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Smart ultra-high performance concretes (S-UHPCs) with high self-stress sensing abilities have great application
potential for monitoring the loss of prestressing stress in steel tendons to predict structural failure. This study
aimed to enhance the self-stress sensing ability of compressed S-UHPCs by employing different types of elec-
trically conductive functional fillers, including fiber type (short smooth steel fibers), particle type (fine steel slag
aggregates, FSSAs; nickel aggregates, NAs; and copper aggregates, CPAs), and nano type (multiwall carbon
nanotubes, MWCNTs). The S-UHPCs containing CPAs exhibited the highest electrical conductivity due to the
high electrical conductivity of the CPAs. However, the S-UHPCs containing a combination of steel fibers, FSSAs,

and MWCNTs produced the highest fractional change in electrical resistivity (56.8%) and stress sensitivity co-

efficient (0.41%/MPa).

1. Introduction

Smart construction materials (SCMs) have demonstrated their self-
sensing ability much expected to be applicable to structural health
monitoring systems to predict and prevent the sudden failure of struc-
tures. Specifically, the potential of these SCMs has been demonstrated
for monitoring the loss of prestressing stress in prestressing steel tendons
[1]. The self-sensing ability of SCMs is based on a change in electrical
resistance (or resistivity) corresponding to the change in the electrically
conductive networks within the SCM under load [2-11]. The conductive
networks may operate via three different mechanisms, namely (1) ionic
conduction in a continuous pore solution system, (2) tunneling con-
duction, and (3) contact conduction between electrically conductive
functional fillers [2]. The addition of electrically conductive functional
fillers is generally preferred to construct the conductive network within
an SCM and be able to enhance the self-sensing capacities of the SCMs.
Commercial functional fillers commonly used in SCMs include carbon
fibers (CFs) [3,10,12-19], carbon nanofibers (CNFs) [20], carbon black
(CB) [17,21-23], carbon nanotubes (CNTs) [3,10,24-30], multi-wall
CNTs (MWCNTs) [31-35], graphite nanofibers (GNFs) [27,36], gra-
phene [27], nickel [37], and steel fibers [38-41]. Chung [13] reported

that the cement-based materials containing discontinuous fibers have
effective sensing capacity to sense their own strain. Moreover, piezor-
esistive cement-based sensor containing carbon fiber (6 mm length) can
be used to achieve as sensitivity of 1.35%/MPa when the stress was in
the range from 0 MPa to 8 MPa [17].

The self-stress sensing capacity of SCMs is mostly valid until 20 MPa
compressive stress because of the limited compressive strength of SCM
matrices [42]. The formation of cracks within SCMs under the
compressive stress caused a nonlinear correlation between the electrical
resistivity response of SCMs and applied stress [42]. Further, achieving
uniform distribution of the functional fillers in high strength mortars
and/or  concretes remains a challenge, especially in
ultra-high-performance concrete (UHPC). You et al. [43] reported that a
minimal change in the electrical resistivity of a compressed smart UHPC
containing steel fibers and MWCNTs, when the compressive stress was in
the elastic region, was owing to poor distribution of the MWCNTs in the
UHPC matrix. A smart ultra-high performance concretes (S-UHPC) with
steel fibers and fine steel slag aggregates (FSSAs) instead of silica sand
has been recently developed [42,44]. The FSSAs in the S-UHPC were
spherical with a maximum diameter of 0.39 mm, and could be more
uniformly distributed within the UHPC matrix [42,44]. The fractional
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Fig. 1. Typical AC impedance response of the SCMs.

change in electrical resistivity (FCR) of the S-UHPCs containing steel
fibers (2 vol%) and FSSAs (0.5 wt% of cement) was 42.9% at the peak
compressive stress (144 MPa) [44].

This study aimed to further improve the self-stress sensing ability of
S-UHPCs by improving the conductive network and electrical conduc-
tivity of functional fillers. Various electrically conductive functional
fillers, nickel aggregates (NAs), copper aggregates (CPAs), FSSAs, steel
fibers, and MWCNTs, were investigated to increase the tunneling con-
duction and/or contact conduction in the conductive network within
matrix under compressive stress. The particle functional fillers (i.e. NAs,
CPAs, and FSSAs) were used to partially replace silica sands in the SCM
matrices to enhance the electrical conductivity via quantum tunneling
effects. Short smooth steel fibers were included in the S-UHPCs to
improve the electrically conductive network as well as to prevent micro
cracks within the linear elastic region. The MWCNTs (nano type func-
tional filler) were also added to improve the electrically conductive
network on the nano-level via tunneling effects. The specific objectives
of the study are to (1) compare the effect of various types and contents of
electrically conductive particle type functional fillers on the electrical
resistivity and piezoresistive response of S-UHPCs under compression,
and (2) investigate the effect of adding nano type functional filler to the
UHPC matrix on the piezoresistive response of the S-UHPCs.

2. AC impedance spectroscopy and typical electrical resistivity
response of S-UHPCs under compression

Alternating current (AC) measurements are generally preferred over
direct current (DC) measurements for the enhancement of the electrical
properties of cement composites to avoid electrical polarization over
time due to ion migration [45,46]. Thus, the two probe AC measurement
method was used in this study.

The typical AC impedance spectroscopy results of the SCMs are
presented as Nyquist plots, where the imaginary impedance (—Z") was
plotted against the real impedance (Z') (Fig. 1) [47-50]. The plots were
parameterized in terms of frequency, which decreased from left (high
frequency) to right (low frequency) [50]. The Nyquist plot of a cemen-
titious composite with a single arc (Type 1) gives the electrical resistance
(R¢) and imaginary impedance (-Z”¢ for capacitance) of the cementi-
tious composite at the cusp of the plot. The resistance and imaginary
impedance of cementitious composite with two arcs (Type 2) are
determined based on the real and imaginary impedance at the cusp on
the left side (high frequency) between the two material arcs, which is
referred to as the composite cusp. The electrical resistivity (p) of the
composite was calculated from the measured composite resistance (R) as
follows:
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Fig. 2. Typical piezoresistive response of S-UHPCs under compression.

A
p=R I (€)]
where A is the cross-sectional area, and L is the gauge length between
the two electrodes.

Fig. 2 illustrated the typical piezoresistive response of S-UHPCs
containing different functional fillers in three stages [42,44,51]. Firstly,
the electrical resistivity decreased rapidly as the compressive stress
increased from O to the peak stress (c;,) (Stage I), after which it decreased
continuously to a minimum electrical resistivity as the compressive
stress decreased (Stage II), finally stabilizing, slightly increasing and/or
decreasing as the compressive stress continued to decrease (Stage III).

In the elastic stage, the reduction in electrical resistivity of S-UHPCs
was dependent on both contacting and tunneling conduction between
the functional fillers [42,44,51]. As the compressive stress increased, the
compressive strain increased, the distance between functional fillers was
closer, the number of contacting between functional fillers increased,
and consequently the contacting and tunneling conductions as well as
the total conductivity of S-UHPCs increased, i.e., the electrical re-
sistivity of S-UHPCs decreased. After matrix cracking, the piezoresistive
response of the S-UHPCs would be mainly dependent on contacting
conduction. As the compressive stress increased, the number of con-
tacting steel fibers increased at the cracked positions. The contact be-
tween the steel fibers at the cracked positions significantly decreased the
electrical resistivity [44]. At the peak stress of S-UHPCs under
compression, contacting conduction between steel fibers at the cracked
parts would be the main factor influencing the reduction in electrical
resistivity of the S-UHPC composites. After peak stress, the number of
contacting steel fibers at cracked parts continuously increased with
increasing compressive stress. Thus, the electrical resistivity of S-UHPCs
decreased continuously to a minimum value at a stable stage of the
conductive network. Then, a slight increase in electrical resistivity as
compressive strain continuously increased would be attributed to the
widening of micro-cracks.

The tunneling conduction was depended on the distance between
functional fillers, the electrical conductivity of functional fillers, and the
electrical conductivity of matrix while the contacting conduction was
mainly depended on the content and type of functional fillers [2,42,44,
52,53]. Thus, in this study, to improve tunneling and contacting con-
duction of S-UHPCs, the different high electrical conductivity materials
(nickel, copper, and steel slag aggregates) was used as functional fillers.
In addition, nano conductive materials (MWCNTSs) was used to combine
with different types of functional fillers including fiber type (steel fibers)
and a particle type functional fillers to improve both tunneling and
contacting conductions of S-UHPCs.
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Fig. 3. Experimental design for enhancing the self-stress sensing ability of S-UHPCs.

Table 1

Properties of the functional fillers.
Functional filler Size (mm) Length (mm) Density (g/cms) Elastic modulus (GPa) Electrical conductivity (10° Sm") () Cost (Krw/kg)
Steel fiber 0.2 6 7.85 200 11.2 12000
FSSA <0.39 - 3.56 - 11.2 190
NA 0.01 - 6.90 210 16.4 88000
CPA 0.14 - 6.96 110 64.1 67000
MWCNT 10.10°¢ 0.01 0.02-0.04 - 0.2 3000000

@ Referred from Ref. [55]. The electrical conductivity values of steel fiber and FSSA are assumed to equal those of iron. Krw: Korean won.

(d) Fine steel slag aggregates (FSSAs)

Fig. 4. Images of the functional fillers.



H.V. Le et al.

Journal of Building Engineering 44 (2021) 102717

Table 2

Composition (weight ratio), flow, compressive strength, and density of the S-UHPCs.
Test series C SF SP SS NA CPA FSSA MWCNT w SPP Steel fiber (vol %) Flow (mm) fc (MPa) v (kg/m>)
NO0O05 1 0.15 0.25 0.95 0.05 - - - 0.2 0.087 2 250 156.1 2460
NO1 1 0.15 0.25 0.9 0.1 - - - 0.2 0.085 2 230 167.8 2498
NO5 1 0.15 0.25 0.5 0.5 - - - 0.2 0.094 2 250 156.0 2747
CPO1 1 0.15 0.25 0.9 - 0.1 - - 0.2 0.085 2 250 158.2 2474
CP0O5 1 0.15 0.25 0.5 - 0.5 - - 0.2 0.1 2 240 165.0 2712
S01 1 0.15 0.25 0.9 - - 0.1 - 0.2 0.071 2 230 155.9 2464
S05 1 0.15 0.25 0.9 - - 0.5 - 0.2 0.071 2 275 179 2554
S01C01 1 0.15 0.25 0.9 - - 0.1 0.001 0.2 0.096 2 200 159.1 2423
S05C01 1 0.15 0.25 0.5 - - 0.5 0.001 0.2 0.096 2 200 160.1 2573

C: cement; SF: silica fume; SP: silica powder; SS: silica sand; NA: nickel aggregate; CPA: copper aggregate; FSSA: fine steel slag aggregate; MWCNT: multiwall carbon

nanotube; W: water; SPP: superplasticizer; fc: compressive strength; y: density.

Besides, it should be noted that the content and electrical conduc-
tivity of functional fillers should be controlled to maximize the piezor-
esistivity of smart concretes according to percolation threshold theory:
as the initial conductivity of smart concrete was over percolation
threshold, the piezoresistivity response of smart concretes decreased
[44,54]. Hence, effect of different functional filler contents was also
investigated in this study to find a maximum the self-stress sensing
ability of S-UHPCs.

3. Experimental methodology

Fig. 3 illustrates an experimental program designed to investigate the
self-stress sensing abilities of S-UHPCs corresponding to different
functional fillers. Nine series of test specimens were prepared as shown
in Fig. 3.

3.1. Materials and specimen preparation

Table 1 provides the properties of the functional fillers, including
size, length, density, elastic modulus, electrical conductivity, and cost
while Fig. 4 shows the images of the steel fibers, nickel aggregates (NAs),
copper aggregates (CPAs) and fine steel slag aggregates (FSSAs)
captured by using a stereoscopic microscope equipped with a Lusis
digital camera HC-30MU (Huvitz, Republic of Korea) and the field
emission scanning electron microscope (FE-SEM) image of the multi-
walled carbon nanotubes (MWCNTs). The length and diameter of
short smooth steel fibers, used in this study as a fiber type functional
filler, was 6 and 0.2 mm. The NAs (average diameter, 0.01 mm), CPAs
(average diameter, 0.14 mm), and spherical FSSAs (maximum diameter,
0.39 mm) were used to investigate the effects of particle type functional
fillers on the electrical and piezoresistive response of S~-UHPCs. The

FSSAs comprised electric arc furnace (EAF) steel slag produced by
Ecomaister Co. Ltd. via slag atomizing technology (SAT). Moreover,
MWCNTs (0.01 mm length and 10 nm diameter) were added to the
S-UHPCs containing steel fibers and FSSAs to investigate the effect of
nano type functional filler. The purity of the MWCNTSs was more than 99
wt% with a specific surface area of 150-200 m?/g. The electrical con-
ductivity of functional fillers was referred from Ref. [55].

Table 2 provides the composition of the S-UHPCs corresponding to
different functional fillers. Cement Type I (ASTM standard) and silica
sand (average diameter, 0.2 mm) were used, as well as a
polycarboxylate-based superplasticizer containing 30% solids and 70%
water. 2 vol% of steel fibers were added to all specimens, while silica
sand in the S-UHPC was partially replaced with one of three particle type
functional fillers, namely NAs, CPAs, either FSSAs. The ratio of func-
tional fillers to cement (by weight) was either 0.05, 0.1 or 0.5 for the
NAs, and either 0.1 or 0.5 for the CPAs and FSSAs to investigate the
effect of functional filler content on the self-stress sensing of the
S-UHPCs.

The terms N, CP, S, and C were used to assign sample codes to S-
UHPC matrices containing NAs, CPAs, FSSAs, and MWCNTs, respec-
tively. Further, functional filler to cement ratios of 0.05, 0.1, or 0.5 was
coded as 005, 01, or 05, respectively. Thus, nine S-UHPC matrices were
evaluated with sample codes N00O5, NO1, NO5, CP01, CPO5, SO1, S05,
S01CO01, and SO5CO01. Test results of SO5 was adopt from Ref. [44].

The S-UHPC specimens without MWCNTs (N005, NO1, NO5, CP01,
CPO05, and S01) were prepared by dry-mixing cement, silica fume, silica
powder, silica sand, and the particle type functional fillers (NAs, CPAs or
FSSAs) for 3 min in a 20l Hobart-type laboratory mixer. Water was
slowly added and mixing was continued for another 3 min. A super-
plasticizer was gradually added and mixing was continued for another
5 min. Flow testing of the mixture was conducted, where a flow value of

AC multimeter

SI 1260
Impedance/gain-phase analyzer machine (] -6 ) % )
I s
OO0 OO
] 0 /[ [3 OooD <> <>
OO O OO 0o o O oo
HE B Bl BN F § —

Embedded copper
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Fig. 5. Experimental set-up for AC impedance spectroscopy.
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Fig. 6. AC impedance response of S-UHPCs corresponding to the different particle type functional fillers.

220 and 250 mm indicated that a suitable workability was achieved for
uniform fiber distribution (Table 2). The steel fibers were dispersed
manually into the mixture, followed by machine mixing for a further 1
min.

The S-UHPC specimens containing 1.0% MWCNTs (S01C01 and
S05C01), as nano type functional filler, were prepared by initially
distributing the MWCNTSs in water using a sonicator with a sonification
amplitude of 50% for 2 h. The water containing MWCNTSs was pre-mixed
with half of the superplasticizer. Cement, silica sand, silica powder, and
silica fume were dry-mixed separately for 5 min. The water containing
MWCNTs and superplasticizer was gradually added to the dry mixture
and mixing was continued for 3 min. The remaining half of the super-
plasticizer was added and mixing was continued until the mixture
exhibited suitable workability. Then, the short smooth steel fibers were
added and mixing was continued for 1 min.

The S-UHPC mixtures were poured into cubic molds (50 x 50 x 50
mm?®) and a slight vibration was applied. During the casting, copper-

wire mesh (height = 70 mm; width = 45 mm) was embedded into the
specimens as electrodes with 20 mm distance between electrodes. The
specimens for compressive strength measurement were additionally
manufactured without adding electrodes. All the specimens were
covered with a plastic sheet and stored in the laboratory at 20 + 2 °C for
48 h before demolding. After demolding the specimen, the specimens
were cured in a hot water (90 °C) for three days and kept in the labo-
ratory at 20 + 2 °C for 5 days prior to testing.

3.2. Test methods and procedures

AC impedance spectroscopy and the piezoresistive response of the S-
UHPC specimens were measured by using a SI 1260 impedance/gain-
phase analyzer via the two-probe method (Fig. 5). The two-probe
method was applied for the electrical impedance measurement
because the dimension of cubic specimen (50 x 50 x 50 mm?) was not
large enough to include four electrodes for applying the four-probe
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method. Moreover, two-probe method also could successfully measure
the change in electrical resistance under load, although it obtained
higher electrical resistance due to the contact resistance between elec-
trode and specimen [26,27]. The frequency of the AC multimeter varied
between 0.1 Hz and 10 MHz at a constant voltage of 250 mV to obtain
the AC impedance spectra prior to measuring the change of electrical
impedance of the S-UHPC under compression. The piezoresistive
response of the S-UHPCs was measured under compression at the fixed
frequency determined at the composite cusp point in the AC impedance
spectroscopy results of the S-UHPC matrix. A universal testing machine
(UTM) was used to apply a compressive load to the specimens by
maintaining a displacement speed of 1 mm/min during loading. The
cubic specimens per test series without embedded copper-wire mesh
were tested to obtain the average compressive strength of S-UHPCs.

FE-SEM images and energy-dispersive X-ray spectroscopy (EDS)
analysis were obtained by using a Hitachi SU8010 instrument at Sejong
University (Seoul, South Korea). SEM images at the interfacial transition
zone (ITZ) between functional fillers and matrix were captured to show
micro structures of matrices surrounding functional fillers while EDS
images of Cu, Fe, Ni, and C (carbon) elements in matrices were captured
to examine the distribution of copper, steel slag, nickel aggregates, and
MWCNTs in matrices, respectively. The Hitachi SU8010 instrument with
the applied accelerating voltage of 30 kV is capable of obtaining high
contrast EDS images of light element materials such as C element [56].
The applied accelerating voltage was 15 kV for capturing EDS images of
Cu, Fe, and Ni elements while that was 30 kV for capturing EDS images
of C element. The SEM-EDS specimens were prepared from S-UHPC
matrix according to three steps including cutting, grinding and polish-
ing, and roughness checking [57].

4. Results

4.1. Effect of different particle type functional fillers on the electrical
response of S~-UHPCs

Fig. 6 shows the effects of different particle type functional filler and
the amount of those on the measured AC impedance spectroscopy of the
S-UHPCs. The Nyquist plot of cement mortar presented a cusp point like
Type 1 in Fig. 1 whereas those of S05, NO5, SO5C01, and S01CO01
matrices did two cusp points like Type 2 in Fig. 1.

Fig. 7 compares the initial electrical resistivity of S-UHPCs

Journal of Building Engineering 44 (2021) 102717

containing different particle type functional fillers. The initial electrical
resistivity of the S-UHPCs was calculated using Eq. (1) based on the real
impedance at the composite cusp point for Type 1 and at the left cusp
point for Type 2 in Fig. 1. The initial electrical resistivity of SO5 has been
previously investigated [44], which revealed that the addition of func-
tional fillers with high electrical conductivity enhanced the electrically
conductive pathways in the composite. As can be seen in Fig. 7, the
S-UHPCs containing CPAs (CP series) exhibited lower electrical re-
sistivity than those containing NAs (N series) or FSSAs (S series). Spe-
cifically, CPO5 exhibited the lowest electrical resistivity of 140.8 kQ-cm.

4.2. Effect of different functional fillers on the electromechanical response
of S~-UHPCs under compression

Fig. 8 shows the piezoresistive response of S—-UHPCs containing
different functional fillers including particle and nano type: Fig. 8a—c, d-
e, f-g, and h-i shows that containing NAs, CPAs, FSSAs, and MWCNTs,
respectively. As can be seen in Fig. 8, the piezoresistive response of all
S-UHPCs can be divided into three main stages like typical piezor-
esistive response in Fig. 2. An increase in compressive stress or strain
generally led to a decrease in electrical resistivity of the S-UHPCs. The
fractional change in electrical resistivity (FCR) and stress sensitive co-
efficient (SSC) of S-UHPCs can be calculated according to Eq. (2) and Eq.
(3), respectively.

A —
rer=21, 100 e =2l 160 (%] @
Po Po
FCR
SSC === [%MPa] 3)
P

where pj, is the electrical resistivity of the S-UHPCs at peak stress, po is
the initial electrical resistivity of the S-UHPCs, and o, is peak stress of
the S-UHPCs. Table 3 summarized the self-stress sensing characteristics
(po, Ap, FCR, op, and SSC) of the S-UHPCs corresponding to the different
functional fillers.

The addition of FSSAs generally produced higher FCR of S-UHPCs
than that of CPAs and NAs, regardless content of FFs, as shown in Fig. 9.
S05 exhibited the highest FCR (42.9%) and SSC (0.298%/MPa) among
the investigated test series of SS-UHPCs containing particle FFs. Besides,
the higher content of FSSAs from 0.1 to 0.5 clearly produced the higher
FCR from 26.5 to 42.9%, whereas the addition of FSSAs more than
cement, i.e., the weight ratio of FSSAs per cement was more than 1.0,
considerably decreased the FCR from 42.9 to 34.4% [44]. The higher
content (weight per cement) of CPAs from 0.1 to 0.5 produced a slight
reduction in the FCR of the S-UHPCs from 17.1 to 15.8%. And, the
higher content of NAs from 0.05 to 0.5 generated a noticeable reduction
in FCR from 27.5 to 15.6%.

The addition of MWCNTs clearly improved both the electrical con-
ductivity and piezoresistive response of S-UHPCs. The initial resistivity
of F2505C01 and F2S01C01 was 189.1 and 765.7 kQ-cm, respectively,
which was clearly lower than that of the S-UHPCs without MWCNTs,
where F2S05 and F2S01 were 205.1 and 1631.4 kQ-cm, respectively, as
provided in Table 4. Fig. 9 compares the FCR and SSC of the S-UHPCs
with and without MWCNTs and reveals that the addition of MWCNTs
increased the FCR regardless of the FSSA content. F2S05C01 exhibited
the highest FCR (56.8%) and SSC (0.41%/MPa) among all of the S-UHPC
samples (Table 4), thereby demonstrating that the combination of FF¢
(steel fibers), FF, (FSSAs), and FF, (MWCNTs) produced a good
conductive network.

4.3. Physical properties and microstructure of S—-UHPCs corresponding to
the different functional fillers

As provided in Table 2, the addition of functional fillers including
NAs, CPAs, FSSAs, and MWCNTs generally increased the compressive
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Fig. 8. Piezoresistive response of S-UHPCs containing different functional fillers under compression.

strength and density of the S-UHPCs. The compressive strength of the
S-UHPCs containing NAs, CPAs, FSSAs, and MWCNTs was higher than
that of S-UHPCs without additional functional fillers (154 MPa) [42]:
the compressive strength of NO05, NO1, NO5, CP01, CP05, S01, S01C01,
and SO5CO01 was obtained as 156.1, 167.8, 156.0, 158.2, 165.0, 155.9,
159.1, and 160.1 MPa, respectively. The density of the S-UHPCs con-
taining NAs or CPAs (NO5 and CP05) was 2747 and 2712 kg/m3,
respectively, even higher than that (2573 kg/m®) of the S-UHPCs con-
taining FSSAs and MWCNTs (S05C01) and (2520 kg/m3) of the

S-UHPCs with no functional fillers owing to the higher density of NAs
and CPAs as provided in Table 1.

The addition of functional fillers did not produce negative effects on
the workability of S-UHPCs: the flow values of S-UHPC matrices were
varied from 200 to 275 mm, as summarized in Table 2. However, the
addition of MWCNTs decreased the workability of the S-UHPCs even
though more amount of super-plasticizer was added. As provided in
Table 2, the amount of super-plasticizer of S01 and S01C01 was 0.071
and 0.096, respectively, while the flow of those added suitable amount
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Fig. 8. (continued).

Table 3
Self-stress sensing characteristics of the S-UHPCs corresponding to the different
functional fillers under compression.

Test po (kQ- Ap (kQ- FCR Op, SSC =FCR/op Ref.
series cm) cm) (%) (MPa) (%/MPa)
N005 975.4 268.4 27.5 144.8 0.190
(78.4) (15.1) 4.1) 3.9
NO1 817.0 165.5 20.6 140.1 0.147
(182.6) (32.5) 3.7) (7.5)
NO5 284.6 44.6 15.6 135.4 0.115
(41.9) (8.5) 0.7) (6.5)
CP01 625.5 106.6 17.1 134.1 0.128
(49.7) (14.3) (2.6) 9.9)
CP05 140.8 22.1 15.8 155.2 0.102
(20.7) (2.9) (1.3) (4.4)
S01 1631.4 416.5 26.5 130.2 0.203
(25.7) (82.1) 8.4 (10.8)
S0S 205.1 (3) 87.99 429 144 0.298 [44]
(6.8) (4.0) (16.5)
$01C01 765.7 248.3 33.62 139.3 0.241
(241.8) (56.7) (6.5) (11.49)
S05C01 189.1 107.3 56.8 138.6 0.410
9.9 (3.6) 1.4 8.1)

of super-plasticizer was obtained as 230 and 200 mm, respectively.
Fig. 10 shows the microstructure of the SS-UHPCs while Fig. 11 does
the uniform distribution of particle type functional fillers (NAs, CPAs,
and FSSAs) and nano type functional fillers (MWCNTSs) in the S-UHPCs.
The interfacial transition zone surrounding functional fillers generally

contained little porosity (Fig. 10) while the functional fillers were uni-
formly distributed in the S-UHPC matrices (Fig. 11).

5. Discussion

The conductive network of S-UHPCs, which was strongly dependent
on both tunneling and contact conductions between the functional fillers
[2,42,44]. Tunneling conduction is influenced by the distance between
the functional fillers while contact conduction between functional fillers
is dependent on the number of fibers and contacting fibers [2,42,44,52,
53]. The addition of steel fibers generally enhanced contacting con-
duction whereas that of particle type functional fillers (NAs, CPAs, and
FSSAs) and nano type functional fillers (MWCNTSs) mainly did tunneling
conduction. The electrical tunneling resistance (R,) of a tunnel resistor
between adjacent conductive functional fillers (carbon black) could be
calculated by using Eq. (4) [52].

R, =k -L-exp(k, - L) @

where k; = (2/3)-(2m2)"V2.(e/h) %A1 and ky = (4 /h)-(2mA)'/?
ko = (4n /h).(2m/1)1/ 2 in which e is charge on an electron (e =
—1.602176634 x 1071° C), m is electron mass (m = 9.10938356 x
1073 kg), A is height of tunnel potential barrier, depending on the
matrix property [52], and h is Planck’s constant (h = 6.62607015 x
1073* J ). The electrical contacting resistance (R¢) of composites with
conductive fibers (such as carbon fibers) can be calculated by using Eq.
(5) [53],
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Table 4

N, L, Ny, and N, of the S-UHPCs.
Test series Functional fillers N, L (um) Ny N,
NO0O05 NAs 1608149983 32.7 13262 10465
NO1 NAs 3268682703 23.7 13262 10465
NO5 NAs 17943543471 9.1 13262 10465
CPO1 CPAs 1408046 334.6 13262 10465
CPO5 CPAs 7030930 129.5 13262 10465
S01 FSSAs 103378 675.4 13262 10465
S05 FSSAs 656135 185.4 13262 10465
S10 FSSAs 1314006 66.5 13262 10465
S01C01 FSSAs 103378 675.4 13262 10465
S05C01 FSSAs 550396 220.1 13262 10465

Ny 4pl a

Rc ()]

Ne w4} (1384, 1]V, )

where V, is the fiber volume fraction, N¢ is the number of contacting
fibers, N, is the number of fibers per conductive path, a is the length of
specimen, and [, dy, and p are the length, diameter, and the electrical
resistivity of conductive fibers, respectively.

Assuming that the particle type functional fillers were uniformly
distributed in the matrix, the distance L, as can be seen in Fig. 12, be-
tween adjacent particle type functional fillers and the number of particle
type functional fillers (N},) could be calculated by using Egs. (6) and (7),
respectively, as provided in Table 4 [35]. Further, the number of fibers
(Np) and contacting fibers (N;) could be calculated using Egs. (8) and (9),
respectively, as provided in Table 4 [36].

1/3
L:dp.((%) . Vp(fl/3) —_ 1) 6)
V,-V. V,-V
N,=-£C— I'icz )
Yoo (d,)
3 2
VoV VoV
M= T ®
F mds \/v:
Ne= ©)]

(zd;)’1

where Vj, is the volume content of particle type functional fillers, V¢ is
the volume of composite, Vp, is the volume of a single particle type
functional fillers, V, is the fiber volume fraction, Vr is the volume of a
fiber, d, is the diameter of a single particle type functional fillers, and dy
is the diameter of a fiber.

5.1. Effects of particle type functional fillers (NAs, CPAs, and FSSAs)

The electrical conductivity of the FFs had considerable effects on the
electrical resistivity of the S-UHPCs than the distance between the FFs.
The distance between the CPAs in CPO5 was calculated as 129.5 pm,
further than the distance (9.1 pm) between the smaller NAs in NO5 but
closer than that (220.1 pm) of the larger FSSAs in SO5. Despite the
further distance (129.5 pm) between the CPAs in CP05, CP0O5 produced
the lowest electrical resistance, as shown in Fig. 9. The higher electrical
conductivity of the S-UHPCs containing CPAs was attributed to the
higher electrical conductivity of CPAs, as provided in Table 1.

FSSAs were found to be suitable functional fillers for S-UHPCs and
much lower cost than the CPAs and NAs (Table 1). The S-UHPCs con-
taining FSSAs generally produced higher FCRs and Ap than the S-UHPCs
containing other particle type functional fillers including CPAs and NAs,
regardless of the contents of particle type functional fillers. The lower
FCR of the S-UHPCs containing CPAs and NAs would be attributed to the
highly conductive pathways initially formed in the microstructure.
While the lower initial electrical resistivity of them would be due to the
shorter distance between functional fillers (Table 4) and higher material
electrical conductivity (Table 1). Fig. 13 shows the effect of initial dis-
tance L between particle type functional fillers on the FCR: the FCR of
S-UHPCs with a higher content of NAs or CPAs (NO5 or CPO5, respec-
tively) was lower than that of NOO5 or CP0O1, respectively. However, the
FCR of the S-UHPC containing FSSAs increased as the functional fillers to
cement ratio increased from 0.1 (S01) to 0.5 (S05) but it decreased as the
functional fillers to cement ratio further increased from 0.5 (S05) to 1.0
(S10). Wang et al. [37] also reported that the self-sensing capacity of
smart concrete containing carbon fibers under an applied load initially
increased and then decreased as the content of carbon fibers increased.
The reduction of FCR at higher content of functional fillers, i.e., shorter
distance L between functional fillers, was originated from the lower
initial electrical resistance of S—-UHPCs containing functional fillers
more than percolation threshold content of functional fillers [2,35,36].
S05, containing functional fillers below the percolation threshold, could
generate higher FCR when it was under compression because the change
in the electrical resistance could increase while the initial electrical re-
sistivity was relatively low. Under compression, the conductive partially
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continuous paths in SO5 could be converted into conductive continuous
paths owing to the tunneling effect and the formation of direct
connections.

These findings clearly demonstrated that both the content and
electrical conductivity of the functional fillers were important factors in
building the conductive networks in the S-UHPC and changing the
piezoresistive response of the S-UHPCs. SO5 had a suitable content and
good electrical conductivity of the FSSAs, thereby producing a
conductive network and a higher FCR (and self-stress sensing capacity)
under compression.

5.2. Effects of nano type functional fillers (MWCNTs)

The addition of MWCNTs clearly improved the FCRs of S-UHPCs, as
shown in Fig. 9. SO5C01 containing 2 vol% steel fibers, FSSAs with
functional fillers to cement ratio of 0.5, and MWCNTs with functional
filler to cement ratio of 0.1% produced the highest fractional change in
electrical resistivity (56.8%) and stress sensitivity coefficient (0.41%/
MPa) in comparison with other investigated S-UHPCs.

Fig. 14 illustrates the conductive network response of S—-UHPCs
containing MWCNTs, FSSAs, and steel fibers. The addition of 2 vol%
steel fibers and particle type functional filler (FSSAs with functional
filler to cement ratio of 0.5) enhanced the conductive network of the
S-UHPCs at the micro level, as investigated in previous parts. Besides,
the nano type functional fillers (MWCNTs with functional filler to
cement ratio of 0.1%) enhanced the conductive network of the S-UHPCs
at nano level under compression (Fig. 14b). A large number of MWCNTs
(53903869365908) calculated using Eq. (7), uniformly distributed in
the S-UHPCs (Fig. 11d) decreased the distance between the functional
fillers, increased the number of contact between functional fillers, and
consequently increased both tunneling and contacting conduction of the
functional fillers within S-UHPCs under compression.

The content and type of functional fillers should be carefully
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Fig. 10. FE-SEM images of the S-UHPC microstructures.

determined to achieve higher self-sensing capacity in S-UHPCs. Lee
et al. [42] reported that the S-UHPCs containing 2 vol% steel fibers and
MWCNTs with functional filler to cement of 0.5% produced a lower FCR
than that containing only 2 vol% steel fibers because the content of
functional fillers including MWCNTs and fibers would exceed the
percolation threshold. SO5C01 generated the best electrically conduc-
tive network structure with a combination of fiber, particle (FSSAs), and
nano type functional fillers and consequently produced the highest FCR
under compression.

6. Conclusions

The self-stress sensing ability of S-UHPCs was enhanced by adding
different functional fillers, including particle type functional fillers
(CPAs, NAs, and FSSAs), fiber type functional fillers (steel fibers), and
nano type functional fillers (MWCNTSs). The particle type functional
fillers were used to partially replace silica sands in the matrix to facili-
tate uniform distribution of the functional fillers in the UHPC matrices.
The fiber type functional fillers were added to all matrices for enhanced
electrical conductive networks and crack-resistance. The nano type
functional fillers were added to improve the conductive network and
piezoresistive response of the S-UHPCs under compression. The
following conclusions were drawn:

e The addition of particle type functional fillers (NAs, CPAs, and
FSSAs) clearly enhanced the electrical conductivity of the S-UHPCs.

e Both the content and electrical conductivity of the functional fillers
were important factors in building the conductive networks in the S-
UHPC and changing the piezoresistive response of the S-UHPCs.

o The initial electrical resistivity of S-UHPCs containing CPAs with
0.5% (CP05) was lowest (140.8 kQ-cm), thus the initial electrical
conductivity of those was higher than that of S-UHPCs containing
NAs and FSSAs.



H.V. Le et al. Journal of Building Engineering 44 (2021) 102717

Ni K series Cu L series
) Imm ' . imm '
(a) NAs (b) CPAs
Fe K series C K series
. 1mm : : 2.5um .
(c) FSSAs (d) MWCNTs

Fig. 11. EDS images of the functional filler distribution in the S-UHPCs.

containing CPAs and NAs. The lower FCR of the S-UHPCs containing
CPAs and NAs would be attributed to the highly conductive path-
ways initially formed in the microstructure owing to higher perco-
lation threshold content of functional fillers.

o The addition of nano type functional fillers enhanced the conductive
network of S-UHPCs at the nano level and consequently notably
increased the electrical conductivity, FCR, and SSC of the S-UHPCs.
S05CO01 exhibited the highest FCR (56.8%) and stress sensitivity
coefficient (0.41%/MPa) among all the S-UHPC samples.

Functional
fillers

%
The findings of this study demonstrated that a conductive network of
S-UHPCs can be achieved using a combination of different types of
d L d functional fillers, namely fiber and particle types, with varying sizes,
F_+_+_+ namely micro- and nano-level, where a suitable composition can maxi-
mize the self-stress sensing properties of S-UHPCs under compression.
Fig. 12. Distance between particle type functional fillers. Author statement
e FSSAs were found to be suitable functional fillers for S-UHPCs and
much lower cost than the CPAs and NAs. SO5 with a suitable content
and electrical conductivity of functional fillers generated a good
conductive network and consequently produced higher FCR (42.9%)
and higher SSC (0.298%/MPa) under compression than S-UHPCs
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