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HIGHLIGHTS

« MSF containing FSSAs and steel fibers produced great piezoelectric response.

« The electrical resistivity reduction of MSF was clearly higher than that of other smart concretes.
« Smart anchorage using MSF was applied to prestressing steel anchorage zone to monitor the loss of prestressing stress.
« An equation correlating stress and electrical resistivity of smart anchorage was obtained.
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This study investigated the piezoelectric response of a smart concrete (MSF) containing fine steel slag
aggregates (FSSAs) and steel fibers under high compression by measuring the alternative current impe-
dance. The electrical resistivity of MSF notably decreased (15.65%) with the increase in the applied com-
pressive stress from 20 to 100 MPa, whereas the electrical resistivities of smart concretes containing only
FSSAs or steel fibers or both multiwalled carbon nanotubes and steel fibers reduced by 9.62, 12.37, and
9.30%, respectively. The MSF with a linear piezoelectric response under compression (until 60 MPa) was
applied to a prestressing steel anchorage zone to monitor the loss of prestressing stress.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Smart concretes with a self-sensing ability have great potential
in the field of structural health monitoring (SHM) for infrastruc-
tures. They can significantly enhance the durability and safety of
infrastructures such as high-rise buildings, large span bridges,
dams, tunnels, offshore structures, and nuclear power plants [1].
Furthermore, smart concrete can be applied to prestressing steel
(PS) anchorage zone, requiring a high compressive strength as well
as crack resistance, to monitor the loss of prestressing stress [2].

Abbreviations: AC, alternative current; DC, direct current; FCR, fractional change
in resistivity; FSSA, fine steel slag aggregate; MF, smart concrete containing steel
fiber; MFMW, smart concrete containing MWCNTs and steel fibers; MS, smart
concrete containing FSSAs; MSF, smart concrete containing both steel fibers and
FSSAs; MWCNT, multi-wall carbon nanotube; PS, prestressing steel; UHPC, ultra-
high performance concrete.
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The level of prestressing stress can be monitored based on the elec-
tromechanical response of the smart concrete in the PS anchorage
zone [2].

Commercial sensors used for SHM include electric strain
gauges, piezo ceramic transducers, fiber Bragg grating sensors,
fiber optical sensors, and lead zirconate titanate sensors [3-6].
Moreover, to monitor the loss of prestressing stress, elasto-
magnetic sensors [7], fiber optic sensors [8], and long-gauge fiber
Bragg grating sensors [9] have been applied. However, most com-
mercial sensors have low durability and consequently require peri-
odic repair and maintenance.

To overcome the drawbacks of current sensors, several smart
concretes containing electrically conductive functional fillers,
including carbon nanotubes (CNTs), multi-wall carbon nanotubes
(MWCNTs), graphene, graphite nanofibers, nickel, carbon black
(CB), steel fibers, carbon nanofibers (CNF), and carbon fibers (CFs)
have been developed [10-28]. The addition of conductive fillers
enhances the conductive network within the composites and helps
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improve the self-sensing capacity; however, the self-stress sensing
capacity of smart concretes is limited (within 20 MPa) under com-
pression owing to the nonlinear correlation between the applied
stress and the electrical resistivity, as listed in Table 1.

Fig. 1 shows the typical electromechanical response of a smart
concrete under compression, divided into three stages: a linearly
decreasing phase, a stable phase, and an increasing phase [1].
The three stages correspond to pressure compaction, generation
of micro cracks, and crack propagation, respectively [1]. The com-
pacting pressure brings the functional fillers closer, thus improving
the conductive network inside the composite; the generation of
microcracks results in the destruction and reconstruction of the
conductive network inside the composite; and the propagation of
cracks leads to the breakdown of the conductive network. Thus,
to apply to the PS anchorage zone, a smart concrete with the linear
piezoelectric response under high compression can be developed
by enhancing compressive strength of the concrete in elastic region
(no crack generation) and structured conductive network of fillers.
You et al. [29] recently reported that the addition of the CNT
improved the self-sensing ability of the ultra-high performance
concrete (UHPC) that was activated by the formation of cracks
and greater amount of CNT produced a greater the self-sensing
ability. However, there was a minor fractional change in the elec-
trical resistivity of the UHPC containing both CNTs and steel fibers
under compression within elastic region prior to matrix cracking
point, which might have been due to the highly densified
microstructure and/or non-uniform distribution of the CNTs in
the UHPC matrix at very low water-to-cement ratios [29].

In this study, the self-stress sensing ability of the UHPC within
elastic region prior to matrix cracking could be successfully devel-
oped by adding fine steel slag aggregates (FSSAs) and steel fibers.
Fine steel slag aggregates with maximum diameter of 0.39 mm
were applied (instead of silica sand) to the matrix of the smart con-
crete to enhance its electrical conductivity based on quantum tun-
neling effects whereas short steel fibers with 6 mm in length were
reinforced the UHPC to prevent any micro-cracking within the lin-
ear elastic region and to improve the electrically conductive net-
work as well. The steel slag aggregates would be easier to be
uniformly distributed in the UHPC matrix and consequently
enhance the overall electrical conductivity. Han et al. [1] also
reported that steel slag was one of potential conductive fillers for
enhancing the conductive network within the matrix. In addition,
steel slags improved the workability and mechanical properties
of concrete [30,31]. However, the incorporation of steel slags as
aggregate in concrete might result in a potential volumetric insta-
bility associated with the hydration of free CaO and/or MgO in the
slags [32]. Lu et al. [33] reported that use of basic oxygen furnace
(BOF) slag fines in ordinary Portland cement significantly reduced
the compressive strength and slightly increased the volume expan-
sion of the mortars.

However, researchers recently indicated that adequate aging/
weathering and treatments can enhance the hydrolyses of free

Fig. 1. Typical electromechanical response of smart concrete under compression [1].

Ca0 and MgO to mitigate the instability of concrete with steel slags
[32]. Rondi et al. [34] reported that the volumetric expansion of
fresh concrete mixtures with 100% electric arc furnace (EAF) steel
slag as aggregate was lower than the limit value of 0.5% while their
compressive strengths showed a stable behavior after a period of
one year. The FSSAs used in this research are the electric arc fur-
nace steel slag, produced by ECOMAISTER Company using slag
atomizing technology. The chemical properties of FSSAs include
SiO,, Al,03, Ca0, MgO, Fe,0s, and others with corresponding com-
ponent ratios of 13.10, 6.31, 24.1, 3.68, 38.3, and 14.01%. Although
the company reported that the FSSAs containing very low content
of free-CaO (0.1-0.3 wt%) showed in the volumetric stability in
long term, the effect of steel slag expansion on the long term struc-
tural safety should be further investigated.

The specific objectives of the study are: (1) to investigate the
self-stress sensing ability (the electromechanical response) of
smart concrete (made from the UHPC containing both FSSAs and
steel fibers) under compression in comparison with that of smart
concretes made from the UHPCs containing other fillers and (2)
to investigate the self-stress sensing capacity of a smart concrete
anchorage, made from the UHPC containing both FSSAs and steel
fibers, for monitoring the level of prestressing stress.

2. Smart concretes and AC impedance measurement

The self-stress sensing capacity of a smart concrete is based on
its piezoelectric response under external load. The change in the
electrical resistivity of smart concrete generally originates from
the changes in the electrically conductive networks including con-
ductive fillers and pore solution systems [35,36]. The self-sensing
ability can be described by the relationship between the fractional
change in the electrical resistance and the stress according to
Eq. (1).

Table 1
Self-stress sensing capacity of smart concretes.
No Ref. Maximum stress sensing (MPa) FCR Functional filler w/C fe (MPa)
1 Han [10] 6 CNT 0.6
2 Han [11] 6 CNT 0.4
3 Han [13] 0.5 0.18 Nickel 0.66
4 Wen [14] 6.0 0.3 Steel fiber 0.35
5 Han [19] 20 0.2 CF and CB 40
6 Chung [20] 16 0.3 CF
7 Monteiro [21] 9.4 0.03 CB 0.5 18
8 Konsta [22] 4 0.05 CNF, CNT 0.3
9 Han [23] 12 CNT 40

fc: compressive strength; FCR: fractional change in resistance.
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AR Ap
R, p,
where AR (Ap) is the absolute change in the electrical resistance
(resistivity), R, (po) is the initial electrical resistance (resistivity),
and f(o) is a function of stress [1].

The change in the electrical resistivity of a smart concrete has
been generally measured using alternative current (AC) measure-
ments [37,38] or direct current (DC) measurements [39-42]. The
AC measurement is preferred to assess the electrical resistivity
of cementitious materials to avoid errors induced by the polariza-
tion of the electrodes or variation in the properties over time due
to ion migration [37]. The electrical impedance spectroscopy,
determined by AC measurement, of cementitious composites are
generally represented using a Nyquist plot [43-45]. The Nyquist
plot is parameterized in terms of the frequency, which decreases
from left (high frequency) to right (low frequency): at low frequen-
cies, the passive layer insulates the fibers whereas it becomes
short-circuited at high frequencies, thereby allowing current to
flow through the fibers [38]. In the Nyquist plot, i.e., the imaginary
impedance (—Z")-real impedance (Z') plot, the electrical impe-
dance spectroscopy of plain cementitious materials are character-
ized by a single arc, describing the material behavior (material arc),
whereas a two-arc formation represents the response of steel fiber-
reinforced cementitious materials [38]. The composite resistance
Reusp is determined by a value of the real impedance (Z') at the cusp
between the two material arcs and accounts for the combined
transfer of the ionic current through the electrolyte and the elec-
tron current through the conductive fillers [38]. The electrical
resistivity (p) of the specimens was calculated from the measured
composite resistance (Rcsp) using Eq. (2).

A
p = Rcus,,z (2)

f(o) (1)

where A is the cross-sectional area, and L is the gauge length
between the two electrodes. Moreover, an AC measurement with
a fixed frequency can be used to measure the history of the electri-
cal resistivity response of the composite [29].

3. Experimental

An experimental program was designed to investigate the self-
stress sensing ability of a smart concrete containing both steel
fibers and FSSAs (MSF). Cubic compressive specimens with dimen-
sions of 50 mm x 50 mm x 50 mm were made to compare the self-
stress sensing ability of the MSF with those of three other smart
concretes: ones containing steel fibers (MF), FSSAs (MS), and
MW(CNTs and steel fibers (MFMW). The MFMW was prepared to
compare the effect of the MWCNTs and FSSAs on the self-stress
sensing ability of the UHPC matrices under compression. Fig. 2

c) Short steel fiber

a) Fine steel slag aggregates

shows the images of the short steel fibers, FSSAs, and MWCNTs.
Moreover, the cubic specimens were used to investigate the effects
of temperature (ranging from 5 to 40 °C) and humidity (ranging
from 30 to 100%) on the electrical resistivity of the MSF. On the
other hand, a smart concrete anchorage made from the MSF with
dimensions of 200 mm x 200 mm x 300 mm was designed for a
7-wire strand (diameter of 15.2 mm; tensile strength of
2160 MPa), as shown in Fig. 3. If the level of prestressing stress is
assumed to be 80% of the tensile strength of the 7-wire strand,
the compressive stress of the smart concrete anchorage would be
approximately 50 MPa. The electrical impedance spectroscopy
response of the four smart concretes (MSF, MS, MF, and MFMW)
was investigated under controlled compressive stresses of 20, 40,
60, 80, and 100 MPa. An AC measurement (SI 1260 impedance/
gain-phase analyzer machine) with varying frequency was used
to investigate the electrical impedance spectroscopy response of
the cubic compressive specimens under controlled stresses and
the electrical resistivity response of the MSF under the tempera-
ture and humidity conditions mentioned previously. An AC mea-
surement with a fixed frequency was used to investigate the
history of the electromechanical response of the smart concrete
anchorage under compression.

3.1. Materials and specimen preparation

Table 2 summarizes the compositions (by weight ratio) of the
smart concretes. Table 3 lists the properties of the conductive fil-
lers including those of the steel fibers, FSSAs, and MWCNTSs. The
diameter and length of the short smooth steel fibers were 0.2
and 6.0 mm, respectively. The FSSAs were ball-shaped with a max-
imum diameter of 0.39 mm. The diameter of the MWCNTSs ranged
from 0.05 to 0.2 um, and their length was approximately 10 pm.
The polycarboxylate based super-plasticizer (30% solid and 70%
water) reducing or eliminating the attractive interparticles forces
that cause yield stresses [46] was used to improve workability of
matrices.

A Hobart-type laboratory mixer with a 20-L capacity was used
to prepare the smart concrete specimens. In preparing the MF,
MS, and MSF mixtures, the components of the matrices (including
the silica fume, cement, silica powder, and FSSAs or sand) were
first dry-mixed for 5 min. The FSSAs were used instead of sand in
the MSF and MS. Water was then added to the mixture, and the
mixture was further mixed for 5 min. Super-plasticizers were grad-
ually added and further mixed for approximately 5 min. For both
the MSF and MF specimens, as the mixtures showed suitable work-
ability and viscosity for a uniform fiber distribution, the short
smooth fibers were carefully dispersed by hand into the mortar
mixtures, and the mixtures containing the fibers were then mixed
for 1 min.

b) MWCNT

Fig. 2. Images of conductive materials.
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a) A design of the smart concrete anchorage specimens

b) A smart concrete anchorage mold ¢) A smart concrete anchorage specimen

Fig. 3. A smart concrete anchorage specimen using MSF matrix.

Table 2

Composition of matrix by weight ratio.
No. Cement Silica fume Silica powder Silica sand Steel slag Water SP MW CNT Deformer (') Fiber (Vol. %) Flow test (mm) f. (MPa)
M 1.0 0.15 0.25 1.0 - 0.2 0.042 - - - 245 154 (5)
MF 1.0 0.15 0.25 1.0 - 0.2 0.039 - - 2.0 268 202 (12)
MS 1.0 0.15 0.25 - 1.0 0.2 0.044 - - - 280 180 (8)
MSF 1.0 0.15 0.25 - 1.0 0.2 0.042 - - 2.0 280 184 (10)
MFMW 1.0 0.15 0.25 1.0 - 0.2 0.098 0.5 0.25 2.0 242 155 (7)

SP: Super plasticizer containing 25% solid and 75% water; MWCNT: Multi-walled carbon nanotube.
" : Weigh percentage of cement; fc: compressive strength. The values in brackets are the standard deviation of the compressive strength.

Table 3

Properties of conductive materials.
Type Diameter (pum) Length (mm) Tensile strength (MPa) Elastic modulus (GPa)
Steel fiber 200 6.0 2104 200
Steel slag <390 - -

MWCNT 0.005-0.020 10 x 1073 - -
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On the other hand, the MFMW mixture was prepared as fol-
lows: (1) A sonicator, operated at an amplitude of 50% and a cycle
time of 15s, was used to distribute the MWCNTSs in the solution
including water and half the amount of a superplasticizer for 2 h;
(2) Silica fume was added to the solution, and further sonication
was conducted for 3 to 5 min; (3) Cement, silica sand, and silica
powder were dry mixed, added to the solution containing the silica
fume, and further mixed for 3 min; (4) The remaining amount of
the superplasticizer was added to the mixture; (5) A deformer (Tri-
butyl phosphate from Aladdin Industrial Corporation, USA) was
added to the mixture and further mixed for 3 min to eliminate
air bubbles in the mixture; and (6) Finally, short steel fibers were
added to the mixture and further mixed for 1 min.

The MF, MFMW, and MS mixtures were poured into cubic
molds, while the MSF matrix was poured into both the cubic and
smart concrete anchorage molds with slight vibration. A smart
concrete anchorage was made from MSF, as shown in Fig. 3. A steel
cylinder with a diameter of 0.84 mm and a length of 280 mm,
instead of a trumpet in pre-stressed concrete, was fixed in the
mold using glue, as shown in Fig. 3b. Copper wire meshes (width
of 0.45 mm) were embedded in the specimens as electrodes for
measuring their electrical resistivity. The distance between the
two electrodes was 20 mm for the cubic compressive specimens,

Specimen
Probes

whereas it was 150 mm for the smart concrete anchorage
specimens.

All the specimens were covered with plastic sheets and stored
at room temperature (20 +2 °C) for 48 h, after demolding. They
were then cured in a water tank at 90 °C for three days. The spec-
imens were dried for 24 h prior to testing. Table 2 lists both the
flow and compressive strength values of the smart concretes
(without embedded wire meshes).

3.2. Test setup

Fig. 4 shows the experimental setup for determining the electri-
cal resistivity response of the cubic specimens. Fig. 5 shows the
setup for the smart concrete anchorage. A universal testing
machine (UTM) was used for the compressive tests, whereas the
SI 1260 impedance/gain-phase analyzer machine was used to mea-
sure the electrical impedance spectroscopy response during the
tests. The UTM was under load control to maintain loads of 50,
100, 150, 200, and 250 kN for 200 s, corresponding to compressive
stresses of 20, 40, 60, 80, and 100 MPa, respectively. The AC mea-
surement technique (with frequency ranging from 1Hz to
10 MHz at a voltage of 250 mV and data of 10 points per decade)
was used to measure the electrical impedance spectroscopy

S11260 impedance/gain-phase analyzer

Fig. 4. Test set-up for AC electrical resistivity measurement.

Fig. 5. Test set-up for the electrical resistivity measurement.
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response of the specimens at each controlled compressive stress.
The UTM under displacement control with a velocity of 1.0 mm/
min was applied to the smart concrete anchorage specimens to
measure the electromechanical response of the smart concrete
anchorage. A steel plate with dimensions of 200 mm x 200 mm
was placed on top of the smart concrete anchorage specimen.
The AC measurement technique with a fixed frequency of 100 Hz
was applied to measure the history of the electrical resistivity
response during the tests. The fixed frequency value was deter-
mined from the frequency value at the cusp in the Nyquist plot.
To investigate the effects of temperature and humidity on the
measured electrical impedance spectroscopy response, a chamber
with controlled temperature and humidity was used to store the
MSF specimens containing FSSAs and steel fibers. The MSF speci-
mens were stored in the chamber for 1 day prior to measuring
AC impedance. In this study, all the MSF specimens had already
cured in hot water tank (90 °C) for 3 days and then stored 1 day
in a laboratory at the temperature of 20 °C and humidity of 30%
prior to keeping them in the chamber. Thus, the effects of a differ-
ent temperature and ageing during short period of testing process
(5 days) on the acceleration of the cement hydration of the speci-
mens could be neglected since the hydration of the specimens
was almost completed. Kang et al. [46] also reported that the
strength of the UHPC specimens after heat treatment at high tem-
perature (90 °C) did not increase between 7 and 28 days. The AC
measurement technique with frequency ranging from 1Hz to
10 MHz was used to measure the electrical resistivity of the cubic
specimens under different temperature and humidity conditions.

4. Results and discussion
4.1. Comparative electrical responses

The electrical resistivity of the MSF, which contained both FSSAs
and steel fibers, was clearly lower than those of the MS (containing
FSSAs only) and MF (containing steel fibers only), but slightly
higher than that of MFMW (containing both MWCNTs and steel
fibers). The MSF exhibited the highest self-stress sensing capacity
under compression among the studied smart concretes.

Fig. 6a shows the Nyquist plots for the different smart concretes
(MF, MS, MSF, and MFMW). Fig. 6b shows the initial resistivity of
the smart concretes, determined from the real impedance at the
cusp of the Nyquist plots. As shown in Fig. 6b, the electrical
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resistivities of MSF, MS, and MF are 420, 500, and 1400 kQ-cm,
respectively. The electrical resistivity of MSF and/or the MS was
clearly lower than that of the MF owing to uniform distribution
of the FSSAs on the conductive networks. The MSL with a combina-
tion of the FSSAs and steel fibers produced a slightly lower electri-
cal resistivity than the MS did. However, the electrical resistivity of
the MSF is slightly higher than that (390 kQ-cm) of the MFMW. The
fiber shape of the MWCNTs helped produce a better conductive
network than the use of particle powder [47]. In addition, the field
emission and tunneling conduction from the nano-scale tip of the
CNTs can significantly increase the conductivity of the composite
containing MWCNTSs [11]. The higher amount of superplasticizer
(30% solid and 70% water) in the MFMW matrix can result in higher
amount of free water as well as pore solution system, which can
increase conductive network of the matrix.

Fig. 7 shows the impedance spectroscopy responses (using the
Nyquist plot) of the smart concretes (MF, MS, MSF, and MFMW)
under compressive stresses of 20, 40, 60, 80, and 100 MPa. Both
the real and imaginary impedances of the smart concretes clearly
decrease with the increase in the compressive stress. The electrical
resistivity at the cusps was determined at the different controlled
compressive stresses.

Fig. 8 shows the electrical resistivity change ratio,
(100 x px/p20, %), of the smart concretes with the increase in the
compressive load from 20 to 100 MPa. py is the electrical resistiv-
ity of the composites under a compressive stress of 20 MPa, and p,
is the electrical resistivity of the composites under controlled com-
pressive stress values (20, 40, 60, 80, or 100 MPa). The electrical
resistivity of all the specimens clearly decreased with the increase
in the compressive stress from 20 to 100 MPa. The percentage
reduction in the electrical resistivity (100 x (p20 — px)/P20) Was
calculated. Table 4 lists the results. According to results of Jia
et al. shown in [1], the electrical resistivity of a concrete using steel
slag decreased until approximately 35 MPa and then maintained
and increased owing to the generation of crack in the matrix. The
high compressive strength of matrices in this study could improve
the self-stress sensing ability of composites as the compressive
strain capacity in the elastic region increased. With the increase
in the compressive stress following to the increase in the compres-
sive strain, the distance between the conductive fillers (steel fibers,
MWCNT, FSSAs, and their combination) decreased, whereas the
connection between the conductive fillers increased.

The reduction in the electrical resistivity of the MSF is clearly
higher than those of the MF and MS specimens under the
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Fig. 6. The initial impedance spectroscopy and electrical resistivity of smart concretes.
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controlled compressive stress values. With the increase in the com-
pressive stress from 20 to 100 MPa, the electrical resistivities of the
MSF, MF, and MS reduced by 15.65, 12.37, and 9.62%, respectively.
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The addition of steel fibers increased the connection between the
conductive fillers including both steel fibers and FSSAs, whereas
the use of the FSSAs, instead of silica sand, improved the piezoelec-
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tric response owing to the quantum tunneling effect. The combina-
tion of FSSAs and steel fibers noticeably enhanced the conductive
network as well as the sensitive piezoelectric response of the
MSF. Fig. 9a captured the image of conductive fillers, including
steel fibers and FSSAs, in the MSF matrix after compression.
Fig. 9b shows a model of conductive network in the MSF composite
while Fig. 9c and Fig. 9d show a conductive pathway in the com-
posite prior to and under compressive loads, respectively. As the
compressive stress/strain increased, the conductive network of
the MSF composite enhanced owing to the contact of the conduc-
tive fillers. Moreover, as the conductive fillers including FSSAs and
steel fibers came closer, the current passed through them owing to
the quantum tunneling effect. The tunneling conduction is associ-
ated with the transmission conduction of electrons between dis-
connected yet close-enough fillers in concrete matrix [1,48-52].
Thus, as the compressive stress (strain) increased, the conductive
pathway in the composites was enhanced and the electrical resis-
tivity of composites consequently decreased. The content of con-
ductive fillers including both FSSAs and steel fibers in the matrix
could notably influence the conductive network as well as the
self-stress sensing ability of the composite. Thus, effects of the con-
tent of FSSAs and steel fibers on the self-stress sensing should be
further investigated in order to improve the self-stress sensing of
the smart concrete.

The electrical resistivity of the MSF under compressive stress
reduced to a greater extent compared to the MFMW. As listed in
Table 4, the electrical resistivity of the MFMW at a compressive
stress of 100 MPa reduced only by 9.30%, which is notably lower

than that of the MSF. The greater reduction in the electrical resis-
tivity of the MSF can be attributed to the well-structured conduc-
tive network owing to uniform distribution of FSSAs in the matrix
(Fig. 9). However, the lower piezoelectric response of the MFMW
could be due to the formation of significant initial conductive net-
work pathways of the steel fibers and MWCNTs in the composite.
In addition, the MSF (with a higher compressive strength,
184 MPa) generated lesser minor damages or fewer micro cracks
inside than the MFMW (compressive strength of 154 MPa). Micro
cracks can destroy the conductive network, consequently reducing
the piezoelectric response of the composite [1]. Azhari and Banthia
[53] also reported that smart concretes become less sensitive to
load after micro crack generation. Thus, the self-stress sensing abil-
ity of the MSF with a higher strength was greater than that of the
MFMW.

4.2. Self-stress sensing capacity of smart concrete anchorage made
from MSF

Fig. 10 shows the history of the electrical resistivity response
under compression (until 60 MPa) of the smart concrete anchorage
made from the MSF. As shown in Fig. 10a, the three tested results
provide a consistent correlation between the compressive stress
and the fractional change in the resistivity, FCR = (px — po)/po, Of
the smart concrete anchorage. p, is the initial electrical resistivity
of the composites, and py is the electrical resistivity of the compos-
ites under a compressive stress. The electrical resistivity of the
smart concrete anchorage specimens linearly decreased as the
compressive stress increased from 0 to 60 MPa. The fractional
change in the resistivity at a compressive stress of 60 MPa was
—0.21. The negative value indicates a reduction in the electrical
resistivity. As the compressive load was zero, i.e., when the speci-
men was unloaded, the electrical resistivity almost returned to the
initial electrical resistivity value. It is clear that the linear piezo-
electric response of the MSF matrix until 60 MPa of compressive
stress in this study demonstrates a significantly improving self-
stress sensing ability in comparison with current published reports
(those until 20 MPa of compressive stress, as summarized in
Table 1). It could be attributed to a high compressive strength of
the MSF matrix in elastic region prior to matrix cracking and
well-structured conductive network of FSSAs and steel fibers in
the matrix. Under a compressive stress of 60 MPa, the specimens
were expected to be within the linear elastic region without micro
cracks because the compressive strength of the MSF was 184 MPa.
As the compressive strain increased, the conductive fillers, includ-
ing steel fibers and FSSAs, came closer, and consequently the elec-
trical resistivity of the composite decreased almost linearly. The
addition of both steel fibers and FSSAs helped increase the sensi-
tive of the conductive network under compressive strain. Further,
the addition of steel fibers helped increase the crack resistance,
consequently improving the self-sensing ability of the smart
concrete anchorage. As the compressive stress became zero

Table 4

Average reduction percentage in electrical resistivity under controlled compressive stress.
Compressive stress (MPa) MF MS MSF MFMW
The reduction percentage in electrical resistivity, 100. (px — p20)/p20
20 0 0 0
40 2.80 (1.42) 1.82 (1.45) 4.83 (3.29) 3.04 (2.40)
60 6.22 (1.69) 5.71 (1.20) 8.28 (2.98) 5.09 (3.24)
80 9.02 (2.4) 8.76 (1.25) 11.34 (3.51) 7.88 (4.65)
100 12.37 (2.53) 9.62 (1.41) 15.65 (1.99) 9.30 (5.69)

p20 and py are the electrical resistivity at 20 MPa in compressive strength and controlled stress value, respectively. The values in brackets are the standard deviation.
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(unloading), the conductive fillers moved farther apart, and their
connections decreased owing to the recovery of the strain of the
specimens. The conductive network of the composite is restored
after unloading. Thus, as the compressive stress decreased during
the unloading process, the compressive strain of the specimens is

fully recovered.
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Fig. 10. Electrical resistivity response of smart concrete anchorage using MSF under compression.
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Fig. 11 shows the correlation between the fractional change in
the resistivity, FCR = (px — po)/po, and the compressive stress. The
fractional change in the resistivity linearly decreases with the
increase in the compressive stress. Eq. (3) can be used to determine
the compressive stress value (MPa) as a function of the FCR
(negative value).
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Fig. 11. The correlation between the electrical resistivity response and the
compressive stress of the smart concrete anchorage using MSF.

o = 6.6958 — 246.59FCR (3)

The compressive stress of the smart concrete anchorage can be
obtained by determining the fractional change in the resistivity.
The stress gauge factor (AG/AFCR = — 246.59) can be utilized to
monitor the change in the compressive stress of the smart concrete
anchorage.

4.3. Effects of temperature and humidity on the electrical resistivity of
MSF

The electrical resistivity of the MSF was sensitive to changes in
the humidity and temperature. As the humidity and temperature
increased, the electrical resistivity of the MSF decreased. However,
the change in the electrical resistivity of the MSF corresponding to
different humidity conditions was clearly lower compared to the
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conventional concrete (with a higher water-to-cement ratio)
owing to the highly densified microstructure. Fig. 12 shows the
effects of temperature and humidity on the electrical resistivity
of the MSF.

As shown in Fig. 12a, the electrical resistivity of the MSF matrix
is clearly influenced by the humidity. The electrical resistivity of
the composite notably decreases from 700 to 300 kQ-cm with
the increase in the humidity from 30 to 100%. As the moisture
increases, the amount of fluid in the pore solution system
increases, and consequently, the mobility of the ions increases,
i.e.,, the electrical current increases or the electrical resistivity
decreases. Gjorv et al. [54] reported that the electrical resistivity
of conventional concrete decreased from 600 to 7 kQ-cm as the
humidity increased from 20 to 100%. Larsen et al. [55] reported
that the electrical resistivity of concrete increased six times as
the moisture degree decreased from 88 to 66%. It is clear that the
effect of humidity on the electrical resistivity of the MSF was nota-
bly lower compared to the concretes reported by Gjerv et al. [54]
and Larsen et al. [55]. The lower change in the electrical resistivity
under different humidity conditions might be due to the very high
density of the MSF at a very low water-to-cement ratio (w/c = 0.2).

As shown in Fig. 12b, the temperature clearly influences the
electrical resistivity of the MSF. With the increase in the tempera-
ture from 5 to 40 °C, the electrical resistivity of the composite sig-
nificantly decreases from 1200 to 200 kQ.cm at a humidity of
100%, whereas it decreases from 500 to 100 kQ-cm at a humidity
of 50%. Kim et al. [40] also reported the effect of temperature on
the electrical resistivity of the UHPC matrix containing steel fibers
(compressive strength of 180 MPa): the electrical resistivity of the
UHPC decreased from 434.1 to 319.2 kQ.cm as the temperature
increased from 15 to 35°C at a controlled humidity of 60%. The
temperature influences the behavior of the electrolyte solution in
the pore solution system: as the temperature increases, the viscos-
ity of the fluid in the pore system decreases, consequently increas-
ing the mobility of the ions [56]. The effect of temperature on
electrical resistivity of specimens at a high humidity (100%) was
clearly higher than that at low humidity (50%). A greater humidity
can provide greater free water in pore system, and consequently
improve the movement of ion in pore solution system under influ-
encing temperature, which results to increase the conductivity of
the composite.
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Fig. 12. Effect of the temperature and humidity on the electrical resistivity of MSF.
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5. Conclusions

This experimental study investigated the self-stress sensing
ability of a smart concrete (with a compressive strength of
184 MPa) containing FSSAs (ball shaped, with a maximum diame-
ter of 0.39 mm) and steel fibers (with a length of 6 mm and a diam-
eter of 0.2 mm) under compression using AC measurement with
two probes. The piezoelectric response of a smart concrete con-
taining FSSAs and steel fibers (MSF) was compared with that of
smart concretes containing only steel fibers (MF), only FSSAs
(MS), and both steel fibers and MWCNT (MFMW). The self-stress
sensing ability of the MSF was utilized in a prestressing steel (PS)
anchorage zone to monitor the loss of prestressing stress. In addi-
tion, the effects of temperature and humidity on the electrical
resistivity of the smart concrete were investigated. The following
conclusions can be drawn from this study:

e The smart concrete containing steel fibers and fine steel slag
aggregates produced a clear reverse electrical resistivity
response under compression. The electrical resistivity notice-
ably decreased with the increase in the compressive stress.
The addition of short steel fibers helped significantly improved
the conductive network, whereas the addition of FSSAs, instead
of silica sand, helped enhance the piezoelectric sensitivity
owing to the quantum tunneling effect.

The smart concrete containing FSSAs and steel fibers exhibited a
greater self-stress sensing ability than those containing only
FSSAs or steel fibers or both MWCNTSs and steel fibers.

The self-stress sensing ability of the MSF under compression
was utilized in the prestressing steel anchorage zone to monitor
the loss of prestressing stress. A smart concrete anchorage made
from MSF exhibited a linear piezoelectric response under com-
pression until 60 MPa. The fractional change in the resistivity,
FCR=(px — po)lpo, of the smart concrete anchorage at a com-
pressive stress of 60 MPa was —0.21.

e An equation, ¢ = 6.6958 — 246.59FCR, was derived, showing a
linear correlation between the compressive stress (o, until
60 MPa) and the fractional change in the resistivity of the
smart concrete anchorage made from MSF. The compressive
stress of the smart concrete anchorage could be analyzed by
determining the fractional change in the resistivity. The stress
gauge factor (Ac/AFCR = —246.59) could be used to monitor
the change in the compressive stress of the smart concrete
anchorage.

The electrical resistivity of the MSF clearly decreased with the
increase in the humidity and temperature. The change in the
electrical resistivity of the MSF with varying humidity was
clearly lower than that observed in conventional concrete
owing to the highly densified microstructure.
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