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ABSTRACT

This study is focused on investigating the self-sensing
characteristices of smart UHPCs through evaluating the
mechanical and electrical properties of ultra-high-performance
concretes (UHPCs) containing different steel fiber types as
functional fillers under compression. UHPCs containing 2 vol%
stainless smooth fibers (B mm in length and 0.2 mm in diameter,
FLB) or 2 vol% brass coated smooth fibers (I3 mm in length and
0.2 mm in diameter, FLI3) or 2 vol% hybrid of FLB and FLI3 were
prepared and evaluated. The test results indicated that The UHPC
containing FLI3 produced the highest compressive strength and the
lowest electrical resistivity. The flowability and the volume weight
of UHPCs were little influenced by fiber types. The UHPC with hybrid
of FLE and FLI3 produced the highest fractional change in electrical
resistivity (FCR) under compression. Besides, the correlation
between FCR and compressive stress of UHPCs was obtained.
Keywords: Electrical resistivity; self sensing; steel fiber; structural
health mornitoring; ultra high performance concrete.

TGM TAT

Rai bao tap trung nghién ciu cac dac trung ty cdm bign cia be
tdng thang minh cuéng do siéu cao sir dung céc loai sgi thép nhu
chét tang crang do dan dign thang qua danh gig dac trung co
hoc va dign trd sut dudi tac dung coa tai trong nén. Vat ligu
UHPC chira 2% thé tich spi thép tron khang gi (dai B mm va
dudng kinh 0.2 mm, FLB) hodc chira 2% thé tich spi tron dugc
phi ddng (dai 13 mm va duang kinh 0.2 mm, FLI3) hodc hén hop
2% thé tich cia FLE va FLI3 d& duge chuén bj va danh gia. Ket
qué thi nghigém chi ra rang UHPC chira FLIS tao ra cuang da chiu
nén cao nhat va dién tro sudt thap nhat. Kha ning chay va trong
lirgng thé tich caa UHPC it bj anh hwéng bai sir dung céc loai spi
thép khac nhau. UHPC vai sy ket hop giira FLB va FLIS tao ra su
thay ddi |an nhét vé dién tra sudt (FCR) khi nén. Bén canh da.
mi trong quan giita FCR va ing suft nén cia cac loai UHPC da
duge thigt |ap trong nghién ciu.

Tir khoa: Dien trir suat; tw cam bign; soi thép; giam sét sirc khoe ket
cAl; bé tdng cutmg da sigu can.

1.INTRODUCTION

Structural-health-monitoring (SHM) system for infrastructures has
been an interesting topic. It is applied to important infrastructures to
prevent the sudden deterioration of infrastructures which can cause
human casualties and property damages. Current sensors such as strain
gauges, fiber bragg grating sensors, piezo-ceramic transducers, fiber
optical sensors, and lead zirconate titanate sensors are generally utilized
in the SHM. However, the limitations of these sensors are high cost, low
durability, and localized sensing ability.

Smart concretes with self-sensing abilities (self-damage and self-
stress sensing) recently have been developed to SHM systems of
infrastructures [1]. They can overcome the drawbacks of commercial
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sensors used for SHM. The self-sensing of smart concretes is ability to
observe the crack/damage or stress/strain of structures based on the
change in their electrical resistance under external loads owing to
change in their conductive network. Smart concretes can be developed
by adding electrically conductive materials (functional fillers) to
improve the conductive network. The functional fillers generally used in
smart concretes include carbon nanotubes (CNTs), multi-wall carbon
nanotubes (MWCNTSs), carbon black, carbon fibers, steel fibers, nickel,
graphene, or hybrid materials [2-9].

However, the self-stress sensing ability of smart concretes has been
limited until 20 MPa [10] because of the low strength of concretes. To
improve self-stress sensing ability of smart concrete, the self-stress
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sensing of ultra high-performance concrete (UHPC) should be
developed. However, the reports of the self-stress sensing of ultra high-
performance concrete have been still limited because of difficult
distribution of functional fillers in the high density microstructure of
UHPCs and low water per cement ratio. Recently, Lee et al. and Le et al.
[10,11] used steel slag aggregates and short steel fibers as functional
fillers in smart UHPCs for improving the compressive stress sensing
ability. Le et al.[12] investigated the self-damage sensing ability of smart
UHPCs using short smooth steel fibers as a functional filler. Nguyen et
al. [13] investigated the self-damage sensing ability of high
performance concretes using carbon black and ground granunated
blast furnace slag. However, the self-stress sensing ability as well as the
mechanical properties of smart UHPC using hybrid conductive short
steel fibers have not been investigated.

In this study, we aim to clearly find effect of adding hybrid
conductive short steel fibers on the mechanical properties as well as the
electrical resistivity of UHPC under compression. The characteristics of
UHPC matrices containing hybrid of 1 vol% short smooth stainless steel
fiber and 1 vol% brass coated steel fibers were compared to UHPCs
containing 2 vol% short smooth stainless steel fibers (6 mm in length)
and UHPC containing 2 vol% brass coated steel fibers (13 mm in length).
The results of UHPC containing 2 vol% smooth stainless steel fibers (6
mm in length) were adopted from [14].

2. THE ELECTRICAL RESISTIVITY CHARACTERISTICS OF SMART
CONCRETES

The self-sensing ability of smart concretes is evaluated through the
initial electrical resistivity (po) or resistance (Ro) and the fractional
change in electrical resistivity (FCR) under external loads. The electrical
resistivity (p) of the smart concretes is calculated based on the
measured electrical resistance (R) obtained from alternative current
(AQ) [10,12] or direct current (DC) [9,11] measurements using Eq. (1).

(M
p=r
L

where L is the distance between two probes and A is the cross
section area of sample.

The electrical conductive network of smart concretes containing
functional fillers includes three main conductive paths (the ionic
conduction, the contacting conduction, and the tunneling conduction).
The ionic conduction is based on the movement of ions (K+, Na+, OH-)
in continuous pore systems [1]. The contacting conduction is the result
of the movement of free electrons in the contacting conductive path of
functional fillers [1]. The tunneling conduction occurs when electrons

Table 1. Composition of matrix by weight ratio

can jump through the energy barriers between the fillers (the distance
between the fillers is small enough) in a composite [1].

The AC measurement was generally preferred to avoid the
polarization effects and electrode-matrix contacting effects [14,15]. Two
probes and four probes which were made from highly electrically
conductive electrodes such as steel fibers, copper plate, copper wire
mesh, copper tape, and silver paint were utilized for AC or DC
measurements. In case of DC measurement, the initial electrical
resistance measured by two probes method is normally higher than
that by four probes method owing to effect of contacting resistance
between electrodes and matrices [1]. However, the measurement with
two probes is more simple to setup and the fractional change in the
electrical resistance still can clearly observed under external load. Two
probes were generally incorporated with the AC measurement method
to evaluate the self-sensing ability of smart concretes.

Under external load, the distance between FFs or the number of
connection between FFs changed and resulted in the change in the
conductive network into smart concretes, i.e., the electrical resistivity of
smart concretes changed [1,6,10]. Thus, based on the fractional change
in the electrical resistivity (FCR) of smart concretes, the stress or strain of
smart concretes would be observed. In addition, a generation of crack
also changed the conductive network inside smart concretes and
would be detected based on the change in the electrical resistivity [12].
The self- sensing abilities of smart concretes were evaluated by
calculating the fractional change in electrical resistivity at the peak
stress (FCR) according to Eq. (2),

FCR = (pp- po)/po @)
which pp is the electrical resistivity of the composites at the
maximum compressive stress.

3.1. Materials and specimen preparation

Table 1 summarizes the matrix components of UHPCs by weight
ratios. Three UHPC matrices include UHPC containing 2 vol% short
smooth stainless steel fibers (F2L6), UHPC containing 2 vol% brass
coated steel fibers (F2L13), and UHPC containing hybrid of 1 vol%
stainless steel fibers and 1 vol% brass coated steel fibers (F2L6L13).
Cement Type | according to ASTM standard was used. Average
diameter of silica sand is around 0.2 mm while that of silica fume and
silica powder are around 10 pm and 100 pum, respectively. Water per
cement ratio (W/C) by weight was 0.2 and the volume content of steel
fibers was 2 vol%. Fig. 1 shows the images of short smooth strainght
steel fibers (2104 MPa in tensile strength and 200 GPa in elastic
modulus).

Notation C SF SPD SS w SP F vol%
FL6 FL13

F2L6 1 0.15 0.3 1.0 0.2 0.042 2.0

F2L13 1 0.15 0.3 1.0 0.2 0.042 - 2.0

F2L6L13 1 0.15 0.3 1.0 0.2 0.042 1.0 1.0

C: cement, SF: silica fume, SPD: silica powder, SS: silica sand, W:
water, SP: superplasticizer, F vol%: fiber volume content, FL6 and
FL13: fibers with 6 and 13 mm in length, respectively.

Cubic specimens (50 x 50 x 50 mm?3) containing two embedded
copper wire meshes were prepared to measure the electrical resistivity
response of smart UHPCs under compression while those with no
embedded meshes were used to evaluate the compressive strength of
UHPCs under compression.

A Hobart-type mixer (20 / capacity) was utilized to prepare
specimens. The sand, silica fume, cement, and silica powder were first

dry-mixed for 5 min. Water was then added and further mixed for 5 min.
Super-plasticizer was slowly added and the mixture was continuously
mixed for approximately 3 min. The flow of mixtures was measured
prior to adding fibers using mini flow cone table test. When the
mixtures showed a suitable workability for a uniform fiber distribution,
the short smooth fibers were manually dispersed and the mixture
containing the fibers was further mixed for 1 min. The flow values of the
UHPCs is listed in Table 1.

The UHPC mixtures with fibers were poured into cubic molds.
Copper wire meshes (45 mm and 70 mm in width and height,
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respectively) were embedded in the specimens as electrodes for
measuring their electrical resistivity. The distance between the two
copper wire meshes was 20 mm. Specimens were slightly vibrated to
reduce voids in matrices and enhance contact between wire meshes
and matrices. All specimens were stored at room temperature (20 * 2
°C) and covered with plastic sheets for 48h before demolding. Then,
they were cured in a hot water tank at 90 °C for 72h and continuously
stored in Laboratory zoom until testing day.

a) Stainless steel fibers 6 mm in length (FL6)

b) Brass coated steel fibers 13 mm in length
(FL13)

Figure 1.Images of short smooth steel fibers

3.2. Test set-up

The flowability of fresh UHPCs were tested using a mini cone as
shown in Fig. 2. The flow value was average of two diameter flow values
measured according to two perticular directions. Fig. 3 displays the
experimental set-up for determining the compressive stress and the
electrical resistivity response of UHPC specimens during compressive
testing. The compressive load was performed using a universal testing
machine (UTM) with capacity of 300 tf while the electrical resistance was
measured using the SI 1260 impedance/gain-phase analyzer machine.
The loading speed of the UTM was maintained as 1.0 mm/min during
testing. The history of the electrical resistance of specimens during tests
was measured using the two probes AC measurement method with a
fixed frequency of 100 Hz [10]. At least three specimens from each series
were tested. The electrical resistivity of UHPCs was determined
according to Eq. (1).

a) Mini cone

Figure 2. Flow test using mini cone

Figure 3. Test set-up for measuring the compressive stress and electrical resistance of UHPCs
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4.RESULTS AND DISCUSSIONS

4.1. Flow, weight, and compressive strength of UHPCs

As summarized in Table 2, the flowability of UHPCs was almost not
influenced by adding a low fiber volume content (2 vol%) regardless of
fiber types or hybrid of them. The flow of smart UHPCs was 240 mm for
all matrices. Darssini et al.[15,16] also reported that short fibers with low
volume did not affect the concrete workability as much as the long
fibers.

The volume weight values of F2L6, F2L13, and F2L6L13 were
2472.3,2478.2,and 2487.3 kg/m?3. The volume weight of UHPC matrices
was a little different because of the same volume content and weight of
fibers.

Table 3 summarized the compressive strength values of UHPCs
with different fibers types. The UHPC matrices with longer fibers (13 mm
in length) produced higher compressive strength than that of the UHPC
with shorter fibers (6 mm in length). The longer fibers with brass-coated
steel provided a higher bond between fiber and matrix and resulted in
increasing the crack resistance for matrices [171. Thus, the compressive
strength of UHPC matrices with longer fibers would be improved. [18]
also obtained a higher compressive strength of a high performance
concretes containing longer fibers in comparison with shorter fibers.

Table 2. Flow, weight, and compressive strength of UHPCs

Compressive

Notation Flow (mm)  Weight (kg/m?) strength (o)
(MPa)

F2L6 240 2472.3 (9.6) 172.5(1.9)

F2L13 240 2478.2 (5.8) 193.6 (3.3)

F2L6L13 240 2487.3 (3.6) 173.7 (3.4)

The value in brackets is the standard deviation.
Table 3. Self-sensing characteristics of UHPCs under
compression

Test series Po Ap FCR (%)
(kQ.cm) (kQ.cm)

F2L6 764.0 (28.6) 157.4 (10.9) 20.5(0.7)

F2L13 514.0 (12.8) 131.8 (14.0) 25.6 (2.4)

F2L6L13 659.1 (34.3) 174.5 (3.3) 26.6 (1.8)

The value in brackets is the standard deviation.

gL
Figure 4. Fractureimages of UHPC specimens
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4.2. Electrical resistivity properties of smart UHPCs under
compression

The utilization of longer fibers (13 mm in length) produced a lower
electrical resistivity of UHPC matrix with 6 mm in length fibers. The
electrical resistivity of F2L6, F2L13, and F2L6L13 was 764.0 kQ.cm, 514.0
kQ.cm, and 659.1 kQ.cm, respectively. In gauge length of measurement
by around 20 mm, longer fibers (13 mm in length) would generate a
better conductive pathway. In addition, brass-coated fibers generated
higher electrical conductivity than stainless-steel fibers and
consequently produced a lower electrical resistivity.

Fig. 5 shows the electrical resistivity responses of the UHPCs
containing short smooth steel fibers under compression. In general, the
electrical resistivity response of the UHPCs under compression can
devide into three stages as follows: (1) the electrical resistivity
significantly decreased as the stress increased from 0 to maximum
stress (omax); (2) after the peak stress, as the compressive stress
decreased, the electrical resistivity continuously decreased until a
minimum value; and (3) as the compressive stress continuously
decreased, the electrical resistivity was almost stable or slightly
increased. In the first stage, as the compressive stress increased prior to
the peak stress, the compressive strain increased and the distance
between adjacent steel fibers decreased while the number of their
connection increased. Thus, the contacting conduction of the
composite increased and consequently its electrical conductivity
increased. In the second stage, the electrical resistivity continuously
decreased even after peak stress because of fibers bridging crack.
During crack opening, as the compressive strain continuously
increased, steel fibers were contacted at the crack position. Thus, the
electrical conductivity of the UHPCs continuously increased even matrix
cracking. In the third stage, the electrical conductive pathways of
conductive fibers were well formed, thus the conductivity of the
composite would be stable when the macro-cracks continuously were
generated. The electrical resistivity in the third stage slightly increased
because of opening macro-cracks. During crack opening, fibers were

pulled out and resulted in gradually increasing the electrical resistivity.
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Figure 5. The electrical resistivity response of smart UHPCs under compression

The UHPC matrix with a combination of both 6 and 13 mmin length
fibers produced better FCR. As the compressive strain at the maximum
compressive stress was significant, the conductive network of F2L6L13
with a combination of both 6 and 13 mm in length produced a better

response and consequently generated a higher FCR.
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Figure 7. Correlation between the compressive stress ratio and FCR of UHPCs

Fig. 7 presents the correlation between the compressive stress
ratio (o/cp) and the FCR of smart UHPC matrices and fitting
equations as follows:

Part 1:6/cp=aFCR+b when0 <o <0.30p

Part 2: 6/, =cFCR?2+dFCR+e when 0.36p < 6 < 6p(3)

In part 1, as the compressive stress increased from 0 to 0.3Gmax,
the composite worked in the elastic region [1,11], and the
compressive stress linearly increased with increasing compressive
strain [1]. In this stage, as the compressive strain increased, the
distance between FFs increased and consequently the electrical
resistivity linearly decreased. In part 2, generation of cracks into
composites resulted in a reconstruction of the conductive network
in the matrices. Thus, in part 2 the electrical resistivity non-linearly
decreased. The correlation between the /o, and FCR in this part
was fitted by a parabolic curve. Fitting values are shown in Fig. 7.

5.CONCLUSIONS

This experimental study investigated the effects of different types
of steel fibers and their hybrid on the mechanical and the electrical
resistivity properties of UHPCs under compression. Some conclusions
are drawn as following:

+ The flowability of fresh UHPCs was almost not influenced by
adding 2 vol% steel fibers, regardless of fiber type. The volume weight
of UHPCs was also little influenced by fiber types.

« The compressive strength of UHPC containing brass coated steel
fibers (13 mm in length, FL13) was higher than that of UHPC containing
FL6 or hybrid of FL13 and FL6.

« The electrical resistivity of UHPC containing FL13 produced a lower
value than that of UHPC containing FL6 or hybrid of FL13 and FL6.

- The addition of a hybrid of FL13 and FL6 provided a better self-
sensing ability (FCR) of UHPCs owing to better conductive network than
adding single type of FL13 or FL6.

« A correlation between FCR and compressive stress of different
UHPCs with different fiber types was obtained. The compressive stress
can be determined based on the FCR of UHPCs under compression or
versus.
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