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ARTICLE INFO ABSTRACT

Keywords:
Smart high-performance cementitious compos-

Smart high-performance cementitious composite (SHPCC) with sensing abilities, high mechanical, and high
durability is a potential smart material instead of current sensors applied for structural health monitoring systems

ite of infrastructures. This study deeply investigated the sensing properties of SHPCCs containing multiwall carbon

iY\f](sngn nanotubes (MWCNTs), steel fibers, and steel slag aggregates (SSAs) under compression. SHPCCs containing
Steel ﬁberg different contents of MWCNTSs (0.1% and 0.5% of cement weight), steel fibers (2 and 4 vol%), SSAs (10% and

50% instead of sand), and free water (fully dried and moisture specimens) were prepared and evaluated. The
results indicated that the SSA content was a key factor controlling the electrically conductive network response
and the stress-sensing ability of SHPCCs. MWCNTs significantly enhanced the stress-sensing ability of fully dried
SHPCCs under compression. Besides, the free water content in pore systems significantly influenced the stress-
sensing ability of SHPCCs. A conductive network of SHPCCs with MWCNTs, fibers, SSAs, and free water at
micro and nano levels was proposed and analyzed to explain the electrical resistivity response under
compression.

Steel slag aggregate

drawbacks such as a high cost, low durability in comparison with the
structural life cycle, a localized application, and influencing mechanical
properties of structures with embedded sensors. Smart high-
performance cementitious composites (SHPCCs) with self-sensing abil-
ities and high mechanical properties have been recently developed to

1. Introduction

The collapse of infrastructures and buildings without warning caused
a huge economic loss and numerous human deaths. Some catastrophic
collapses of structures have recently occurred such as Dhaka Savar Rana

Plaza in Bangladesh, in 2013 (1134 deaths), the Sampoong department
store in Korea, in 1995 (502 human deaths), Morandi Bridge in Italy, in
2018 (43 deaths), and Brumadinho dam in Brazil, 2019 (270 deaths).
Structural health monitoring (SHM) systems of structures have become
an interesting topic for researchers and engineers to prevent sudden
collapses. However, current sensors (strain gauge, lead zirconate tita-
nate (PZT), and fiber Bragg grating (FBG) sensors) in SHM systems had

overcome the drawbacks of current sensors to apply to SHM systems.
A potential application of SHPCCs was to fabricate a smart anchorage
block (SAB) [1-3] which was used as an anchorage head of prestressed
concrete structures. The SAB can monitor the change in stress and
ruptures of prestressed tendons, which are the main reasons causing the
catastrophic collapse of infrastructures [1-3]. SHPCCs with high
compressive strength and durability can resist high compressive stress

Abbreviations: AC, alternative current; CCP, continuous conductive path; CP, conductive path; DCP, discontinuous conductive path; DP, discontinuous point; FCR,
the fractional change in electrical resistivity; FD, fully dried; FF, functional filler; FWC, free water content; ICP, insulator conductive path; MWCNT, multiwall carbon
nanotube; SHPCC, smart high-performance cementitious composite; SSA, steel slag aggregate; SSC, stress sensitive coefficient.
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caused by prestressed tendons at the anchorage head (approximately 50
MPa) [3] and work as a high-stress sensor to monitor the stress loss or
the collapse of tendons. The sensing ability of SHPCCs was observed by
evaluating the fractional change in electrical resistivity (FCR) under
external loading [4]. As tendons of prestressed structures were ruptured,
based on a significant change in the FCR of the SAB owing to a notable
change in the compressive stress, the SHM system can immediately
detect and send a warning about abnormal structures in real time for
central management. Hence, infrastructures would be repaired, rein-
forced, or maintained to avoid sudden catastrophic collapses.

High electrically conductive functional fillers (FFs) such as carbon
fibers, carbon blacks, carbon nanotubes (CNTs), multi-wall carbon
nanotubes (MWCNTSs), graphene, carbon black, steel fibers, steel slag
aggregates (SSAs), or hybrid FFs were generally added into cementitious
composites to improve the conductive network and the FCR of cemen-
titious composites [4-27]. However, the stress sensing of these studies
has been limited to under 20 MPa which is notably lower than the stress
sensing requirement of SAB (around 50 MPa) because of the low
strength of cementitious composites.

The dispersion of FFs in SHPCCs was more difficult than that in
conventional cementitious composites because SHPCCs had a lower
water-per-cement ratio and a denser microstructure. You et al. [28]
reported that MWCNTSs improved the electrical conductivity of SHPCCs
but decreased the flow (even more than 50% superplasticizer was
added) and the compressive strength because of insufficient dispersion
of MWCNTs. Recently, Lee et al. [29] reported that SSAs and steel fibers
would be easily dispersed and work as FFs in SHPCCs. They reported
that a hybrid of SSAs and steel fibers produced a better self-sensing
ability of SHPCCs than a single FF. Le et al. [9] investigated the effects
of SSA size and content investigated the effects of different SSA sizes
(0.39 mm, 1-2 mm, and 3-4 mm in maximum diameter) and contents
(0.3,0.5, 1.0, 1.5, and 2.0 in SSAs per cement ratio) incorporating 1 and
2 vol% steel fibers on the stress sensing ability of SHPCCs. They indi-
cated that a finer SSA size (0.39 mm in maximum diameter) produced a
better dispersion and consequently higher FCR than coater SSA sizes. In
addition, SHPCCs containing 2 vol% steel fibers and 50% SSAs instead of
sand provided the highest FCR under compression. Le et al. [30] indi-
cated that the FCR of SHPCCs clearly increased as the fiber content
increased from 2 to 4 vol% but little changed as the fiber content
increased from 4 to 5 vol%. In addition, a combination of 4 vol% steel
fibers and 50% SSA instead of sand produced the highest FCR at the
elastic region (30% maximum compressive stress). Le et al. [31] re-
ported that the electrical resistivity of SHPCCs was significantly
dependent upon the free water content (FWC) inside the composite.
Nevertheless, the sensing ability of SHPCCs without FWC (i.e. fully dried
specimens) was not observed owing to significant data noises in the
electrical resistivity under compression [31]. Le et al. [32] reported that
adding 0.1% MWCNTs by cement weight ratio, 2 vol% steel fibers, and
50% SSAs (instead of sand) improved the FCR of SHPCCs in comparison
with SHPCCs containing a hybrid of steel fibers and SSAs or copper slag
or nickel aggregates. They observed that a combination of nano FF
(MWCNTSs), particle FF (SSAs), and fibers (steel fibers) would maximize
the sensing ability of SHPCCs. However, these studies have not indicated
which parameter mainly controlled the sensing characteristic of SHPCCs
containing MWCNTs, SSAs, and steel fibers. Moreover, the effects of
MWCNT content on the sensing properties of SHPCCs have not been
investigated. In addition, the effect of FWC on the self-sensing of SHPCCs
under compression has not been investigated. This study aims to deeply
investigate the self-sensing ability of SHPCCs containing MWCNTs, steel
fibers, and SSAs under high compressive stress and solve the limitations
of current studies.

2. Electrical resistivity characteristics of smart concretes

The electrically conductive network in the smart cementitious
composites included ionic, contacting, and tunneling conductions [4].
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The ionic conduction was based on the movement of ions (K+, Na+,
OH-) in porous systems, which were significantly affected by the
composite microstructure [4]. The contacting conduction depended on
the content and the type of FFs [4,32,33]. The tunneling conduction of
closed enough FFs (under 10 nm) was influenced by the content, shape,
and electrical conductivity of FFs [4,9,29,34,35].

Under compression, as the compressive strain increased, the
tunneling and contacting conduction increased because the distance
between FFs decreased and the number of FF contact increased. How-
ever, Han et al. [4] indicated that as the FF content was over the
percolation threshold, well-stable conductive pathways were generated
into the composites, and thus the conductive network or the electrical
resistivity of the composites little changed under external loads. Hence,
depending on FF types, the FF content should be controlled under a
percolation threshold.

Alternative current (AC) or direct current (DC) measurements were
generally used to obtain the electrical resistance of smart cementitious
composites [10,12,29,36]. The AC measurement method was preferably
utilized to prevent the effects of polarization and contacting resistance
between electrodes and matrix [32,36,37]. The electrical resistivity (p)
of self-sensing specimens was calculated from a measured electrical
resistance (R.) according to Eq. (1) [29,37].

A
p = Rcz7 (€]
where A is the cross-sectional area and L is the gauge length between
two electrodes.
To evaluate the electrical property under external loads, the FCR was
generally determined and evaluated. The FCR was determined following
Eq. (2) [4].

FCR = |(r — 1,)]/1,.100%, @

where p, is the initial electrical resistivity and p is the electrical re-
sistivity at the calculated point). Besides, the stress-sensitive coefficient
(SSC) was calculated following Eq. (3) [4,32].

SSC = FCR/s, (€))
where o is the compressive stress at the calculated point.
3. Experiments

An experimental program was designated to evaluate the mechanical
and sensing properties of SHPCCs containing MWCNTs, steel fibers, and
SSAs under high compressive stress. The contents of MWCNTs, steel fi-
bers, and SSAs were chosen based on gaps in current studies [9,29-32]
to find which parameter mainly controlled the sensing characteristics of
SHPCCs under compression. Besides, the content of MWCNTSs generally
varied from 0.1 to 1% by weight of cement [19,26,38-40]. However, as
the nano FF content increased, their dispersion into SHPCCs would be
more difficult. Thus, in this study, SSAs content instead of sand, steel
fiber content, the MWCNT content by cement weight varied from 10% to
50%, 2 to 4%, and 0.1 to 0.5%, correspondingly to deeply understand
the effects of FF types including fiber, particle, and nano FFs on the
sensing properties of SHPCCs. Furthermore, the effects of adding
MWCNTs on the self-sensing ability of SHPCCs with/without free water
(F2S10_FD, F2C01S10_FD, and F2C01S10 with FWC, where FD means
fully dried specimens) were investigated. Table 1 summarizes the
compositions of SHPCC matrices by weight ratio.

3.1. Materials

Cement Type I (ASTM standard) and silica fume (10 um in diameter)
were utilized as binders in the matrix composition. Silica powder and
silica sand have average diameters of 74 um (200# mesh) and 0.2 mm,
respectively. A low water-per-cement ratio of 0.2 and a superplasticizer-
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Table 1
Compositions of SHPCC matrices by weight ratio.
No. Cement Silica fume Silica powder Silica sand SSA Water SP Fiber (vol%) MWCNT
F2C01 1.0 0.15 0.25 1.0 0.2 0.108 2.0 0.001
F2C05 1.0 0.15 0.25 1.0 - 0.2 0.108 2.0 0.005S
F2C01S10 1.0 0.15 0.25 0.9 0.1 0.2 0.108 2.0 0.001
F4C01S10 1.0 0.15 0.25 0.9 0.1 0.2 0.108 2.0 0.001
F2C01S50 1.0 0.15 0.25 0.9 0.1 0.2 0.096 2.0 0.001 [32]
F2S10_FD 1.0 0.15 0.25 0.9 0.1 0.2 0.108 2.0 -
F2C01S10_FD 1.0 0.15 0.25 0.9 0.1 0.2 0.108 2.0 0.001

SP: superplasticizer with 30% solid and 70% water. FD: fully dried SHPCCs with no free water.

based polycarboxylate were used to generate high compressive strength
and workability for SHPCCs. Short smooth straight steel fibers with
6 mm in length, 0.2 mm in diameter, 360 GPa in elastic modulus, and
2104 MPa in tensile strength were added to enhance the crack resis-
tance, the tensile strength, and the sensing ability of SHPCCs. MWCNTs
with 5-10 nm in diameter, 10 ym in length, 150-200 m?/g in specific
surface area analysis (BET), higher 99% in purity, and 0.02-0.04 g/cm®
in bulk density provided by Carbon Nano-material Technology Co., LTD
[41] were utilized to reinforce the conductive network of SHPCCs at the
nano level.

SSAs with a sphere shape and a maximum diameter of 0.39 mm were
instead of a part of sand in SHPCC compositions and worked as an FF to
improve the conductive network as well as the self-sensing ability of
SHPCCs. SSAs are produced by Ecomaister Company using slag atom-
izing technology [42] and are significantly different from conventional
SSAs using other technologies. The chemical properties of SSAs include
13.10% SiO2, 6.31% Al;03, 24.1% CaO, 3.68% MgO, 38.3% Fe03, and
14.01% others. Wang et al. [43] reported that free-CaO was a primary
component that caused the soundness of SSAs. As the content of
free-CaO is 4.96%, the SSA has bad soundness while as it is 2.09%, the
SSA shows satisfactory soundness over 4 years [43]. Ecomaister Com-
pany reported that SSA has below 0.15% free-CaO and volume stability
[42]. In addition, SSAs have a spinel structure (an octahedron-shaped
structure) and a complex oxide formed at the spinel structure surface,
which resulted in the difficult ion or electron movement in chemical
reactions and generating a stable compound as well as very strong
physical and chemical resistances [42]. Even so, the effect of SSA vol-
ume stability on structural safety in the long term should be further
considered. Fig. 1 shows the images of electrically conductive FFs
including MWCNTs (Fig. 1a), steel fibers (Fig. 1b), and SSAs (Fig. 1c).

b) Steel fibers (6 mm in length)

¢) SSAs (0.39 mm in maximum diameter)

Fig. 1. Functional filler images.

3.2. Specimen preparation

Fig. 2 presents processes to prepare SHPCCs containing MWCNTS
using the SSS method. Besides, an SS method was conducted in com-
parison with the SSS method. The details of the SS method and test re-
sults regarding the SS method were presented in the supporting files.
Based on the tested results in the supporting file, the SSS dispersion
method, which provided better workability and compressive strength,
was utilized to disperse MWCNTs into SHPCC matrices. The SSS method
contained steps as follows: (1) MWCNTs, water, and a half of super-
plasticizer were stirred for 1 min; (2) a sonication with an amplitude of
50% was applied to a solution of MWCNTSs, water, and superplasticizer
for 120 min [32,40,44]; (3) cement, silica sand, SSAs, and silica powder
were dried mixed for 5 min, and then they were taken out the mixer; (4)
the above solution was mixed with the silica fume in the mixer for 3 min;
then (5) the dried mixed materials in step 3 were added into the mixture
and further mixed for 3 min; (6) superplasticizer was slowly added and
the mixture was continuously mixed for 3 min; (7) flow test was con-
ducted; and (8) the mixture was finally poured into compressive molds
with size of 50x50x50 mm? and applied a slight vibration to reduce air
bubbles in matrices.

To prepare SHPCCs containing steel fibers, short steel fibers were
manually added, and the mixture was further mixed for 3 min. Then, the
fresh mixtures were poured into compressive molds. At least three
specimens of each matrix were prepared to determine the compressive
strength of matrices. Two-wire meshes (45 mm and 70 mm in width and
height, respectively) were embedded in the self-sensing specimens as
electrodes with a distance of 20 mm to observe electrical properties
under compression. All specimens were covered by a plastic sheet and
kept in the laboratory room at a temperature of 20 + 2 °C for 48 h. After
demolding, specimens were stored in a hot water tank (controlled
temperature of 90 °C) for 72 h. Then, they were continuously kept in the
laboratory room for 24 h before testing.

To evaluate the effect of the addition of MWCNTSs on the self-sensing
ability of fully dried SHPCCs, fully dried specimens without FWC were
prepared. Specimens were cured in an oven with a controlled temper-
ature of 80 °C for approximately 3 days (until the weight of specimens
was stable). The FWC in the SHPCC specimens was determined
following Eq. (4).

FWC = (W — W) /W 100%, @

where W is the weight of initial specimens and Wgq is the weight of
fully dried specimens [31].

3.3. Test setup

Fig. 3 shows the test setup for observing the compressive stress and
electrical properties of SHPCC specimens. A universal testing machine
(UTM, 300 tf capacity) with a load speed of 1.0 mm/minute was utilized
to apply the compressive load. The compressive stress was obtained by a
load cell attached to the UTM machine. An SI 1260 impedance/gain-
phase analyzer (an alternative current (AC) machine) with a fixed fre-
quency of 100 Hz based on [29] was used to measure the electrical
resistance between two probes of self-sensing specimens. Plastic sheets
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MWCNT solution+
Silica fume

@ Sonication

@ Add superplasticizer

e Pour on mold
and vibration

120 minI 3 minl I )
1 min I 3 min I I_I
Mix MWCNT and @ Add dried mixture @ Flow test
superplasticizer

Fig. 2. Process to disperse MWCNT into SHPCC matrices using an SSS method.

AC measurement machine

UTM
Load cell =9 Q
99
0o 0 og ogo
Specimen oo o 00 00
s N

Embedded wire mesh

Fig. 3. Test set-up for measuring electrical resistance of specimens under
compression.

were put on the contact surfaces of self-sensing specimens with the UTM
to avoid the contacting UTM effect on the electrical resistance mea-
surement (R.). At least three specimens were tested for each SHPCC
matrix.

A Hitachi SU8010 machine with scanning electron microscope (SEM)
and EDX functions was utilized to analyze the microstructure of HPCCs.
SEM specimens were prepared according to the steps in [37]. A back-
scattered electron signal with 15 kV voltage at a low-vacuum condition
was set to capture SEM images. EDX was utilized to analyze the chemical
components and the MWCNT distribution through C element distribu-
tion for the SEM specimen of SHPCC matrices.

4. Test results and discussions

Fig. 4 shows the electrical resistivity response of SHPCCs under
compression. Continuous lines illustrate the ratio of the determined
electrical resistivity and the initial electrical resistivity (px and po,
respectively) while discontinuous lines present compressive stress.
Fig. 4a and b show responses of SHPCCs with different contents of
MWCNT. Fig. 4c—f show the effects of MWCNTs incorporating different
contents of fiber, SSA, and free water on the electrical resistivity
response of SHPCCs. Table 2 summarizes the maximum compressive
stress, p, at the initial testing point, Ap = pp, - po, FCR, 61, and the stress-
sensitive coefficient (SSC = FCR/c},) at the maximum compressive stress

point of SHPCCs.

4.1. Mechanical characteristics of SHPCCs

Fig. 5 compares the maximum compressive stress value of SHPCCs.
The maximum compressive stress of SHPCC matrices slightly decreased
from 138.0 MPa (F2C01) to 134.2 MPa (F2C05) as the MWCNT content
increased from 0.1% to 0.5% by cement weight, as summarized in
Table 2. Isfahani et al. [40] also reported a reduction in the compressive
strength of cementitious composites with increasing the MWCNT con-
tent. You et al. [45] observed a significant reduction in the compressive
strength of SHPCCs as the MWCNT content increased from 0.1% to
0.5%. A higher MWCNT content (0.5%) would produce more weak
zones (MWCNT agglomerates), which caused a lower compressive
strength of F2CO05.

The maximum compressive stress of F2C01S10 (130.1 MPa) was
slightly lower than that of F2C01S50 (138.6 MPa [32]). Le et al. [32]
also obtained an increase in the compressive strength of SHPCC as the
content of SSA instead of sand increased from 10% to 50%. As the SSA
content increased, the flowability of the SHPCC matrix increased [9,29,
32]. Air bubbles in a higher flowability matrix would be easier to exit
from the fresh matrix owing to vibration and resulted in a denser
microstructure of the matrix and a higher maximum compressive stress
[46].

The compressive strength of the SHPCC matrix notably increased
from 130.1 to 157.8 MPa as the fiber content increased from 2 vol%
(F2C01S10) to 4 vol% (F4C01S10). Le et al. [30] also indicated that as
the fiber volume content increased from 2 to 5 vol%, the compressive
strength significantly increased because of the effects of fibers bridging
micro-cracks. A higher number of fibers bridging micro-cracks or pores
into SHPCC matrices improved the micro-crack resistance and conse-
quently increased the matrix compressive strength.

Fig. 6 illustrates the microstructure of SHPCC with MWCNTs
(F2C01S10) using the SSS dispersion method. EDX analysis results of the
composite were summarized in Table S3 in the supporting file. As shown
in Fig. 6, the microstructure of the matrix surrounding SSAs was highly
dense and contained discontinuous microcracks (Fig. 6a and b). Besides,
the FWC of the SHPCC matrix determined according to Eq. (4) was
around 1.8%. Le et al. [31] obtained that the FWC of SHPCCs with
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Fig. 4. Electrical resistivity responses of SHPCCs under compression.
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Table 2
Self-stress sensing characteristics of SHPCCs.
Notation Maximum stress, o,, (MPa) Initial resistivity, Ap = po - pp FCR,, (%) SSC Note
po (kQ-cm) (kQ-cm) (%/MPa)
F2C01 138.0 (10.5) 595.1 (23.9) 829 13.9(3.4) 0.101
F2C05 134.2 (11.9) 126.3 (3.0) -12.3 9.7 (3.8) 0.072
F2C01S10 130.1 (2.9) 434.7 (37.8) 115.3 26.2 (4.4) 0.201
F2C01S50 138.6 (8.1) 189.1 (9.4) 107.3 56.8 (1.4) 0.410 [32]
F4C01S10 157.8 (4.0) 86.77 (41.5) 13.4 15.4 (2.2) 0.098
F2S10_FD 144.3 (4.8) 5230.6 (850.2) Noise Noise -
F2C01S10_FD 143.5 (10.4) 1846.4 (142.6) 272.1 14.6 (3.0) 0.102

The standard deviation was typed in brackets. FD: fully dried specimens.
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Fig. 5. The maximum compressive stress of SHPCCs.

178-184 MPa in the compressive strength varied from 1.2% to 1.4%
while Le et al. [47] reported that the porosity of conventional cemen-
titious composites (61.9-76.4 MPa in the compressive strength) was
changed from 11% to 15%. Nochaiya et al. [48] reported that EDX re-
sults can be utilized to confirm and determine the quantity of MWCNT
dispersion in cementitious composites. As shown in Fig. 6¢, the C
element was well dispersed into the matrix. Besides, a high amount of C
in the ITZ (12.49% by weight ratio (wt%) in Table S3) indicated that the
high amount of MWCNTs was dispersed into the SHPCC matrix.
Nochaiya et al. [48] reported a good dispersion of MWCNTs in the
cementitious composites as the C element in the cementitious matrix
was 10.23 wt%. Furthermore, the amount of Si, Ca, O, and Al were
12.90, 11.07, 54.81, and 1.61 wt%, respectively, which presented the
composition of hydration products.

4.2. Self-sensing properties of SHPCCs under compression

4.2.1. Electrical resistivity responses of SHPCCs under compression

The electrical resistivity response of SHPCCs (Fig. 4a, c, d, e, and g)
can be divided into three main stages as follows: (1) the electrical re-
sistivity of SHPCCs increases with increasing compressive stress until
peak stress; (2) the electrical resistivity of SHPCCs continuously
decreased to a minimum electrical resistivity after peak stress; and (3)
the electrical resistivity of SHPCCs was little changed or gradually
increased. [9,30,32] also reported three stages in the electrical re-
sistivity response of SHPCCs containing short smooth steel fibers and
other FFs under compression.

Fig. 4b shows a different trend in the electrical resistivity response
with two stages of F2CO05 containing 0.5% MWCNTs. In stage 1, the
electrical resistivity of composites was little changed until peak stress. In
stage 2, it notably increased after the compressive stress started to
decrease. In stage 1, a high-volume content of FFs (0.5% MWCNTs and
2 vol% steel fibers) would generate a well conductive network in the
matrix and consequently produce a stable response under compression.
In stage 2, after peak stress, as the compressive strain continuously
increased, opening cracks would destroy the conductive network and
cause an increase in the electrical resistivity of composites.

The addition of MWCNTs significantly improved the electrical re-
sistivity response of fully dried SHPCC specimens under compression. As
can be seen in Fig. 4f, F2S10_FD specimens with no FWC produced a
significant data noise in the electrical resistivity whereas F2C01S10_FD
specimens without FWC (Fig. 8g) did not provide the data noise in the
electrical resistivity under compression. Le et al. [31] also obtained the
data noise in the electrical resistivity of fully dried SHPCCs containing
2 vol% steel fibers and 50% SSA instead of sand under compression. The
FWC and MWCNTs in SHPCC specimens mainly influenced the data
noise in the electrical resistivity response. Le et al. [31] reported that the
electrical resistivity of fully dried specimens was equal to around two
times that of moisture specimens containing 1.2-1.4% FWC [31]. As
summarized in Table 2, the electrical resistivity of F2C01S01_FD
(1846.4 kQ-cm) was notably higher than that of F2C01S01
(434.7 kQ-cm of moisture specimens). Under high compression, as the
compressive strain increased, the contacting and tunneling conductions
of FFs increased. Whereas the propagation and opening of micro-cracks
caused an increase in the electrical resistivity of composites, which
would result in the electrical resistivity data noise of fully dried speci-
mens. The FWC would provide the ionic conduction in porous or
micro-crack systems while MWCNTs bridging micro-cracks would pro-
duce tunneling and contacting conductions of MWCNTs. Thus, SHPCCs
with FWC or MWCNTs did not observe data noise in the electrical
resistivity.

4.2.2. The stress sensing characteristics of SHPCCs

Fig. 7 compares the FCR and the SSC of SHPCCs containing
MWCNTs, steel fibers, and SSAs. A combination of MWCNTs, short steel
fibers, and SSAs in F2C01S50 produced the highest FCR and SSC for
SHPCCs under compression. As summarized in Table 2, F2C01S50
produced the highest FCR up to 56.8%. SSAs mainly controlled the FCR
of SHPCCs containing nano FF, microparticle FF, and macro fiber FF
under high compression.

A controlled content of SSAs was easier to maximize the distance
between FFs and the FCR of SHPCCs than controlled contents of
MWCNTs and steel fiber. As the SSA content increased from 10% to 50%,
the FCR notably increased from 26.2% of F2C01S10 to 56.8% of
F2C01S50 (116% increase). Le et al. [32] also obtained that as the SSA
content increased from 10% to 50%, the FCR of SHPCCs containing SSAs
and 2 vol% steel fibers significantly increased from 26.5 to 42.9%.
However, as the SSA content increased from 50 to 100%, the FCR of
SHPCCs containing SSAs and steel fibers decreased to 34.4% [9].

Table 3 listed the number of fibers (Ny), the number of fiber contacts
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Table 3
Ny, N, Np, Ny, and L of SHPCCs.
Test series Ny Nc N, L Nn Note
(um)
F2C01 13,262 10,465 5390,386,9365,908
F2C05 13,262 10,465 - - 269,519,346,829,539
F2S10_FD 13,262 10,465 103,378 675.4 -
F2C01S10 13,262 10,465 103,378 675.4 53,903,869,365,908
F2C01S50 13,262 10465 550,396 220.1 53,903,869,365,908 [32]
F4C01S10 26,525 22,606 103,378 675.4 53,903,869,365,908

(No), the number of SSA particles (Np), the distance between SSA par-
ticles (L), and the number of MWCNTSs (Nyp). Nyand N, were determined
according to Eq. (5) while N, was calculated according to Eq. (6) [32].
Assuming that SSAs were uniformly distributed in the composites, N,
and L were determined by using Eq. (7) and Eq. (8) [32], respectively.

VoV VW

Nf = % = ) (5)
P 4

8Vc-V,cos™! (‘3-;“’/ \/VI>

N. = (6)
(nd)’1
ViVe Vi,
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where Vyand V¢ are volumes of a fiber and the composite, respectively;
dg; |, and V, are the diameter, length, and volume fraction of electrically
conductive fibers, respectively. Vs and V;, are the volume of an SSA and
the volume content of SSAs in the matrix, respectively; d is the SSA
diameter.

As summarized in Table 3, the distance between SSAs was 220 ym
and 675.4 ym in matrices of F2C01S50 and F2C01S10, respectively
while the diameter of fibers was 200 um and sizes of MWCNTs were
10 nm and 10 pm in diameter and length. Hoang et al. [49] reported that
under compression, the strain of high performance cementitious com-
posites (around 150 MPa in compressive strength) containing steel fi-
bers at the peak stress was from 0.417 to 0.449%. Assuming that, the
strain of SHPCCs in this study was 0.410% at peak stress, the size of the
SHPCCs in the 20 mm gauge length measurement would decrease
82 um. Thus, at peak stress, the F2C01S50 containing 50% SSAs, 2 vol%
steel fibers, and 0.1% MWCNTs by cement weight would produce a
closed enough distance and connections between FFs (MWCNTs, SSAs,
and steel fibers) and result in a higher FCR than other SHPCCs. In the
F2C01S01 matrix, the distance between SSAs was 674.4 um, which was
notably higher than the total fiber diameter and MWCNT length and
could not maximize the FCR of SHPCCs at peak stress. In contrast, as the
SSA content was 100% instead of sand, the distance between SSAs was
66.5 pm [9], which clearly lowered the fiber diameter (200 um) and
consequently produced over percolation threshold of the conductive
pathways in the SHPCC matrix and a lower FCR.

Furthermore, as the MWCNT content increased from 0.1% to 0.5%,
the FCR decreased from 13.9% of F2CO1 to 9.7% of F2CO05. The elec-
trical resistivity of F2C05 was little changed before peak stress and
significantly increased after peak stress (Fig. 4b). The content of FFs
including steel fibers and MWCNTs in F2C05 would be over the perco-
lation threshold, which generates a little change in electrical resistivity
before peak stress under compression [4,29,32]. However, F2C05
illustrated a potential application for the damage sensing of SHPCCs
after peak stress. You et al. [28] also reported a significant increase in

the electrical resistivity of SHPCC with MWCNTs (0.5% by weight
cement ratio) and steel fibers under compression after matrix cracking.
The generation and propagation of micro-cracks at the micro level after
peak stress would destroy the contacting and tunneling conductions
between nanomaterials (MWCNTS) at the nano level in the conductive
network and consequently increase the electrical resistivity of SHPCCs
with increasing compressive strain.

Besides, as the fiber content increased from 2 vol% to 4 vol%, the
FCR decreased from 26.2% of F2C01S10 to 15.4% of F4C01S10 (41%
decrease). Le et al. [30] reported that as the steel fiber content increased
from 2 to 4 vol%, the FCR of SHPCCs significantly increased from 20.5%
to 33.5%. However, the FCR of SHPCCs containing 5 vol% was 33.7%
[30]. Thus, 4 vol% fiber content in SHPCCs would be near to a perco-
lation threshold. A combination of 4 vol% steel fiber, SSAs, and
MWCNTs in F4C01S10 would be slightly higher than the percolation
threshold and generate a well-initially conductive pathway in compos-
ites. Thus, as the compressive strain increased, the change in the
conductive network of FFs in F4C01S10 was less than that in F2C01S10.

Hence, a controlled content of SSAs was easier to improve the FCR of
SHPCCs than fibers and MWCNTSs. In addition, the distance between
SSAs should be controlled to a slightly higher total fiber diameter and
MWCNT length.

The FWC significantly influenced the FCR of SHPCCs under
compression. As shown in Fig. 7, FCR values of F2C01S10 with FWC and
F2S01C01_FD without FWC were 26.2% and 14.6%, respectively. Even
nano FFs (MWCNTs) can help to improve the electrical resistivity
response and reduce the data noise by connecting FFs at nano or micro
levels, the connection of FWC and FFs in SHPCCs would significantly
influence the FCR under external loads. A significant decrease (44%) in
the FCR of F2C01S10_FD indicated that the FWC had an important role
in influencing the self-sensing ability of SHPCCs.

4.2.3. A conductive network model of SHPCCs

Fig. 8 illustrates a conductive network of MWCNTs, FFs, and FWC at
the micro (Fig. 8a) and the nano (Fig. 8b) levels, a simplified conductive
network in SHPCCs (Fig. 8c), and a circuit model for SS-HPCCs (Fig. 8d).
Le et al. [32] also proposed a conductive model for SHPCCs containing
MWCNTs, steel fibers, and SSAs. However, the FWC had not been
considered and the conductive pathway in the model also had not been
analyzed in detail. Besides, Song et. al. [50] first proposed a simplified
conductive network for concretes without FFs. At the micro level, the
continuous conductive path (CCP) in SHPCC matrices would include (1)
conductive paths of FFs such as fibers with fibers, fibers with SSAs or
MWCNTs, and a combination of fiber, SSAs, and MWCNTSs; and (2)
conductive paths between FFs and pore system. The movement of ions in
pores/crack solution systems generated ionic conduction [4]. As
mentioned above part, the microstructure of SHPCC matrices was highly
dense and contained discontinuous pores and cracks. Wang et al. [51]
indicated that the microstructure of cementitious composites with a
higher 150 MPa in compressive strength contained no continuous pore
system. Thus, a continuous conductive path of only ionic conduction in
pore solution systems in the gauge length of two electrodes would be
difficult to generate. Gel particles (hydration and pozzolanic reaction
products), un-hydration binders (cement and silica fume), aggregates
(silica sand or silica powder), and pores/cracks without FWC produced



H.V. Le et al.

Free water in
discontinuous
pores 3

Steel fiber

Current |

MWCNTs SSAs

Free water in
discontinuous
pores

Load

Q

(8. 00 T/ /®
/' \
MWCNTs Load SSAs

a) Conductive network at the micro level

1L i

Sensors and Actuators: A. Physical 365 (2024) 114920

pPoocoeodee ---» DCP

CP DP CP

________ »| IcP

— CCP

¢) Simplified conductive network in

SHPCCs

Rcep

(I)PEmat

Pore without >
\ FwWC

Pore without ey
FWC

disconnected

Pore with
\, FwcC

ﬁLoad

b) Conductive network at the nano level

—— current

ﬁ Load

d) A circuit model for SS-HPCCs

Fig. 8. Conductive network and circuit models of SHPCCs containing a mixture of different FFs under compression.

the discontinuous point (DP) or insulators in the conductive network. In
dried specimens, pores/cracks became DPs or insulators. At the nano
level, the presence of free water filled pores or cracks and the contact of
nano FFs (MWCNTs) enhanced the conductive pathway between FFs
(Fig. 8b) and consequently improved the sensing property of SHPCCs
under external loads.

As the compressive stress/strain increased, the connection of FFs
(fibers, SSAs, and MWCNTSs) or FFs and pore systems at both micro and
nano levels generated a more conductive pathway and resulted in
changing DCPs to CCPs. Whereas as cracks were generated and opened
in matrices, they would destroy CCPs in matrices and consequently
change CCPs back to DCPs. In stage 1, as the compressive stress/strain
increased, the distance between FFs decreased, the number of FF con-
nections (fibers, SSAs, and MWCNTs) increased, and consequently
contacting and tunneling conductions of FFs increased. Besides, the
ionic conduction was enhanced because the movement of ions was
enhanced with increasing the compressive stress [52]. Thus, the elec-
trical resistivity decreased owing to increasing the additional CCPs
changed from DCPs. In stage 2, as the compressive strain continuously
increased, the compressive stress decreased while main cracks were
generated, propagated, and opened. [9,13,18,53,54] reported that the
connection of steel fibers bridging cracks with a high electrical con-
ductivity caused a decrease in the electrical resistivity of composites.
Fiber bridging cracks mainly controlled the electrical resistivity
response of SHPCCs after matrix cracking [12]. Thus, even after the peak
stress, the number of additional CCPs was still greater than additional
DCPs. The electrical resistivity of composites reached a minimum value

as the conductive network of FFs and FWC had been already stable
unless increasing the compressive strain. In stage 3, as the number of
cracks and the crack width significantly increased, the pull-out of fibers
and opening cracks in matrices produced a slight increase in the elec-
trical resistivity of composites as the CCPs changed to the DCPs.

Fig. 8d shows a proposed circuit model of a conductive pathway
through three parallel parts in the SS-HPCCs based on the proposed
conductive network in Fig. 8c. Li and Li [50] also proposed a circuit
model including three parallel paths like that in Fig. 8d for an
un-cracked path of cementitious composites containing carbon blacks.
Recp presents the electrical resistance of a continuous conductive path
(CCPs) in the electrical current direction. CPE,,; illustrates the electrical
capacitance of matrices between conductive pathways. CPEg, and Rcp
connected in series represent the electrical capacitance between
partially conductive paths and the electrical resistance of partially
conductive paths, respectively.

5. Conclusions

This study deeply investigated the sensing properties of SHPCCs
containing MWCNTs, steel slag aggregates, and steel fibers under
compression. The conclusions could be drawn as follows:

e The microparticle FF (SSAs) mainly controlled the FCR of SHPCCs
containing nano FF, microparticle FF, and macro fiber FF under high
compression. A controlled content of SSAs was easier to maximize
the distance between FFs and the FCR of SHPCCs than controlled
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contents of MWCNTSs and steel fiber. In addition, the distance be-
tween SSAs should be controlled to a slightly higher total fiber
diameter and MWCNT length.

The addition of MWCNTs significantly improved the electrical re-
sistivity response of fully dried SHPCC specimens under compres-
sion. MWCNTs significantly decreased the electrical resistivity data
noise of SHPCCs containing no free water under compression.

The free water content significantly influenced the electrical re-
sistivity response and the FCR of SHPCCs containing MWCNTs, SSAs,
and steel fibers. The FCR of fully dried specimens (F2C01S10_FD)
decreased by 44% compared to that of moisture specimens
(F2C01S10).

A conductive network at micro and nano levels was proposed and
analyzed to explain the sensing characteristics of SHPCCs under
compression.
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