a). Other sections are not shown for
clarity.
Constant and steady change in a section’s electrical resistance and, therefore, in its voltage drop,
is caused by the material’s strain-sensing capability [22]. In comparison, an abrupt increase in resistance can be easily correlated to a damage case
caused by material failure [19]. Such an abrupt increase in resistance can be recognized as a sudden
increase in voltage drop (corresponding to an increase in resistance) in figure 12(a) for section 1.
The corresponding decrease in the voltage drop of
section 15 is a reaction to the increase in the voltage
drop in section 1. Upon closer inspection and by a
comparison with pictures taken up for the undamaged beam in figures 12(b and d), no visible lengthening of any of the surface cracks were observed. In-
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stead, based on the audible cracking noise heard at
that stage of loading and based on the experimental data and its comparison with the predictions
of the resistor mesh model, it was concluded that
the damage occurred on the outside of the left-most
contact, most likely due to a shear failure through
the surface crack presented in figure 12(b and d).
Additionally, upon further testing until complete
failure [23], the beam was found to fail through the
same surface crack with a maximum loading of 113
kN. Through further inspection of the data, it can
be noted that the voltage drop across section 15
decreases after the application of the 1.6 kN step,
prior to the audible crack being heard during the
application of 1.8 kN. Upon inspection of the entire
data set, it was noted that majority of the sections
exhibited an increase in voltage. However, because
this increase is low and distributed across most of
the sections, it is difficult to attribute the causes of
this redistribution of the voltage drops. In comparison, the voltage variation during the 1.8 kN step
is clear and distinct, allowing for the localization of
damage. Damage may have been detected earlier
using more advanced algorithms.
Here a data-driven approach is used to match the
individual elements of the resistor mesh model to
the experimental data available (e.g. voltage drops,
audible cracks and external cracks). The development of algorithms for the placement of damaged
resistor nodes within a complex structure, such as
the beam currently under consideration, are needed
to facilitate automated damage detection in structures using the proposed method. The resistor
mesh model’s capability to detect and localize damage for specimen III are presented in figure 12(c).
The model’s steady and mostly linear increase in
section 1 & 15’s voltage drop is caused by the strainsensitivity of the material, as estimated by the FEA
model. This increase in the voltage drop relates to
an increase in the section’s average resistance, and
shows a strong agreement with the experimental
data (i.e. by comparing results in figures 12(a) and
(c)). The abrupt increase that occurs during the
application of 1.8 and 1.9 kN is a result of a crackinduced damage that occurred at the left-most contact. To reproduce this crack, damage-type resistors were introduced into the resistor mesh model.
Cracks were added to the contact resistor element
on the outside of the resistor mesh model. First,
a resistor replicating a 4 mm crack was added into
the resistor mesh model on the outside of the leftmost contact, as shown in figure 9(a), to account

Figure 12: Experimental data and analytical model results for specimen III, showing: (a) measured change in voltage drop as
a function of the applied load; (b) crack detected outside section 1; (c) analytical model versus experimental results for voltage
drop measured at section 1; (d) bottom view of the surface crack on the outside of section 1.
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for the pre-existing crack. Thereafter, a 4 mm crack
was added during damage case associated with 1.8
kN. Next, due to the decrease in sensitivity as the
cracks move further into the beam, a 2 mm crack
was added during damage case associated with 1.9
kN. These cracks resulted in a total simulated crack
length of 10 mm. The introduction of these cracks
into the resistor mesh model was found to accurately match the experimental data and is useful
in verifying that the damage case is present on the
outside of the left most sensor. Ultimately, this
beam was found to fail at the left most contact,
further supporting our conclusion drawn here [23].
The successful damage identification, localization,
and quantification in the reinforced cement paste
beam shows that the resistor mesh model could be
used in presence of a limited amount of steel reinforcement. It is hypothesized that the contact resistance present at the interface between the cement
composite and steel reinforcement prevents the majority of the sensing current from passing through
the steel reinforcement. The effects of highly conductive reinforcement in conductive cement composites is an area of future study. Alternatively, a
segment of conductive concrete could be embedded
in a beam of traditional (i.e. highly resistive) concrete, as presented in Ref [13], to further isolate the
highly conductive steel reinforcement.
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5. Conclusion
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This work introduced a resistor mesh model capable of damage detection, localization and quantification within structural elements made of nonreinforced and reinforced conductive and strainsensing cement composites, using electrical outputs measured from the material. Based on an
equivalent mesh of three different types of resistors, the proposed method is able to reproduce the
electrical response of structural elements fully or
partly made of smart concrete. In particular, it
allows to accurately reproduce strain-induced and
damage-induced changes in voltage drops across
multiple sections under the application of biphasic DC electrical inputs. The proposed method
is validated through a campaign of experimental
tests on three specimens made of nanocomposite cement paste doped with MWCNT, a smart composite material that is known to exhibit strain-induced
changes in electrical resistivity under application of
a mechanical loading. More specifically, two nonreinforced specimens were tested under controlled
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damage cases, while a steel reinforced MWCNTcement paste composite beam was tested under a
four-point loading case with an uncontrolled developing damage pattern. In the four-point loading
case, a finite element analysis model was developed
to update the resistor model with strain-induced
resistance changes for each loading case.
The results demonstrated that the proposed approach successfully anticipates the electrical response of smart concrete structural elements and
enables real-time detection, localization and quantification of crack-type damage with very simple
and inexpensive electrical hardware and a limited
computational cost. Future work includes the expansion of the proposed resistor mesh model into
the third dimension, development of algorithms
for the placement of damaged resistor nodes into
the 3-D resistor mesh models and studying the
highly conductive reinforcement in conductive cement composites.
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