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� Self-sensing capability of ECC with different carbon-based materials was assessed.
� Carbon fibers (CF), carbon nanotubes (CNT) and carbon black (CB) were used.
� Specimens cured for 7, 28, 90 and 180 days were used for self-sensing assessment.
� Tests were performed under compression, splitting tension and four-point bending.
� Self-sensing is valid for all curing ages and under different loading conditions.
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Self-sensing capability of 7-, 28-, 90- and 180-day-old Engineered Cementitious Composites (ECC) incor-
porated either with carbon fibers (CF/ECC-CF) at micro-scale or multi-walled carbon nanotubes (CNT/
ECC-CNT) and carbon black (CB/ECC-CB) at nano-scale were investigated herein. Mechanical properties
(compressive strength, splitting tensile strength/deformation, flexural strength/deformation) of
different-age mixtures were evaluated. Control mixture (ECC-Control) without any carbon-based mate-
rial was also produced and tested for comparison. Depending on the loading condition, equipment utiliz-
ing either direct current (DC) or alternating current (AC) was used for self-sensing assessments. Results
showed that carbon-based materials generally improve the mechanical properties of ECC-Control speci-
mens depending on the type of carbon-based materials, specimens’ age and loading conditions. All spec-
imens sensed different types of damage except 180-day-old ECC-Control specimens loaded under
uniaxial compression and splitting tension due to abrupt increments in impedance results exceeding
the limits of testing device which revealed the importance of presence of electrically-conductive materi-
als for achieving enhanced self-sensing capability independent of aging, testing configuration/equipment,
loading conditions and microcrack characteristics. CF is the best to improve self-sensing capability of
ECC-Control specimens for all ages and loading conditions. Self-sensing performances of ECC-CNT and
ECC-CB are comparable and utilization of nano-size carbon-based materials is suggested in cases where
reversibility in self-sensing is needed.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Structural design and environmental exposure conditions affect
the durability and, relatedly, the serviceability of civil infrastruc-
ture. However, durability of concrete material is also very impor-
tant and plays a vital role. Different from laboratory conditions,
under service, structural concrete is subjected to different types
of loads. Whatever the reason, concrete may crack as a result of
loading. Despite the common understanding which state that
cracking is anticipated and concrete structures are designed to
crack, in reality, formation of cracks significantly fastens the dete-
rioration and reduces the service life [1–3]. It is therefore very
appealing for infrastructural longevity to lower the chances of
cracking formation for concrete material.
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Engineered cementitious composite (ECC) is a novel construc-
tion material capable of significantly delaying the onset and fur-
ther propagation of cracking [4]. ECC is also known as strain-
hardening cementitious composite (SHCC) in the open literature.
As the name implies, the material is characterized with distinctive
tensile stress-strain response which is realized through strain-
hardening capability and coupled with the creation of many mul-
tiple tight microcracks under excessive tension-based loading sce-
narios [5–8]. Keeping the widths of cracks to minimum is one of
the effective ways to prolong the serviceability of reinforced con-
crete structures which serve under harsh environmental exposures
[1,9]. Accordingly, ECC, thanks to its multiple microcracking behav-
ior, is constantly reported to stay durable under a wide range of
severe environmental exposure conditions which trigger common
durability problems (e.g. steel corrosion [2], sulfate attack [10],
freeze/thaw effect [3,11] and alkali-silicate reaction [12]) for rein-
forced concrete structures. Improved durability of ECC materials
under very harsh environmental exposures, even when severely
damaged (i.e. microcracked), is not only related to the improved
damage bearing capability but also autogenous self-healing capa-
bility which significantly reduces the transport of harmful agents
into the materials [13–20].

On top of the superior mechanical, durability, self-healing prop-
erties, ECC is also reported to be inherently responsive to damage
occurrence and this responsiveness is generally termed as the
capability of ‘‘self-sensing”. In general, self-sensing capability takes
advantage of the dependence of electrical resistivity of concrete
material on the damage created and can be quite rewarding to
monitor the structural health, prevent the risks of sudden failure
and increase the service life [21]. One can consider conventional
ECC almost insulative and non-responsive to damage occurrence
given the fact that individual constituents of the material are not
conductive and mixing water diminishes with time due to progress
in the hydration and pozzolanic reactions. However, literature
clearly states that significantly high damage tolerance and exces-
sive plastic deformation capability of ECC allow closer and more
rigorous monitoring of damage through the changes in electrical
measurements [22,23]. Moreover, as opposed to majority of self-
sensing studies which concentrate on sensing of damage in com-
pression (due to high brittleness of conventional concrete), ECC
allows sensing of both compressive and tension-based damage
[24].

On the other hand, electrical properties and hence, the self-
sensing capability of cement-based materials can be significantly
influenced by the changes in certain parameters such as the avail-
ability of water, chemistry and ionic condition of pore solution and
ongoing hydration/pozzolanic reactions. For proper observation of
the introduced damage, large variations in the electrical properties
are undesirable. In order to reduce these variations and make sure
higher consistency in the electrical measurements, it is a common
practice to incorporate electrically-conductive materials into the
cement-based systems including ECC [25,26]. However, even when
incorporated with such materials, one can expect the interruption
of electrically-conductive network of cementitious systems with
the newly-produced hydration/pozzolanic reaction products either
covering the electrically-conductive materials or directly blocking
the path by densening of the microstructure [27]. As it is well-
known, progress in the hydration/pozzolanic reactions is highly
dependent on the aging. In order to maintain the effectiveness of
self-sensing in ECC systems, it is therefore critical to ensure that
the electrical properties, even when the material is aged, would
stay the same and/or at acceptable levels to monitor the occur-
rence of damage.

In this study, self-sensing capability of ECC mixtures produced
with different electrically-conductive carbon-based materials at
micro- (carbon fibers [CF]) and nano-scale (multi-walled carbon
nanotubes [CNT] and carbon black [CB]) was evaluated at the
end of initial curing ages of 7, 28, 90 and 180 days to observe the
effectiveness and extent of self-sensing capability. Special atten-
tion was also paid to the assessment of self-sensing capability
under different loading scenarios. This is considered very impor-
tant since almost all studies available in the literature tested the
self-sensing capability of ECC under uniaxial tensile loading condi-
tions [24,28–34]. Along these lines, self-sensing assessments were
made under uniaxial compression, splitting tension and four-point
bending loading. While recording and discussing the self-sensing
results, effects of addition of different carbon-based materials on
the mechanical properties of ECC mixtures under abovementioned
loading conditions were also discussed.
2. Experimental program

2.1. Materials, mixing, mixture proportioning and specimen preparation

Raw materials used in the production of ECC mixtures were CEM I 42.5R ordi-
nary Portland cement (PC), Class-F fly ash (FA) and fine silica sand with a maximum
aggregate size of 0.4 mm, polyvinyl-alcohol (PVA) fibers, drinkable water and poly-
carboxylic ether-based high-range water reducer (HRWR). Chemical composition
and physical properties of PC, FA and silica sand are given in Table 1. PVA fibers
had length, diameter, specific gravity, nominal tensile strength and elastic modulus
of 8 mm, 39 lm, 1.3, 1620 MPa and 42.8 GPa, respectively and they were used by 2%
of total mixtures’ volume (26 kg/m3). ECC mixtures were produced with constant
fly ash to Portland cement ratio (FA/PC) of 1.2, sand to Portland cement ratio of
0.36 and water to cementitious materials (FA + PC) ratio (W/CM) of 0.27.

Carbon-based electrically-conductive materials employed to create an electrical
network within the cementitious composites were carbon fibers (CF), multi-walled
carbon nanotubes (CNT) and carbon black (CB). Among these, only the CF was at
micro-scale while the rest were at nano-scale. The length, diameter, aspect ratio,
elongation, tensile strength, elastic modulus and density of CF were 12 mm,
7.5 mm, 1600, 1.8%, 4200 MPa, 240 GPa and 1.7 g/cm3, respectively. CNT was 20–
30 nm in diameter, 10–30 lm in length and had a surface area of more than
200 m2/g. The surface area and average particle size of CB were around 30–
50 m2/g and 20–100 nm, respectively. SEM micrograph images of carbon-based
materials used in the study are shown in Fig. 1.

Taking the overall cost of manufacture and agglomeration problems of different
carbon-based materials into account (especially those that are at nano-scale), it is
desirable to decide their utilization rates in compact ECC compositions rigorously.
To account for this, a detailed study was performed by Al-Dahawi et al. [26] where
the optimum utilization rates of abovementioned carbon-based materials were
decided for 1-, 7-, 28-, 60-, 90- and 180-day-old ECC matrices to reach nearly the
lowest electrical resistivity (highest electrical conductivity) results. These rates
which were stated to be the electrical percolation thresholds were found to be
0.55% and 2.00% of the total weight of cementitious materials for CNT and CB,
respectively while 1.00% of the total volume of mixtures for CF at the end of all pre-
determined testing ages. Since matrices with similar ages and ingredients were also
used in this study, percolation thresholds reported for different carbon-based mate-
rials in [26] were also utilized in this study. ECC mixture denominations and pro-
portions are shown in Table 2. As can be seen from this table that each individual
mixture was denominated to give an idea about the carbon-based material it incor-
porates. In addition to ECC mixtures produced with different carbon-based materi-
als, ECC-Control mixture which was plain and did not incorporate any carbon-based
material was also produced for comparison.

Due to considerably different characteristics of carbon-based materials used in
the production of mixtures, it was not an easy task to use similar HRWR contents
for all mixtures. Therefore, instead of setting a constant HRWR content, similar
workabilities (i.e. flow characteristics) were obtained for all ECC mixtures. Assur-
ance of similar workabilities for different mixtures was made by performing a series
of mini-slump flow tests. Based on these tests, HRWR contents for different mix-
tures were changed until reaching similar flow deformation levels with flow diam-
eter of nearly 16 cm for all ECC mixtures. Details regarding the mini-slump tests
performed on ECC mixtures with different carbon-based materials can be found
in [25].

As the carbon-based materials used herein (especially those that are at nano-
scale) are significantly small in size, they are very likely to face the problems of
non-uniform dispersion and agglomeration. In a recent study undertaken by the
authors [25], this issue was addressed in detail by proposing different mixing meth-
ods for carbon-based materials both at nano- and micro-scale. Accordingly, to uni-
formly distribute the carbon-based materials in ECC compositions, mixing methods
individually suggested in [25] for nano- and micro-scale carbon-based materials
were used for distributing CNT and CB, and CF, respectively. Since the details of pro-
posed mixing methods were discussed in very much detail elsewhere [25], no fur-
ther discussions were made here.



Table 1
Chemical composition and physical properties of PC, FA, silica sand.

Constituents Chemical composition, % Physical properties

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Loss on ignition Specific gravity (unitless) Blaine fineness (m2/kg)

PC 20.8 5.55 3.35 2.49 61.4 0.19 0.77 2.20 3.06 325
FA 52.2 16.6 6.60 2.10 7.98 0.86 1.53 10.4 2.10 269
Sand 99.8 0.06 0.02 0.01 0.02 0.02 0.01 0.07 2.60 –

Fig. 1. SEM micrograph images of (a) CF, (b) CNT, (c) CB.

Table 2
Mixture proportions of different ECC mixtures relative to the mass of PC.

Mixture ID. PC Sand/PC FA/PC W/CM PVA, kg/m3 HRWR, kg/m3 Carbon-based material, %

ECC-Control 1 0.36 1.2 0.27 26 4.5 –
ECC-CF 1 0.36 1.2 0.27 26 9.0 1.00*
ECC-CNT 1 0.36 1.2 0.27 26 17.0 0.55**

ECC-CB 1 0.36 1.2 0.27 26 15.0 2.00**

* : CF, by the total volume of mixture.
** : CNT and CB, by the total weight of cementitious materials (PC + FA).
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Once the mixing methods of different carbon-based materials were decided,
specimens for different loading conditions were started to be produced. For self-
sensing assessment under compressive and splitting tensile loading, cubic speci-
mens with the dimensions of 50 mm were produced while for the case of four-
point bending loading, prismatic specimens with the dimensions of
360 � 75 � 50 mm were produced. To account for the possible variations in the
results, from each mixture, three separate specimens were produced for each pre-
determined initial curing age (7, 28, 90 and 180 days). During the production of
specimens, as the first step, fresh mixtures were poured into the oiled molds and
kept there for 24 h at 50 ± 5% RH, 23 ± 2 �C with their surfaces covered with plastic
sheets. After 24 h, specimens were demolded and put inside the isolated plastic
bags for further curing at 95 ± 5% RH, 23 ± 2 �C until reaching 6, 27, 89 and 179 days
of ages. Before self-sensing tests, after different curing periods, all specimens were
moved into an oven set at 60 �C and kept there for 24 h for any misleading results
that may arise due to the presence of excessive moisture. This dry conditioning
method was previously applied by several researchers in the literature including
the authors [26,35]. After the process of drying, all the tests were performed at
room temperature. Loading rates during the compressive, splitting tensile and
four-point bending loading cases were 0.36 MPa/s, 0.02 MPa/s and 0.005 mm/s,
respectively. In addition to the self-sensing performance, basic mechanical proper-
ties of ECC mixtures under different loading conditions were determined and dis-
cussed in relation to the self-sensing capability.
2.2. Testing for self-sensing

Before the start of actual tests, preliminary works were performed to decide the
configurations for proper measurement of electrical properties of specimens having
different dimensions and subjected to different loading conditions. Self-sensing
performance was assessed with the help electrical resistivity (ER) measurements
recorded directly from specimens by using equipment which either employed alter-
nating current (AC) technique with two probes or direct current (DC) technique
with four probes. Different types of electrodes including steel/copper mesh and
wire, brass plate, aluminum foil and conductive tapes were tried for properly
recording the ER data. Taking the cost of manufacture, easy embeddability and sen-
sitivity/accuracy of the ER results into account during the preliminary works, brass
electrodes were decided to be used in the assessment of self-sensing performance
[26,36].

Brass electrodes were benefited after they were embedded inside the specimens
at fresh state. Brass electrodes of different sizes, numbers and embedment places
together with measurements recorded with different equipment were also tried
during the decision making of ER configurations under different loading conditions.
Selection of the configurations shown in Fig. 2 was based on the ER results obtained
with better sensitivity and accuracy under all loading conditions. The tests were
performed with great care and electrical contacts were interrupted with the help
of insulating covers each time of measurement for sensitivity.
2.2.1. Configuration for uniaxial compression and splitting tensile loading conditions
To evaluate self-sensing capability under uniaxial compression and splitting

tensile loading, a configuration previously verified for uniaxial compression loading
condition was used [26] (Fig. 2-a and b). In this configuration, brass electrodes
which measure 10 mm in width and 60 mm in length were placed parallelly inside
50 mm-cubic specimens and measurements were recorded with the help of the 2-
probe resistivity meter. Embedment places of the electrodes were very close to the
top surface of cubic specimens and 5 mm inward from opposite sides. The only dif-
ference between compressive and splitting tensile loading conditions was that for
splitting tensile loading, rebar with a square cross-section of 100 mm2 was placed
between the loading plates and specimen. 2-probe AC concrete resistivity meter
used in self-sensing evaluation under compression and splitting tension was oper-
ated at a frequency of 1 kHz to intercept the polarization of current, as suggested by
[26,37]. 2-probe AC resistivity meter gave impedance and corresponding phase
angle results (ranged between 0�-180�) directly. These values were then used to
obtain final ER results of specimens with the help of geometrical factors. Following
equation was used for the calculations:

q ¼ Z � cos hð Þ � A
L

ð1Þ

where, q, Z, h, A and L stand for electrical resistivity (ER) (X.m), electrical impedance
(X), phase angle (�), cross-sectional area (m2) and length (m) of the specimen,
respectively.



Fig. 2. Proposed configurations for ER measurements under (a) uniaxial compression (b) splitting tensile and (c) four-point bending loading.
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2.2.2. Configuration for four-point bending loading condition
For self-sensing assessments under four-point bending loading, a configuration

with previously validated performance was used (Fig. 2-c) [36]. In this configura-
tion, four 10 � 100 (width � length) brass electrodes (two at each side) were placed
parallelly in the tensile region of prismatic specimens. Electrodes were placed
25 mm away from the edges of the specimens (near support points) to prevent
the localization of microcracks from region right under the upper loading feet
which may lead to premature failure of specimens. Electrical measurements were
made with the help of the 4-probe DC source meter. This device which was
arranged to obtain the voltage and current simultaneously recorded the voltage
data from the inner electrodes and used the outer electrodes to apply electrical cur-
rent (Fig. 2-c). Ohm’s law was applied by considering geometrical factors to deter-
mine the final resistivity values according to the equation given below:

q ¼ V
I
� A

L
ð2Þ

where, q, V, I, A and L stand for resistivity (X.m), measured voltage (mV), applied
current (mA), cross-sectional area of the contact area between brass electrode and
specimen (m2), and distance (m) between the internal electrodes, respectively.

After evaluating the raw electrical resistivity results either by using the equip-
ment utilizing AC or DC technique, the fractional changes in electrical resistivity
(FCER, %) were calculated in accordance with the equation given below to represent
the self-sensing behavior of ECC mixtures.

FCER
Dq
qo

� �
%ð Þ ¼ qL � qo

qo

� �
100 ð3Þ

where, qL and qo are the electrical resistivities during loading and initial electrical
resistivity of tested specimens, respectively. Recorded FCER results were then drawn
with respect to deformation results acquired under different loading conditions.
3. Results and discussion

3.1. Mechanical behavior under uniaxial compressive loading

In Fig. 3, average compressive strength results of ECC mixtures
were shown for initial curing ages. Clearly, compressive strength
results of all mixtures increased continuously with the extension
Fig. 3. Average compressive strength results of different-age ECC mixtures. Error
bars are according to standard deviations.
of curing periods. This was expected due to advancements in the
strength-developing reactions with time which resulted in less
overall porosity and highly tortuos pore system, continuously
increasing compressive strength results. However, the rates of
strength increments with time were significantly different. For
example, between the ages of 7 and 180 days, the average com-
pressive strength results of ECC-Control, ECC-CF, ECC-CNT and
ECC-CB mixtures increased by 155%, 77%, 87% and 72%, respec-
tively. Lower rates of improvement in the compressive strength
results of ECC mixtures with different carbon-based materials
can be attributed to the significantly dense matrices of the speci-
mens which got even denser with the incorporation of carbon-
based materials (especially those at nano-scale [CNT and CB])
due to significantly larger specific surface areas of these materials.
Upon further densening of the matrices, delays in the pozzolanic
capacity and filler effect [38] and decrements in the available space
for the settlement of products of hydration and pozzolanic reac-
tions [26] are anticipated, all of which reducing the rate of strength
gain with time. The modality observed for ECC mixtures with the
carbon-based materials can be due to significantly higher amounts
of HRWR used in these mixtures compared to ECC-Control mixture
as well. It should be emphasized that the differences in the com-
pressive strength increment rates of ECC mixtures with extended
curing ages are also related to the large differences in the 7-day
results which lower the strength gain rates for mixtures with
carbon-based materials.

Addition of carbon-based materials generally improved the
compressive strength results (Fig. 3). The observed behavior was
especially more pronounced at the early ages. For example, average
7-day compressive strength result of ECC-Control mixture was
27.5 MPa while with the addition of CF, CNT and CB, similar
same-age values increased to 39.2, 47.7 and 42.4 MPa, respectively.
Beyond 7 days, the differences in the compressive strength results
of mixtures with and without carbon-based materials were not
that significant suggesting that, in terms of compressive strength
development, the addition of carbon-based fillers (especially those
at nano-scale) is effective during the early stages of hydration. Sim-
ilar results were also reported in the literature both for carbon-
based materials [26] and different nano materials such as nano-
silica and nano-calcite [38–40].

CNT was the best in enhancing the compressive strength results
of ECC-Control for all curing ages (Fig. 3). The effectiveness of CF
and CB on compressive strength results was variant and dependent
on the curing age. All carbon-based materials used in this study are
inert which means that they do not directly participate in hydra-
tion/pozzolanic reactions of the cementitious pastes. It is thus
rational to state that rather than stimulating the hydration/poz-
zolanic capability of cementitious ingredients, thanks to their con-
tributions to provide additional nucleation sites (due to
significantly high specific surface area) for the settlement of hydra-
tion products [26], compressive strength results of ECC-CNT spec-
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imens were higher than other mixtures for all curing ages. CNT
particles may have also acted physically in filling the pore network
at nano-scale, especially the pores between calcium silicate
hydrate (C-S-H) gels, calcium hydroxide (CH) and ettringite [41],
or even by bridging the gel pores within C-S-H gels and resulting
in enhancements in the stiffness of C–S–H gels [42,43]. It is also
notable that the chemical bonding between the CNT particles
and matrix which is likely to strengthen upon further curing (e.g.
180 days), can help with the increased compressive strength
results for ECC-CNT by strongly bridging micro/nano scale flaws.

3.2. Self-Sensing behavior under uniaxial compressive loading

In Figs. 4–7, self-sensing behavior of cubic specimens of differ-
ent mixtures which were subjected to uniaxial compressive load-
ing was presented for different curing ages. For all self-sensing
plots of the study, straight and dashed lines represented the
changes in stress and FCER results with respect to deformation,
respectively.

As Fig. 4 clearly demonstrates, ECC-Control specimens exhibited
self-sensing responsiveness under uniaxial compression with dif-
ferent FCER levels after each testing age. This behavior of plain
ECC-Control specimens can be attributed to the mobilization of
unbounded water and dissolved ions in micro-pores with the
application of electric field that can lead to a piezoresistive
response due to spatial separation of conductive phases [22].
Unburnt carbon (loss on ignition) of PC and FA are also likely to
play a certain role in the self-sensing capability of ECC-Control.
However, ECC-Control specimens, in most cases, were not able to
self-sense the compressive damage, from the very beginning of
loading and high FCER results were recorded at very large deforma-
tions. This calls the effectiveness of self-sensing in ECC-Control
specimens into question. FCER results varied depending on the cur-
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Fig. 5. Self-sensing behavior of different-age ECC-CF mixtures under uniaxial compression.
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Fig. 6. Self-sensing behavior of different-age ECC-CNT mixtures under uniaxial compression.
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Fig. 7. Self-sensing behavior of different-age ECC-CB mixtures under uniaxial compression.
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capability even at low imposed compressive damage. For certain
ECC specimens at certain ages, self-sensing behavior was not that
evident (with small changes in FCER results) when the level of
compressive loading was low although improvements in the
behavior were monitored when the level of loading increased. This
might be related to the type of loading. At lower levels of deforma-
tion under compression, newly-formed microcracks are squeezed
and specimens behave in a way that they were not deformed for
a certain period of time and no dramatic increments in FCER results
can be recorded. This argument becomes more logical when it is
considered that the crack initiation in specimens tested under
compression (especially for ECC specimens with high deformation
capacity) is limited below 40–50% of the failure stress [44].

Utilization of CF made the best contribution to the self-sensing
capability of ECCs. CF-based specimens were responsive to com-
pressive damage starting from very small levels of deformation
and this became much more pronounced (with much higher FCER
results) upon progression in the loading (Fig. 5) which was also
valid for all ages. The observed superiority of ECC-CF specimens
in capturing electrical changes was attributed to the following:
(i) higher aspect ratio of CF which increases the chance for edge-
to-edge contact of discrete fibers and resultingly, the possibility
to self-sense any disturbance (even the small deformations) that
may occur in this well-linked electrically-conductive network
[21], (ii) lower electrical resistivity of CF compared to other
carbon-based materials [25,26] and (iii) possible and easier pull-
out followed by rupture of CF during loading compared to other
carbon-based materials of the study [44–46]. CNT and CB con-
tributed similarly to the self-sensing (Figs. 6 and 7) after CF,
although slightly larger FCER results were noted for ECC-CNT than
ECC-CB specimens, especially at later ages. Similarities between
the self-sensing performances of CNT- and CB-based ECC mixtures
were reported previously [26] and it was adviced that while
deciding desirable carbon-based materials to use in ECC systems
for self-sensing purposes, factors such as production cost and ease
of uniform dispersibility should be considered strictly along with
their effects on electrical properties of composite materials
[26,36].

Self-sensing was valid for all different-age ECC specimens
(except 180-day-old ECC-Control) despite the one day drying of
specimens at 60 �C prior to testing. Although comparable results
were obtainable from late age specimens, self-sensing under com-
pression was clearer for early age specimens. This can be associ-
ated with the significantly lower bulk ER results of ECC
specimens at the early ages. Low early-age bulk ER results of spec-
imens are linked with the availability of higher amounts of mixing
water which did not participate in hydration/pozzolanic reactions,
higher concentration/mobility of ionic species, less tortuous pore
system and less dense hydration products which do not or limit-
edly interfere with the individual electrically-conductive materials
[23,26,33]. When the initial ER results get lower, FCER results get
higher resulting in clearer monitoring of deformation. Changes in
self-sensing behavior are not restricted by the abovelisted param-
eters solely. The effects of these parameters are combined with the
effects of elastic deformation of matrix, occurrence of new cracks,
enlargement of previously-formed cracks, and crack propagation
[33]. Although the effects of microcracking on the electrical prop-
erties of ECC are significant [15,22,23,32], due to type of loading
discussed under this section, microcracks are expected to be
squeezed and their effects, compared to tension-based loading
conditions, are anticipated to be less pronounced. Therefore, mod-
ifications in self-sensing capability of different-age ECC specimens
with regards to different microcracking characteristics were dis-
cussed in the following sections.
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3.3. Mechanical behavior under splitting tensile loading

In Fig. 8-a and -b average splitting tensile strength and defor-
mation results of ECC mixtures were shown for different initial
curing ages, respectively. Curing age was influential on splitting
tensile strength results. With extended curing, results increased
for all mixtures in general. This finding which was also in line with
the compressive strength results was anticipated since most
parameters affecting the development of compressive strength
with time also affect the strength measurements under tension-
based loading conditions. However, it was notable that the rates
of increment in 7-day splitting tensile strength results of mixtures
were significantly more pronounced until the completion of
28 days (Fig. 8-a). This trend which was not observed for compres-
sive strength may be related to more complex material properties
(tensile first cracking strength, ultimate tensile strength and ten-
sile strain capacity) affecting indirect tensile properties, particu-
larly in the case of strain-hardening cementitious materials such
as ECC [11]. Lower rates of increment in splitting tensile strength
results of ECCmixtures with extended curing ages can be also asso-
ciated with the consolidation of matrix and fiber-to-matrix inter-
face properties.

Generally, addition of different types of carbon-based materials
into ECC-Control mixture improved the splitting tensile strength
results (Fig. 8-a), however, no distinctive trend for a certain
carbon-based material (as in compressive strength) was notable,
most probably due to abovementioned parameters affecting
strength measurements under splitting tension.

Average splitting tensile deformation results of ECC mixtures
were variant with respect to both different initial curing ages
and types of carbon-based ingredients (Fig. 8-b). For all mixtures,
splitting tensile deformation results increased from 7 to 28 days.
When further cured for 90 and 180 days, results started to go
down, especially for mixtures incorporated with the carbon-
based materials (Fig. 8-b). In the case of ECC-like composites, cer-
tain decrements in deformation/strain results with time are
expected [11,47]. Despite certain reductions, splitting tensile
deformation results of ECC specimens incorporated especially with
nano-scale carbon-based materials (CNT and CB) seem to stay
around 1 mm even after 90 and 180 days (Fig. 8-b). Termination
of further reductions in results of 90- and 180-day-old CNT- and
CB-based ECC specimens may be associated with the balancing of
fiber-to-matrix chemical and interfacial frictional bonding. Huang
et al. [32] stated that when the amount of CB was increased in
the ECC compositions, PVA fibers increasingly darkened due to
absorption of CB by the fiber surfaces which resulted in stronger
frictional bond strength increasing overall ductility via the forma-
Fig. 8. Average (a) splitting tensile strength and (b) deformation results of dif
tion of smaller-width microcracks under uniaxial tension which
may also be the case here. Although extended curing is expected
to increase fiber-to-matrix chemical bonding, the presence of
nano-size carbon-based materials (CB and CNT) and their interac-
tion with PVA fibers are likely to tailor the interfacial properties
and account for increments in fiber-to-matrix chemical bonding
by counterbalancing it with the frictional bond. For CF-based ECC
mixtures, however, decrements in splitting tensile deformation
results were continuously noted at extended ages (90 and
180 days) (Fig. 8-b) which may be related to the additional effects
of CF in increasing the fiber-to-matrix chemical bonding in addi-
tion to the PVA fibers.

During splitting tensile loading, specimens are subjected to
compressive stresses around areas very close to loading heads
while large share of cross-sectional area out of the compression
zone is subjected to the actions of tensile stresses. In this sense,
embedment of brass electrodes (which may act like reinforcement)
close to areas where changes in stress distributions occur (Fig. 2-b)
is also likely to be effective in splitting tensile deformation results
of ECC mixtures.

3.4. Self-Sensing behavior under splitting tensile loading

Self-sensing behavior of different-age individual specimens of
ECC mixtures was shown in Figs. 9–12 for splitting tensile loading
condition. For majority of self-sensing results recorded under split-
ting tension, the behavior clearly consisted of two parts. In the first
part, while only minimal changes in FCER results were recordable,
in the second part, sudden and incremental changes in FCER results
were recorded. Sudden changes in FCER results mostly corre-
sponded to the first humps (level of first cracking stress) that were
observed in stress-deformation plots. Although multiple microc-
racks occurred in all ECC specimens loaded under splitting tension,
self-sensing data were mostly represented as there was only a sin-
gle crack formed and further enlarged over a selected specimen.
This was associated with the proposed configuration used for
self-sensing assessment under splitting tensile loading. As above-
mentioned, brass electrodes were inserted right at the top portion
and 5 mm aside from the edges of cubic specimens (Fig. 2-b) mean-
ing that only a limited area was observed for self-sensing. In this
area of interest (between the opposite electrodes), there were both
compressive and tensile stresses being effective although the area
subjected to compression was less than that subjected to tension,
due to nature of splitting tension test. Therefore, in this area,
self-sensing data were not only influenced by the development of
stresses with different origin but also by the cracking development.
Noteworthy that deformability (cracking behavior) in this area is
ferent-age ECC mixtures. Error bars are according to standard deviations.
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Fig. 9. Self-sensing behavior of different-age ECC-Control mixtures under splitting tension.
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Fig. 10. Self-sensing behavior of different-age ECC-CF mixtures under splitting tension.
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Fig. 11. Self-sensing behavior of different-age ECC-CNT mixtures under splitting tension.
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Fig. 12. Self-sensing behavior of different-age ECC-CB mixtures under splitting tension.
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also influenced by the likelihood of brass electrodes to work simi-
larly as steel reinforcement. Thus, minimal changes in FCER results
until the first cracking region may be due to balancing of different
types of stresses and corresponding deformations. Upon cracking
either at areas close to specimen surfaces (top and bottom) or
within the mid-space, FCER results started increasing and as cracks
got together with further loading, they progressed with a larger
energy towards the self-sensing area dramatically increasing FCER.

When incorporated with different carbon-based materials and
tested for self-sensing under uniaxial compression, it was possible
for ECC-Control specimens to improve self-sensing performance
and become more vigilant to damage occurrences even at signifi-
cantly small deformation levels (Figs. 4–7). However this was not
the case for ECC-Control specimens tested under splitting tension
(Figs. 9–12). Under splitting tension, the similar responsiveness
was only slightly valid for selected ECC specimens with carbon-
based materials and at certain ages (e.g. some of 28-day-old ECC
specimens with CF, CNT and CB). These differences in contributions
of carbon-based materials’ on self-sensing of ECC systems under
different loading scenarios were attributed to the differences in
stress distributions arisen due to proposed testing configurations
and microcracking behaviors. Clearer self-sensing plots with signif-
icantly higher FCER results were obtainable from ECC-CF speci-
mens at the end of almost all predetermined ages (Fig. 10).
Possible reasons for CF to better improve the self-sensing capabil-
ity of ECC-Control specimens were already discussed under Sec-
tion 3.2. CNT and CB contributed nearly the same to the self-
sensing capability of ECC specimens tested under splitting tensile
loading with slightly more FCER results acquired from ECC-CNT
specimens at certain ages, in general (Figs. 11 and 12).

Self-sensing behavior under splitting tensile loading followed a
similar trend to that observed under compressive loading with
regards to aging. Splitting tensile deformation – FCER plots of
180-day-old ECC control specimens could not be drawn due to
abrupt increments in ER measurements which exceeded the limit
of 2-probe AC resistivity meter. All of the rest of the specimens
were responsive to damage regardless of the initial curing age.
When Figs. 4–7 and Figs. 9–12 are compared, it can be seen that
at stress levels corresponding to level of first cracking, the jumps
observed in FCER-deformation plots under splitting tension were
much more pronounced than those observed under uniaxial com-
pression. While mostly mild and continuous increments in FCER
results were observable under compression, they were always very
sudden and continuous under splitting tension. The observed dif-
ferences in the self-sensing behavior were attributed to the differ-
ences in the effects of tension-originated microcracks which
suddenly and more widely opened compared to compression-
originated microcracks. Generally, self-sensing performance of
Fig. 13. Average (a) flexural strength and (b) deformation results of differe
splitting tensile damage was variable with better performance of
early and mid age specimens (7, 28 and 90 days), however simi-
larly successful measurements were also recorded after 180 days
of curing depending on the type of carbon-based material and
tested specimen (Figs. 9–12).

3.5. Mechanical behavior under four-point bending loading

Flexural tests were performed under continuous four-point
bending loading and mechanical performance was investigated
by average flexural strength and deformation results as well as
observations made on individual stress-deformation plots. In
Fig. 13, average flexural strength and deformation results of
different-age ECC mixtures were shown. Flexural strength was cal-
culated by using the maximum level of load recorded. Flexural
deformation was the value corresponding to maximum level of
flexural load which was used in flexural strength calculation.

For all ECC specimens, flexural strength results continuously
increased with the increased curing ages as also reported for com-
pressive and splitting tensile strength results (Fig. 13-a). Similar to
splitting tensile strength, changes in flexural strength results with
time were not that dramatic as in compressive strength results.
Reasons that may cause for the observed behavior of different-
age specimens were already discussed formerly, thus no additional
statements were made here.

Effects of different carbon-based materials on flexural strength
results of ECC mixtures were dependent on curing age. Addition of
CF into ECC-Control specimens improved the flexural strength for
all ages and CF was the best in improving flexural strength of con-
trol specimens among all carbon-based materials (Fig. 13-a). This
was related with the increased amounts of fibers and in line with
the literature [48,49]. Significantly higher elastic modulus (240
GPa) of CF than PVA fibers (42.8 GPa) might be also responsible
for increased flexural strength results of ECC-CF specimens
[49,50]. Age-dependent changes in flexural strength results of
ECC-Control specimens became more evident in the case of CNT
and CB utilization. Average 7-day flexural strength results of both
ECC-CNT and ECC-CB specimens were found to be less than that
of ECC-Control mixture. Average 28-day flexural strentgth result
of ECC-CB specimens was less than that of ECC-Control mixture,
as well. However, CNT- and CB-based specimens attained very sim-
ilar and/or higher flexural strength results than that of ECC-Control
after 90 and 180 days. Although the observed behavior of early age
CB- and CNT-based ECC specimens can be related to more complex
material properties affecting flexural strength development (see
Section 3.3), significantly higher amounts of HRWR utilized for
ECC-CNT and ECC-CB mixtures (Table 2) are also believed to be
effective. Increased HRWR amounts, especially at early ages, are
nt-age ECC mixtures. Error bars are according to standard deviations.
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very likely to delay the improvements that would normally take
place in the interface properties between the fibers and cementi-
tious matrix and thus in flexural strength results. Certain levels
of loss in flexural strength results when CB and CNT were included
in plain ECC mixtures were also noted in the literature [21,36,51].
Despite certain reductions recorded, some of individual specimens
of ECC-CNT and ECC-CB mixtures exhibited similar flexural
strength results to that of ECC-Control mixture.

Average flexural deformation results of ECC mixtures were
changeable depending on the curing age and type of carbon-
based materials (Fig. 13-b) and were mainly in line with the gen-
eral trend observed for splitting tensile deformation results with
minor behavioral differences. The values clearly decreased with
prolonged curing in the case of ECC-Control mixture. However,
for CNT- and CB-based specimens, flexural deformation results
recorded at the early ages increased at later ages. For ECC-CF spec-
imens, similar increments in flexural deformation results of speci-
mens with time were not that evident. Although they were
recorded under uniaxial tension, compared to plain ECC mixtures
without any carbon-based materials, reductions in tensile strength
and strain results were also recorded for ECC-CB specimens in the
recent literature studies [24,30,32].

Deflection-hardening behavior is confirmed if the peak flexural
load and its corresponding deformation are greater than the first
cracking load and its corresponding flexural deformation, respec-
tively. By further increasing the gap between the load at the first
cracking/peak and deformation at the first cracking/peak load,
deflection-hardening behavior can be improved [48]. Deflection-
hardening response which is regularly displayed by ECC-Control
was also valid for ECC-CF, ECC-CNT and ECC-CB specimens
(Figs. 14–17) and it was significantly improved in the presence of
nano-size carbon-based materials especially at curing ages of 90
and 180 days.
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Fig. 14. Self-sensing behavior of different-age ECC
3.6. Self-Sensing behavior under four-point bending loading

Self-sensing results which were recorded under four-point
bending were shown in Figs. 14–17. Self-sensing plots included
in these figures can be interpreted in three parts with respective
changes against flexural stress – deformation plots. The first part
consists of the area starting with the initiation of flexural loading
until the creation of first cracking where the linearity of flexural
stress – deformation plot is valid (elastic stage). The second part
starts from the first cracking and is accompanied by deflection-
hardening process coupled with multiple microcracking. The third
part can be considered as the deflection-softening area where sud-
den drop in the flexural load carrying capacity is observed due to
localization of a certain microcrack leading to final failure. The gen-
eral view regarding the FCER – deformation plots of ECC specimens
was that during the elastic stage until the first cracking, FCER
results increased although these were minimal. At the elastic stage
where no visible microcracks are available, the observed slight
changes in FCER results may be attributed to the charging of indi-
vidual carbon-based materials and/or electrically-conductive
phases of specimens subjected to flexural loading [36]. Increments
in FCER results within the elastic stage can be also related to the
polarization phenomenon [36,45,52]. Another reason for the
observed increments of FCER results within the elastic stage can
be the presence of microcracks in the interfacial transition zones
existing between the matrix and aggregate, even before the start
of flexural loading [36]. According to [53], the width, length and
number of these microcracks start to increase after loading. As
can be seen from Figs. 14–17 that for almost all specimens of dif-
ferent ECC mixtures, level of flexural loading (stress) reached up
to half of the ultimate point within the elastic stage (until first
cracking point) which is very likely to change the stability state
of interfacial transition zone and increase FCER results. Regarding
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-Control mixtures under four-point bending.
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Fig. 15. Self-sensing behavior of different-age ECC-CF mixtures under four-point bending.
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Fig. 16. Self-sensing behavior of different-age ECC-CNT mixtures under four-point bending.
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Fig. 17. Self-sensing behavior of different-age ECC-CB mixtures under four-point bending.
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the FCER observations made for elastic region, similar findings
were also reported in the the study of Li et al. [31] which tested
CB-based ECC coupon specimens under uniaxial tension and con-
cluded that this might be due to the change in the energy band
gap between its valence and conductive band at low strain levels
[54].

As the level of flexural loading increased and deflection-
hardening is experienced, FCER results continuously increased for
all mixtures irrespective of the curing age due to separation and/
or break-down of conductive paths due to microcracking. Continu-
ous increments in FCER during the deflection-hardening were fol-
lowed by more dramatic escalations at stress close to final failure
most probably due to localization of a certain microcrack. The mild
incremental trend in FCER results with progressive flexural loading
was found to be similar to that observed under uniaxial compres-
sion, most probably due to the distance between electrodes’ loca-
tion (Fig. 2) and expected microcracking area (right under the
upper loading heads) of prismatic specimens.

Although carbon-based materials were effective on self-sensing
under flexure, their respective effect was not enough to create a
general trend. In broad sense, FCER results of ECC-Control speci-
mens during deflection-hardening and deflection-softening/
failure parts of flexural deformation are mainly related to the for-
mation of microcracks and their enlargement/propagation
(Fig. 14). Along with the characteristics of microcracks, changes
in FCER results of ECC-CF, ECC-CNT and ECC-CB specimens are also
expected to be influenced by the presence of different carbon-
based materials either directly bridging the microcracks and/or
help contribute the bridging of PVA fibers by attaching on their
surfaces. Although higher FCER results help better visualization
of self-sensing, FCER results of ECC specimens with carbon-based
materials were mostly similar or less than ECC-Control. Especially
the changes in FCER results of ECC-CF specimens (Fig. 15) were
similar to that of ECC-Control while specimens with CNT and CB
exhibited slightly less pronounced FCER increments at the end of
specified curing ages compared to ECC-Control. In the incident of
microcracking and further progression, FCER results increase and
if carbon-based materials bridging the microcracks are not avail-
able or small in number, FCER results similar to ECC-Control can
be expected. The behavior noted for ECC-CF specimens can thus,
be attributed to the tendency of CF to more easily pull-out/break
and not being able to help create microcracks with smaller widths
under flexure as also evidenced from lower flexural deformation
results (Fig. 13-b) [21,51]. For ECC-CNT and ECC-CB specimens
(Figs. 16 and 17), slightly less pronounced FCER increments than
ECC-Control specimens can be attributed to the capability of indi-
vidual CNT and CB particles to bridge microcracks and/or be
attached over PVA fibers in addition to higher flexural deformation
results (Fig. 13-b) especially at later ages triggering more multiple
microcracks with smaller widths. It is notable that easier pull-out/
breakage tendency of CF at higher levels of loading may not be
desirable if reversibility in electrical properties is necessary as in
the case of structures subjected to cyclic loading conditions such
as transport structures [21,51,55]. Thus, the decision-making of
selection of carbon-based materials and fracture toughness of
matrices should be carefully engineered to eliminate any possible
drawbacks regarding excessive mechanical loading and proper
response for a certain self-sensing need.

Self-sensing of flexural damage was valid for all curing ages and
specimens of different ECC mixtures. Different from results
obtained under uniaxial compression and splitting tension, it was
possible to record the FCER results of 180-day-old ECC-Control
specimens under flexure (Fig. 14). This was not only related to
the selection of different devices to record ER but also to the exten-
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sion of microcracks of failed specimens over a larger span and far-
ther positioning of electrodes with respect to microcracks (Fig. 2-
c). When different-age specimens manufactured from completely
different ECC compositions and tested under different loading con-
ditions are considered, it can be stated that in order not for electri-
cal recordings to be restricted by the testing equipment, aging,
moisture state, general microcracking characteristics and position
of electrodes, electrically conductive fillers must be included in
ECC compositions for sufficient electrical conductivity.

4. Conclusions

A comprehensive study was undertaken in which the self-
sensing capability together with the mechanical properties of Engi-
neered Cementitious Composites (ECC) with different carbon-
based materials was evaluated after initial curing periods of 7,
28, 90 and 180 days and when loaded under uniaxial compression,
splitting tension and four-point bending. Following conclusions
were drawn:

� Self-sensing capability of ECC-Control specimens was signifi-
cantly improved with the addition of carbon-based materials
within the mixtures’ compositions although the extent of
improvements was dependent on loading conditions and aging
of specimens. Carbon-based materials made the most evident
contributions in self-sensing capability of specimens tested
under uniaxial compression, especially at early ages of initial
curing. It seems that characteristics of microcracks, ability of
individual carbon-based materials to contribute microcrack
bridging, testing configuration and measurement device are
the factors markedly affecting the self-sensing capability of
ECC mixtures irrespective of the proposed loading conditions.

� Regardless of the loading conditions and curing ages, CF-based
ECC specimens exhibited the most clear self-sensing behaviors
as realized by significantly higher FCER results, in general. This
behavior was not only related to the lower initial resistivity val-
ues of ECC-CF specimens but also to the effects of overall micro-
cracking behavior and pull-out/breakage of individual CF as a
consequence of loading. The self-sensing performance of CNT-
and CB-based ECC specimens were found to be similar although
FCER results recorded for these specimens were not as high as
ECC-CF specimens mostly. Utilization of CNT and CB is sug-
gested over CF for self-sensing purposes in ECC, if reversibility
in self-sensing is desirable.

� All different-age specimens from different ECC mixtures were
responsive to damage under different loading types showing
the validity of self-sensing. However, it was not possible to
comment on the self-sensing behavior of 180-day-old ECC-
Control specimens tested under uniaxial compression and split-
ting tension due to limitations of 2-probe AC resistivity meter.
This therefore clearly showed that although ECC-Control speci-
mens were responsive to damage occurrence under all pro-
posed loading conditions (with significantly lower FCER
results under certain conditions), it is necessary to further
reduce the bulk resistivity of materials with the help of certain
electrically-conductive materials in order not to be restricted by
aging, testing configuration/equipment, loading conditions,
microcrack characteristics etc.

� Inclusion of different carbon-based materials within the ECC-
Control mixture generally improved the mechanical properties
of specimens, however, the levels of improvement were depen-
dent on the loading condition, curing age and type of carbon-
based materials. While clear increments in compressive
strength of ECC-Control specimens were noted in the presence
of all carbon-based materials, this was not always the case for
parameters calculated under splitting tensile and four-point
bending loading. This discrepancy in the mechanical results
was attributed to different testing configurations and factors
being influential on individual test results.
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