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Abstract. A new generation of self-sensing structural materials that can provide
spatially distributed sensing of material damage is being developed in the context
of structural health monitoring and protection of deteriorating concrete infrastruc-
ture. Engineered Cementitious Composites (ECC) doped with carbon black (CB)
nano-particles are proposed as highly damage-tolerant materials whose electrical
properties can be correlated to strain and cracking. Specifically, this study investi-
gated the effect of CB dosage on the CB-ECC rheological, mechanical and electri-
cal properties. The results show the promise of CB-ECC as a new multifunctional
material that combines damage tolerance with damage self-sensing capabilities;
both contribute to infrastructure safety and serviceability.

1. Introduction

The deterioration of large-scale infrastructure is a critical national problem that,
left unchecked, will continue to lead to catastrophes like the I-35W Bridge col-
lapse under service loads [1]. Deterioration will also increase structural vulnerabil-
ity to man-made and natural hazards, if not detected and repaired in a timely fash-
ion. This problem is further compounded by the shrinking of economic and natural
resources needed to maintain civil infrastructure at an alarming rate [2].

Two major contributors to this compelling problem are inadequate material
performance and the limitations of current structural health monitoring (SHM) ap-
proaches. Concrete materials are susceptible to cracking and fracture failure due to
their inherent brittleness, which also lead to other common deterioration mecha-
nisms such as embedded steel corrosion. Transverse cracking in bridge decks is
one of the dominant deterioration problems in many States in the U.S. [3], Freeze-
thaw cycles of water in cracks and leakage of water to supporting structures can
reduce the bridge service life. Cracks also accelerate chloride penetration into the
concrete and initiate corrosion of reinforcements, especially in marine environ-
ments or regions where deicing salts are applied in winter. The U.S. spends about
$8.3 billion annually to directly address corrosion in highway bridges [4]. Indirect
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costs related to traffic delays and productivity losses exceed 10 times the direct
cost of maintenance/repair/rehabilitation.

While detecting damage or deterioration in concrete structural components is
critical, current infrastructure management practices have relied on bi-annual vis-
ual inspections that can be subjective and limited to accessible locations [5].
While great technological advances have been made in recent years on many
fronts in the SHM field, there still remain very few implementations of SHM sys-
tems in operational structures [6]. The key flaws include: indirect damage sensing
that needs physics-based models to correlate structural response measurements to
damage state; point-based sensors (e.g. strain gages, thermal couples, accelerome-
ters) that cannot accurately identify spatially distributed damage; and tethered
monitoring systems that require wires, often kilometers long, to connect sensors to
a central data repository, leading to expensive installation and maintenance.

This research aims to address these limitations through the realization of multi-
functional materials with intrinsic damage tolerance as well as distributed damage
self-sensing capacity; both characteristics are essential for enhancing infrastruc-
ture resilience, reducing maintenance needs and life cycle impacts, and improving
user experience. The beauty of this self-sensing multifunctional material is two-
fold. First, it serves as a major material component for structures to significantly
improve resistance to deterioration and damage (e.g. cracking, corrosion and cover
spalling), by eliminating concrete brittleness and intrinsically controlling crack
width to a small scale. Second, it offers the capability of distributed and direct
sensing of damage wherever the material is located, by exhibiting changes in elec-
trical properties due to mechanical (e.g., strain and multiple cracking) stimulus.

Resistivity of cementitious materials has been explored as a sensing function-
ality for hydration monitoring, composition assessment, and currently as an
emerging method for measuring mechanical state. Cementitious materials are sem-
iconductors with bulk resistivity 10° ~ 10® Q-cm. Under an applied steady electric
field, the ions in pore water are mobilized to create current. Piezoresistivity is de-
fined as strain induced resistivity change. Seminal work by Chung [7] explored
multi-point probing of plain cement matrix and cement pastes with conductive fi-
bers, and revealed that the electrical properties of cementitious materials can be
accurately correlated to their mechanical behavior. Electrical Impedance Spectros-
copy (EIS) characterization of fiber reinforced cementitious composites (FRC)
was first reported by Peled et al. [8], and illuminated the electrical properties of
composite phases (matrix versus fiber). While previous work focused on establish-
ing the piezoresistive behavior of FRCs with conductive fibers, this study targets
at simultaneously achieving strain-hardening, crack width control and enhanced
piezoresistive behavior within a single material platform. The strain-hardening re-
sponse corresponds to an extended damage process (inelastic stage), which pro-
vides damage tolerance while allowing detection of microcrack damage long be-
fore unstable localized fracture occurs, so that early warning is possible. This is
achieved through incorporating conductive carbon black nano-particles into the
Engineered Cementitious Composites (ECC) system with non-conductive poly-
meric fibers to tailor composite rheological, mechanical and electrical properties.
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2. Materials and processing

The CB-ECC composite material design is achieved by ingredients selection,
rheology control during processing, and microstructure tailoring. The mixture
proportions of three CB-ECC designs are summarized in Table 1. The dry
ingredients consisted of Type I Portland cement (C), fine silica sand (S) with
average and maximum grain sizes of 110 pm and 200 pm, normal Class-F fly ash
(FA), REC-15 poly-vinyl-alcohol (PVA) fibers, and carbon black nano-particles
(CB). The PVA fiber was 12 mm long, 39 pum in diameter, and surface-coated
with 1.2% by weight of a proprietary hydrophobic agent. CB with an average
particle size of 30 nm and bulk resistivity of approximately 10" Q-cm was
incorporated at increasing ratios of weight to total cementitious ingredients
(cement plus fly ash) of 0.25%, 0.5% and 1%.

Table 1. Mix compositions by weight ratio of cement
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The mixtures were prepared in a Hobart mixer with dry ingredients mixed first.
Water (W) and super-plasticizer (SP) were then added and mixed until homogene-
ous cement slurry with controlled rheology was formed. PVA fibers were then
slowly added and mixed until uniform dispersion. The mixtures were cast into
152.4 mm x 76.2 mm x 12.7 mm tensile specimens, covered with plastic sheets,
and demolded after 24 hours. They were first cured in plastic bags at 95 + 5% RH,
20 + 3°C for six additional days and then left to cure in laboratory air under at 20
+ 5% RH and 20 £ 3°C until the age of 28 day or 1 year for testing.

The sample specimens are shown in Fig. 1. Specimens with higher carbon
content were darker colored. Under optical microcopy and high magnification
scanning electron microscopy, the matrix phase appears homogeneously black
with no CB aggolomeration found, indicating good CB dispersion (Fig. 2).

Introducing a large volume of 30 nm porous CB into the ECC system created
significant processing challenges in terms of material workability and dispersion
of PVA fibers. To address this, the amount of water and superplasticizer was
optimized to achieve a homogenous slurry with plastic viscosity ranging from 7.67
Pa.s to 10.25 Pa.s and yield stress ranging from 5.47 Pa to 128 Pa, as measured by
a rheometer, which allowed proper fiber dispersion and workability. To examine
fiber dispersion, florescence microscopy was adopted to detect PVA fibers and
their distribution at the specimen cross section. Through controlling plastic
viscosity above the minimum requirement [9], good fiber dispersion was achieved,
indicated by the fiber dispersion coefficients o that are in the range of 0.79-0.83 (0
< a < 1; a = lIstands for perfectly uniform fiber dispersion). The o was
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determined based on an image analysis method applied to the flurescence image
[9, 10]. However, reduction of total fiber number at the cross section was found
for CB-ECCs compared with ECC with no CB, meaning that the high viscosity led
to larger entrapped air pores that reduced the net cross section area.
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Fig. 1. CB-ECC Specimen Fig. 2. CB-ECC-1.0% (a) Optical Microscopy (b) Scanning
Electron Microscopy

3. Mechanical and electrical properties

The composite tensile stress-strain response was tested by an Instron machine.
Two LVDTs were attached to the specimen with gage length of 100 mm (Fig. 3)
to measure tensile strain. The load was applied under displacement control at a
rate of 0.05 mm/min during the material elastic stage and 0.5 mm/min during the
inelastic stage.

The composite resistivity was measured using the four-point electronic imped-
ance spectroscopy (EIS) method (Fig. 3). EIS is an electrical testing technique that
can be used to characterize the frequency dependent electrical properties of mate-
rials and their interfaces. Four electrical contacts, i.e. copper tapes, were applied
onto the surface of each specimen with highly conductive silver colloidal paste.
The outer electrodes passed current into the specimen, while the inner electrodes
measured the in-situ voltage within the gage length. The resistivity measurements
were carried out using the Solartron 1260 impedance/gain-phase analyzer, in
which the excitation voltage was set at 100 mV.

It was observed that the bulk resistivity decreased as CB content increased,
which was most prominent at the lower input current frequency (Fig. 4). This
identified the effectiveness of CB in increasing bulk material conductivity, and the
optimal range of excitation current frequency for sensing. Consequently, the input
current was fixed at 100 Hz for the composite piezoresistive response testing.

Fig. 5 shows the mechanical and piezoresistive response of CB-ECCs at 28d
and lyr ages. The tensile stress-strain curve contains three stages: (1) elastic be-
fore multiple cracking occurs, (2) strain hardening accompanied by multiple
cracking process, and (3) tension softening corresponding to failure localization at
one of the cracks. When the final failure occurred outside the gage length for some
of the specimens, the tension softening part of the stress-strain curve exhibited a
strain reduction due to the stress relaxation of the segment within gage length.
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Fig. 3. 4-point EIS for piezoresistivity measurement under uniaxial tensile loading
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Fig. 4. 1-year-old CB-ECC Bulk Resistivity (a) vs. Frequency; (b) vs. Carbon Black Content

While all CB-ECCs showed strain hardening and multiple cracking behavior, their
tensile strain capacity was in the rage of 0.8-1.8%, which were lower than typical
ECCs with strain capacity of 3-5%. This reduction was due to two reasons: (1) the
reduction in average crack width during multiple cracking process. It was found
that the average crack width of CB-ECCs was 30-40 um (during loading), while
the average crack width of a standard ECC (ECC M45) is 60-70 um. Single fiber
pullout tests revealed enhancement of fiber/matrix interfacial bond due to the
presence of CB nano-particles, leading to the reduction of average crack width. (2)
The reduction of number of fibers, revealed by fluorescence microscopy at the fi-
nal failure (“weakest”) cross section, had led to a reduction of fiber bridging ca-
pacity. This is caused by the increase of plastic viscosity at fresh state when a
large volume of porous and nano-size CB was incorporated. The detailed discus-
sion on the experimental measurement of micro-parameters (e.g. interfacial bond),
rheology and fiber dispersion, and their effects on the hardened CB-ECC compo-
site tensile properties, will be included in a separated journal paper.

The tensile strain capacity of CB-ECCs, despite the reduction, is approximate-
ly 100 times larger than that of concrete or FRCs, and one-two order magnitude
higher than shrinkage strain of cementitious materials. Shrinkage is considered to
be the major cause of concrete deck cracking [3], which can be suppressed by the
tensile ductility of CB-ECC [11]. Furthermore, the reduction in average crack
width is favorable for resisting chloride penetration through the CB-ECC cover to
reach the reinforcement and initiate corrosion [12]. It also promotes self-healing
capacity [13, 14]. Through achieving tensile ductility as well as controlling crack
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width to a smaller scale, the CB-ECCs possess
damage tolerance for structural components to
remain ‘“healthy” under non-severe service
conditions.

The bulk resistivity of CB-ECCs was two-
order magnitude higher at 1 year than 28 days.
This increase in resistivity with hydration pro-
cess was due to the self-desiccation, and the
change in concentration ions and their mobility
through a tortuous path around and through the
cement gel.

The CB-ECCs exhibited prominent piezo-
resistive behavior, with resistivity change
strongly positively correlated to strain change
at both ages of 28 days and 1 year. The resis-
tivity increase was slower during the elastic
stage due to the change in the energy band gap
between its valence and conductive band at
low strain levels”, and became significantly
faster during the inelastic stage because the
formation of microcracks separated the con-
ductive path. Gage factors (Table 2) were used
to quantify the correlation, defined as AR/Rg¢,
where AR is the change in resistivity caused by
strain, R is the resistivity of unreformed gage,
and ¢ is strain. The results confirmed that in-
creasing CB content was effective in increasing
gage factors of CB-ECC at elastic stage due to
the increase in bulk material conductivity.
However, the gage factor increasing trend was
not clear for the inelastic stage based on the
preliminary data. This suggested that multi-
cracking pattern and process played a critical
role on gage factors in the inelastic stage, at
which the increase of CB-ECC resistivity un-
der uniaxial tension should be due to the com-
bined effects of matrix elastic straining, for-
mation of new cracks, enlargement of
previously-formed cracks, and crack propaga-
tion (e.g. an edge crack turns into a full crack).
While the multiple cracking process depends
on natural flaw distribution within the speci-
men, the randomness of flaws entrapped during
CB-ECC processing can cause variation in the
resistivity-strain curves.

To further understand the effect of cracking
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4. Conclusions

This study shows the promise of CB-ECC as a multifunctional infrastructure ma-
terial with damage tolerance and self-sensing capacities, both are important for the
protection of critical infrastructure. By incorporating CB nano-particles into the
ECC system through rheology control, the CB-ECC achieved adequate workabil-
ity, close-to-uniform PVA fiber and carbon black dispersion, reduced bulk resis-
tivity by one magnitude, strain hardening behavior with tensile strain capacity of
0.8-1.8% that is essential for resisting shrinkage cracking, and reduced crack
width to 30-40 um during loading state that provides resistance to chloride pene-
tration. All CB-ECCs exhibited prominent piezoresistive behavior, with increasing
resistivity with increasing tensile strain and cracking number, indicating the poten-
tial of CB-ECC for strain and damage sensing.

CB-ECC'’s lower tensile strain capacity than typical ECCs was due to the larg-
er entrapped air pores that reduced the fiber bridging capacity at the final failure
cross section, and the tighter crack width as a result of CB’s effect on improving
fiber/matrix interfacial bond. To reduce larger pores, the optimization of material
ingredients, proportion and rheology is suggested for future studies.

While the gage factors have been determined for both the elastic and inelastic
stages of CB-ECCs, more experimental studies are necessary to accurately estab-
lish the correlation between resistivity change and strain as well as cracking pat-
tern, and to fully understand the effect of the multiple cracking process on the var-
iation in gage factors. This includes characterizing the resistivity change under a
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single crack opening scenarios with different stress-crack opening relationship,
and the resistivity change under various multiple cracking processes caused by the
randomness of flaw distribution. Future studies will also focus on the effect of en-
vironmental factors on gage factors, and optimizing CB-ECC composite design to
achieve robust mechanical and piezoresistive behavior.
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