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ARTICLE INFO ABSTRACT

Keywords: This study investigated the effects of nanoparticles (NPs) on the tensile resistance of ultra-high-
Nanoparticles performance fiber-reinforced concrete (UHPFRC), containing 1.5 vol% smooth steel fibers, at
Ultra-high-performance fiber-reinforced con- both static (0.000167 s~ 1) and high strain rates (61.86-162.00 s 1). Three types of NPs, namely
crete nano-CaCOs3 (3 wt%), nano-SiO; (1 wt%), and nano-carbon nanotube (CNT) (1 wt%) were

Tensile resistance

Sk considered. All the UHPFRCs containing NPs generated higher rate-sensitive tensile resistance
Rate sensitivity

than the UHPFRCs without NPs. For instance, the dynamic increase factor (DIF) for the post-
cracking strengths of the UHPFRCs containing nano-CaCOs, nano-SiOs, or nano-CNT was 2.94,
2.79, and 2.69, respectively, while that of the UHPFRCs without NPs was 2.65. The DIFs for
tensile parameters of UHPFRCs were dependent upon the types of NPs: nano-CaCO3 produced the
highest DIFs for first- and post-cracking strengths, and the number of microcracks, whereas nano-
CNT generated the highest DIFs for strain capacities and peak toughness. Besides, the sources of
the rate sensitivity of tensile resistances of UHPFRCs containing NPs are closely related to the
interfacial bond strengths and compressive strength of matrices.

1. Introduction

The frequency of blasts and other impacts caused by natural and man-made hazards has increased over the past two decades.
Therefore, the demand for enhancing the resistance of engineering structures to impacts and blasts has increased [1-5]. Terrorist
attacks and natural disasters, such as the 9/11 attack (2001), Moscow metro bombings (2010), Fukushima nuclear power plant disaster
(2011), bombings at a market in the Baghdad governorate in Iraq (2021), and bombing at the Kabul International Airport in
Afghanistan (2021), have resulted in the death of numerous people and led to substantial economic losses worldwide [1-8].

To mitigate the collapse of buildings and damage to infrastructure caused by such disasters, the development of high-performance
construction materials with high tensile resistance and energy absorption capacity is increasingly researched [1,9-12].
Ultra-high-performance fiber-reinforced concrete (UHPFRC), which is a high-performance construction material, is typically
composed of high-strength fibers and high-efficiency superplasticizer, exhibiting low water-to-binder ratio and high binder content
[13-15]. Owing to a high packing density, UHPFRC has demonstrated significantly higher strength, durability, toughness, and energy
absorption capacity than conventional concrete [1,12,16]. Although the packing density of UHPFRC is substantially higher than that of

Abbreviations: DIF, dynamic increase factor; FMZ, fiber-matrix zone; NPs, nanoparticles; UHPFRC, ultra-high-performance fiber-reinforced concrete.
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Table 1
Tensile parameters of matrices at high strain rates for FRCs and UHPFRCs.
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st vol% MPa MPa DIF MPa DIF % DIF kJ/m® DIF ea DIF pm DIF
FRCs MHB Medium smooth steel fiber 80 300.00 1.25 80 - - 8.62 281 - - - - - - - - Caverzan et al.
[25]
FRCs I- Short smooth and hooked 65, 80 53.00 1.0, 56 - - 25.10 2.30 0.90 1.20 175.40 2.30 10 - 47 1.50 Park et al. [26]
SEFIM steel fibers 1.0
FRCs I- Short smooth and hooked 65, 80 161.00 1.0, 81 - - 2410 210 240 3.70 38320 600 10 - 118 3.60  Parketal. [26]
SEFIM steel fibers 1.0
UHPFRCs  SEFIM Long smooth steel fiber 100 22.42 1.00 180 - - 16,52 218 1.99 3.21 179.63 418 - - - - Tran et al.
[27]
UHPFRCs SEFIM Long smooth steel fiber 100, 24.86 1.0, 150 - - 19.79 213 2.57 3.38 295.23 4.58 - - - - Tran et al.
and polyamide fiber 1.14 0.5 [27]
UHPFRCs  SEFIM Long smooth steel fiber 100 21.40 1.50 180-200 - - 3710 330 1.00 150 23970 3.80 - - - - Tran and Kim
[28]
UHPFRCs SEFIM Medium smooth steel fiber 95 9.80 1.50 180-200 - - 34.48 2.90 1.00 2.50 121.10 2.80 - - - - Tran and Kim
[28]
UHPFRCs  SEFIM Short smooth steel fiber 65 10.50 1.50 180-200 - - 27.10 250 1.04 450 120.20 550 - - - - Tran and Kim
[28]
UHPFRCs M- Medium smooth steel fiber 125 127.10 1.00 150 14.60 2.40 25.30 3.10 0.82 2.50 248.70 7.20 - - — — Pyo et al. [29]
SEFIM
UHPFRCs M- Medium smooth steel fiber =~ 125 141.10  2.00 150 27.10 280 4470 3.00 116 21 498.70 5.90 - - - - Pyo et al. [29]
SEFIM
UHPFRCs  I- Medium smooth and 95, 80 170.00  2.00 180 - - 39.40 280 1.60 1.60 406.10 330 12 - 68 1.80  Parketal. [26]
SEFIM hooked steel fibers
UHPFRCs SEFIM Long smooth steel fiber 100 12.30 1.50 180 - - 22.60 1.8 1.14 2.00 16.60 2.80 8 0.60 - - Tran et al. [1]
UHPFRCs  SEFIM Short smooth steel fiber 65 16.50 1.50 180 - - 19.20 1.8 1.10 280 12.50 330 5 1.10 - - Tran et al. [1]
UHPFRCs  I- Medium smooth steel fiber 95 32.00 1.50 180-200 - - 23.06 190 0.54 170 66.62 200 5 250 - - Park etal. [30]
SEFIM
UHPFRCs I- Medium smooth steel fiber 95 140.00 2.00 180-200 - - 44.72 2.70 1.78 2.10 455.56 4.00 27 3.00 - - Park et al. [30]
SEFIM

Modified Hopkinson bar (MHB); Strain energy frame impact machine (SEFIM); Improved strain energy frame impact machine (I-SEFIM); Modified impact testing system (M-SEFIM).
Lg: length of the fiber; dg: diameter of the fiber.
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normal concrete or fiber-reinforced concrete (FRC), a relatively weak fiber-matrix zone (FMZ) exists between the fiber and matrix [17,
18].

In general, the mechanical properties of UHPFRC are known to be influenced by the properties of the FMZ. Therefore, several
researchers have investigated the effects of nanoparticles (NPs) on the properties of FMZ and the mechanical resistance of UHPFRC to
increase its strength and energy absorption capacity [14,15,19-23]. The addition of 3.2% nano-CaCOs to UHPFRC significantly in-
creases the maximum bond strength and pullout energy of steel fibers embedded in UHPFRC by 45 and 200%, respectively [13,14].
Furthermore, Li et al. [19] reported that the addition of 3 wt% nano-CaCO3 to UHPFRC enhanced their compressive and flexural
strengths by 8 and 20%, respectively. Wille and Loh [20] reported that the maximum pullout resistance of steel fibers embedded in
UHPFRC was enhanced by 40% owing to the addition of 0.022 wt% multi-walled carbon nanotubes (MWCNTs).

Several researchers have investigated the effects of NPs on the tensile behavior of UHPFRC at static strain rates [21,24]. Liu et al.
[21] investigated the effect of nano-CaCOs3 content ranging from 1 to 4 wt% on the tensile resistance of UHPFRC at a static strain rate of
0.000104 s~ 1. They reported that the addition of 3% nano-CaOs produces the highest tensile strength of UHPFRC (15 MPa), whereas
excessive content of 4% nano-CaOs exhibits a negligible effect on the tensile strength of UHPFRC owing to agglomeration concerns.
Furthermore, Shaikh et al. [24] examined the influence of a mixture of fly ash contents (20-50 wt%) and nano-SiO5 (2 wt%) on the
tensile strength of UHPFRC at a static strain rate (0.000104 s~1). They reported that the tensile strength of UHPFRC containing the
mixture of fly ash and nano-SiO; decreased by 14-19%. Additionally, their results demonstrated that the tensile strength of UHPFRC
containing nano-SiO5 (2 wt%) was 32% lower than that of UHPFRC without nano-SiO,. Although researchers have tried to improve the
mechanical properties of UHPFRC at static rates by containing various types of NPs, the effects of NPs on the tensile behavior of
UHPFRC, particularly at high strain rates, are not sufficiently explored. Furthermore, at high strain rates, the correlation between the
interfacial bond strength and tensile resistance of UHPFRCs containing NPs requires further clarity.

Most existing studies have focused only on the tensile behavior of UHPFRC using different matrix strengths, fiber types, and fiber
volume contents. Table 1 summarizes the tensile characteristics of FRC and UHPFRC with different matrix strengths, fiber contents,
and fiber types of smooth steel fibers or combinations of smooth steel fibers and other fibers at high strain rates [1,25-30]. Park et al.
[30] reported that the improvements in the post-cracking strength (o,.), strain capacity at the post-cracking strength (e,.), peak
toughness (T},), and the number of microcracks (n.,) of UHPFRC with lower smooth steel fiber volume content (1.5%) were higher than
those of UHPFRC with higher smooth steel fiber volume content (2.0%), owing to the group effects of fibers. Additionally, Tran et al.
[1] reported that UHPFRC with long smooth steel fibers resulted in higher enhancement of 6, than UHPFRC with medium smooth steel
fibers at identical fiber volume contents (1.5%); however, UHPFRCs with medium smooth steel fibers generated higher dynamic in-
crease factors (DIFs) for the Ty, &,, and n., of UHPFRCs than those with long smooth steel fibers owing to the effects of both crack
widths and the number of cracks. Although the tensile behavior of UHPFRCs at high strain rates has been investigated, the source of the
enhancement in tensile resistance of UHPFRC still remains unclear. According to the information provided, there is a lack of systematic
evidence on the efficiency of NPs in improving the tensile resistance of UHPFRC at high strain rates.

This study aims to address the lack of experimental evidence on the effect of NPs on the rate-sensitive tensile response of UHPFRC.
The addition of NPs to UHPFRC is expected to enhance the tensile resistance of UHPFRC owing to the enhancement of the pullout
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resistance of the fibers embedded in ultra-high-performance concrete (UHPC). Besides, as strain rates increased, UHPFRCs containing
NPs are expected higher rate sensitivity for interfacial bond strengths, resulting in the tensile resistances of UHPFRCs containing NPs
would be higher rate sensitive. The objective of this study is to evaluate the effects of NPs on the rate-sensitive tensile resistance of
UHPFRC. The primary experimental variables included three types of NPs, namely nano-CaCOs, nano-SiO,, and nano-CNT, and the
strain rate. Moreover, the source of the enhanced tensile resistance of UHPFRC at high strain rates is explored.

2. Experimental system

Fig. 1 illustrates the experimental system designed to investigate the effects of NPs on the tensile behavior of UHPFRC. Four
matrices were used in this study, namely the ultra-high-performance concrete matrix (UM), UM containing 3% nano-CaCOs (UC), UM
containing 1% nano-SiOz (US), and UM containing 1% nano-CNT (UCNT). The mass ratio of cementitious materials was used to
determine the volume content of the NPs. Additionally, the four matrices comprised the same 1.5% long smooth steel fiber volume
content.

2.1. Materials and specimen preparation

Table 2 summarizes the properties of the matrices, and Table 3 lists the properties of the long smooth steel fibers. The matrices
considered in this study comprise the following components: Type I cement, nano-CaCO3 (98.0% CaCO3) with an average size of 50
nm, nano-SiO3 (99.9% SiO,) with a primary particle size of 50 nm, MWCNT with a diameter of 200 nm and length 10 pm, silica sand
with grain size ranging from 210 to 250 pm, silica fume (98.5% SiO) with particles ranging from 0.1 to 1.0 pm, and silica powder
containing 98.0% SiO, with an average particle size of 10 pm and a density of 2.6 g/m°. Furthermore, polycarboxylate ether
superplasticizers (SPs) with a solid content of 30% were used to increase matrix workability.

The matrices were prepared using a Hobart-type mixer. During the initial 5 min, dry components such as sand, silica powder, silica
fume, and cement were dry-mixed. After dry mixing, water was added gradually for approximately 1 min to prepare the UM mixture,
which was continuously mixed for approximately 5 min. Subsequently, SP was gradually poured, and the mixture was mixed further
for approximately 5 min.

Mixtures containing NPs were prepared as follows [31]: (1) a sonicator with a cycle of 15 s and an amplitude of 50% was used to
distribute the NPs in the solution containing water and half the amount of SP for approximately 2 h; (2) sand, silica powder, silica fume,
and cement were initially mixed for approximately 5 min; (3) the solution containing water, NPs, and SP was gradually added for
approximately 2 min; and (4) the remaining amount of SP was gradually added into the mixture and mixed for approximately 5 min.
Finally, long smooth steel fibers were added and carefully distributed by hand into the mixtures. The mixtures were continuously
mixed when the fibers were added individually to the mixes. After adding all the fibers to the mixtures, they were further mixed for 2
min before terminating the mixing procedure.

The mixtures with fibers were poured into molds using a wide scoop with slight vibrations. All specimens were maintained at 20 +
2 °C for 48 h before demolding. Subsequently, the specimens were placed in a hot water tank at 90 & 2 °C for three days and tested after
28 days. Before testing, the specimens were sprayed with three coats of polyurethane on their surfaces to ensure easy detection of
cracks [26].

Fig. 2 depicts the specimen geometries for both the static and impact tests. During tensile tests, failure outside the gauge length of
the specimens must be prevented. Therefore, two layers of a steel wire mesh were strengthened at both ends of the specimens (Fig. 2a
and b) [10]. Unlike the specimens used in the static tests, the specimens for the impact tests were created by cutting off one bell-shaped
end with a longer wire mesh, which was then directly linked to the transmitter bar via a connector (Fig. 2b). Fig. 2c depicts the
cross-section of the tensile specimens in the gauge length area with the dimensions of 50 mm x 25 mm. The gauge length was
maintained at 100 mm for both static and impact tests to ensure consistency of the specimens used [10]. Thus, the wire mesh on one
bell-shaped end was lengthened to two ends of the specimens. Besides, the wire mesh ensured that failures during testing occur only
within the gauge length of specimens, as depicted in Fig. 2a and b.

2.2. Test setup and procedure

Fig. 3 depicts the universal testing machine (UTM) used to perform the static tensile tests. The load was maintained at a speed of 1
mm/min, which was equivalent to a strain rate of 0.000167 s~ 1. The boundary conditions for both ends of the specimens were hinge-
to-hinge connections, which were suitable for examining the tensile behaviors of strain-hardening fiber cementitious composites [32].
During the test, the elongation of the specimens within the gauge length range was measured using two linear variable differential
transformers (LVDTs) attached to the specimens, and tensile loads were obtained from a load cell placed on top of the specimens

Table 2

Matrix composition in terms of weight ratio and compressive strength.
Matrix Cement Nano- Nano- Nano- Silica Silica Silica SP W/ Compressive Flow test
type (Type I) CaCO3 Si0, CNT sand fume powder C strength (MPa) (mm)
UM 1.00 - - - 1.1 0.25 0.3 0.075 0.2 186.8 220
uc 0.97 0.03 - - 1.1 0.25 0.3 0.075 0.2 206.2 165
us 0.99 - 0.01 - 1.1 0.25 0.3 0.075 0.2 201.4 175
UCNT 0.99 - - 0.01 1.1 0.25 0.3 0.075 0.2 188.9 170

Nano-CNT: Multi-walled carbon nanotube; SP: Superplasticizer; W/C: Water-to-cement ratio.
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Table 3
Properties of straight smooth steel fibers.
Diameter (mm) Length (mm) Density (g/cm3) Tensile strength (MPa) Elastic modulus (GPa) Material
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(Fig. 3).

Fig. 4 illustrates the detailed test setup for the impact tensile tests. A strain energy frame impact machine (SEFIM) with high strain
rates (5-19 s~ 1) was initially developed by Tran and Kim [33]. Subsequently, Park et al. [30] developed an improved SEFIM (I-SEFIM)
with higher strain rates (10-150 s™!) based on the SEFIM system. In this study, the I-SEFIM system was employed to investigate the
tensile behavior of the matrices at high strain rates. The impact tensile test procedure is described in detail in previous studies [1,10,30,
33]. Fig. 4a depicts the I-SEFIM, prior to testing, a coupler was used to link the energy frames to the pullout bar of a hydraulic jack
system. The movement of energy frames is hindered by the fixed support 3 (Part 16 in Fig. 4a). Subsequently, a tensile specimen was
placed in I-SEFIM, wherein one end of the specimen is placed on a connector with a hinged grip system, whereas the other end is linked
to a transmitter bar that is prevented from movement by fixed support [10,33].

A coupler with a capacity of 1960 kN was used in this study. The coupler was pulled by the hydraulic jack system until over the



V.P. Dang and D.J. Kim Journal of Building Engineering 63 (2023) 105513

Load cell Load cell
Thickness of i i
the specimen

25
pud
1 |
1 |
1 |
0
o
Hinges

s

© -

3 r -

L

o

=

g

@

o

£ 8

E N

o

(=]

e

Steel wire mesh -, | Hinges
111 o]
mnn. e
|
|
|
unit: mm

[ ¢

Fig. 3. Specimen geometry and test setup for static tensile tests.

maximum capacity of the coupler, and elastic strain energy stored within the energy frames generated a rapid stress wave inside the
frames immediately after the failure of the coupler. The wave propagated through a grip to an impact tensile specimen and eventually
failed the specimen [10,33].

As detailed in Fig. 4b, during impact tests, a high-speed camera was used to determine the elongation of the specimens by analyzing
the sequential images of points 1 and 2 within the gauge length range. Furthermore, the tensile stress was averaged from two stress
histories obtained from two strain gauges attached at both sides of a transmitter bar.

3. Test results

Fig. 5 depicts typical tensile stress versus strain curves of UHPFRC and their tensile parameters. The tensile parameters can be
defined as follows [10]: first-cracking strength (o..) is the stress at the first-cracking point; post-cracking strength (o,) is the peak stress
versus strain curve; e.. and &, denote the strain capacities corresponding to the first- and post-cracking strengths, respectively; and the
peak toughness (T,) is defined as the area under the tensile stress and strain curve up to the highest stress. The number of microcracks
(n;) was counted on both the front and back surfaces of the specimens along a gauge length of 100 mm; the average of the results was
considered.

3.1. Static tensile test results

Fig. 6 illustrates the tensile stress versus strain curves corresponding to the UM, UC, US, and UCNT matrices at a static strain rate of
0.000167 s~L. Table 4 lists the tensile parameters of the matrices at this static strain rate. The obtained test results indicate that the
addition of NPs, including nano-CaCOs (3 wt%), nano-SiO2 (1 wt%), and nano-CNT (1 wt%) to UHPFRC produces higher tensile
strength in comparison with UHPFRC without any NPs; however, the tensile behavior of the matrices differed according to the types of
NPs. For instance, the post-cracking strengths of UC, US, and UCNT matrices at the static strain rate increased by 34.07, 29.98, and
5.81%, respectively, compared to that of the UM matrix. This enhancement in the post-cracking strength of the UC matrix concurs with
the findings reported by Liu et al. [21]; they reported that the post-cracking strength of UHPFRC containing nano-CaCOs3 (3 wt%) at a
static strain rate of 0.000104 s~! significantly increased by 40%. The improvement in the tensile resistance in matrices containing NPs
can be attributed to the enhancement of the bond characteristics and the matrix strength [10,21,26].

Shaikh et al. [24] reported that the tensile strength of UHPFRC containing nano-SiO» (2 wt%) was lower than that of UHPFRC
without nano-SiO5; however, our investigation of the effect of nano-SiO, (1 wt%) on the tensile strength of UHPFRC contradicts these
findings. This contradiction can be attributed to the content of nano-SiO,, which was added to UHPFRC. In our study, the tensile
strength of UHPFRC containing 1 wt% nano-SiO, was higher than that of UHPFRC without nano-SiOs. The tensile strength of US matrix
was 16.62 MPa while that of UM matrix was 13.66 MPa, as provided in Table 4. Although nano-SiO5 could increase the mechanical
properties of matrices, UHPFRCs containing the excessive content of nano-SiO, decreased their mechanical properties owing to the
agglomeration of nano-SiO3 [14,34]. Wu et al. [22] indicated that the optimal dosages of nano-SiO2 to improve the compressive and
flexural strengths of UHPFRCs were 0.5-1.5%. In addition, Wu et al. [14] reported that agglomeration problems caused by an excessive
amount of nano-SiO; increase the porosity of the FMZ of UHPFRC, which reduces the bond strength of UHPFRC. Additionally, Kong
et al. [34] reported that the aggregation of nano-SiOs resulted in the formation of weak zones inside the structure of the matrices,
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Fig. 4. Detailed test setup for impact tensile tests using the improved strain energy frame impact machine (I-SEFIM).

which ultimately resulted in matrices with low strength and elastic modulus.

Fig. 7 compares the tensile parameters of four matrices including UM, UC, US, and UCNT at both static and high strain rates. At
static strain rates (0.000167 s~1), the tensile parameters of all matrices containing NPs (UC, US, and UCNT) generally were higher than
those of UM. As depicted in Fig. 7a, the first-cracking strength (o) of UM, UC, US, and UCNT matrices were 7.69 + 0.39, 12.59 + 1.05,
10.83 +1.51, and 8.65 + 0.46 MPa, respectively. The o.. has been defined as the stress at first cracking and is mainly dependent upon
the compressive strength of matrices [10,35]. The o, of matrices containing NPs was higher than that of UM matrix because the UC,
US, and UCNT produced a higher compressive strength in comparison with UM. The compressive strength of UC, US, UCNT, and UM
was 206.2, 201.4, 188.9, and 186.8 MPa, respectively, as provided in Table 2.
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The post-cracking strength (o,.), strain capacity (e.), and peak toughness (T,) are primarily dependent upon the interfacial bond
strength [10]. The values of 6, of UM, UC, US, and UCNT matrices were 13.23 + 0.44, 17.73 4 0.48, 17.19 £ 0.44, and 13.99 + 0.41
MPa, respectively (Fig. 7b). Fig. 7c indicates that the values of ¢.. of UM, UC, US, and UCNT matrices were 0.34 + 0.03, 0.46 + 0.16,
0.44 £ 0.02, and 0.37 + 0.11%, respectively. The values of T,, of UM, UC, US, and UCNT matrices were 55.49 4 4.25, 131.84 + 33.31,
89.13 + 18.06, and 83.58 % 20.60 kJ/m?3, respectively (Fig. 7d). The addition of NPs (nano-CaCO3, nano-SiO2, and nano-CNTs)
significantly increased the interfacial bond strength of matrices leading to the improvement of the tensile parameters of the
matrices containing NPs [36].

The addition of nano-CaCO3; and nano-SiO2 improved the microstructure and C-S-H content which significantly increased the
adhesion and friction of straight fiber embedded in matrices [14,22]. However, that of nano-CNTs improved the packing density of
matrices due to the filling effects but did not increase C-S-H content [20,37-39]. Besides, the addition of nano-CaCOs3, nano-SiO2, and
nano-CNTs to UHPFRCs significantly enhanced the hardness (H) of a fiber matrix zone (FMZ) surrounding fibers and matrix [48]. The
effects of H on the interfacial bond strength of matrices would be further addressed in Section 4.2.1.

Additionally, all the matrices exhibited strain-hardening tensile behavior at a static rate with multiple cracks, as depicted in Fig. 8.
The average numbers of cracks corresponding to the specimens of UM, UC, US, and UCNT were 6.20 + 0.75, 9.60 + 1.02, 8.50 + 1.12,
and 7.60 + 0.80, respectively (Fig. 7e). The specimens of UC, US, and UCNT exhibited multiple discontinuous cracks along their gauge
lengths whereas the specimens of UM generated multiple continuous cracks, as shown in Fig. 8. This phenomenon could be attributed
to the effects of NPs on both compressive strength and interfacial bond strength of matrices [9,26]. The average value of crack widths
of UC, US, and UCNT was smaller than that of UM because all matrices containing NPs produced higher multiple fine cracks in
comparison with UM matrix, as shown in Fig. 8. The crack widths corresponding to UC, US, UCNT, and UM were 48, 52, 49, and 55 pm,
respectively, as provided in Table 4.

3.2. Impact tensile test results

Fig. 9 depicts the tensile stress versus strain curves of the matrices at high strain rates of 61.86-162.00 s~ *. Despite the identical test
series, different strain rates were observed in the slightly different notch section areas of the couplers owing to manufacturing errors
and inhomogeneous material properties that occurred during the specimen casting process [1].

Table 5 lists the tensile response parameters of the UM, UC, US, and UCNT matrices at high strain rates. Herein, the post-cracking
strength of the UHPFRCs containing NPs was higher than that of the UM matrix. The post-cracking strengths of UC, US, and UCNT
matrices increased by 48.53, 36.65, and 7.15%, respectively, compared to that of the UM matrix. Section 4 explains the reason for the
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Fig. 6. Tensile stress versus strain response of the matrices at a specific static strain rate.

improvement in the tensile resistance of UHPFRC at high strain rates.

At high strain rates, the effects of NPs on the tensile resistances of matrices are also examined as demonstrated in Fig. 7. All matrices
containing NPs generated higher first-and post-cracking strengths in comparison with UM matrix without NPs although the
improvement of the tensile resistances of the matrices was different according to different NPs. At the high strain rates, the o, of UM,
UC, US, and UCNT matrices were 13.79 4 1.12, 23.48 £+ 1.36, 19.79 & 0.69, and 15.68 + 0.76 MPa, respectively, while the ¢, of UM,
UC, US, and UCNT matrices were 35.10 & 0.60, 52.13 + 1.22, 47.96 + 2.19, and 37.61 + 0.45 MPa, respectively, as shown in Fig. 7a
and b. The improvement of the o, and o, of matrices containing NPs would be owing to the increased compressive strength and
interfacial bond strength of matrices [10,35]. Among nano-CaCOs, nano-SiOj, and nano-CNT, nano-CaCO3 produced the highest in
both compressive strength and interfacial bond strength of matrices, whereas nano-CNT exhibited the lowest ones. The compressive
strength of UC, US, and UCNT matrices was 206.2, 201,4, and 188.9 MPa, respectively, as provided in Table 2, while the equivalent
bond strength of these matrices was 28.27, 24.36, and 16.79 MPa, respectively, as listed in Table 6.

At the high strain rates, UHPFRCs containing NPs exhibited lower strain capacity than the UM matrix. The values of ¢, of UM, UC,
US, and UCNT matrices were 1.02 + 0.16, 0.92 + 0.11, 0.96 + 0.17, and 1.01 + 0.04%, respectively (Fig. 7c). The lower strain ca-
pacity of matrices containing NPs can be attributed to the varied cracking tendencies of the UHPFRC containing NPs at high strain
rates. For instance, although UC produced numerous micro-cracks, the crack openings or crack widths (49 pm) were substantially
smaller than those observed in UM (93 pm). Consequently, the UC matrix generated a significantly less strain capacity at high strain
rates than the UM matrix.

In addition, the UC, US, and UCNT matrices produced higher peak toughness (T,) than UM matrix. The values of T, of UM, UC, US,
and UCNT matrices were 448.50 + 68.02, 587.78 + 69.56, 553.96 + 54.72, 539.77 + 4.51 kJ/m°>, respectively, as shown in Fig. 7d.
The improvement of the T, of matrices containing NPs was primarily dependent upon the interfacial bond strength [10]. The inter-
facial bond strength between the fibers and matrix in the UHPFRC containing NPs significantly increased owing to the enhancement of
the C-S-H content and filling effects of the NPs [15,22,23]. At high strain rates, the UC matrix exhibited higher tensile resistance than
the US and UCNT matrices because nano-CaCO3 produced higher interfacial bond strength in UHPFRC than nano-SiO» and nano-CNT
(would be discussed in Section 4). Furthermore, nano-CaCOj3 chemically reacts with tricalcium aluminate (C3A), resulting in increased
precipitation of reaction products on the surface of steel fibers [22,23]. However, nano-CNT generates only a high packing density
owing to the filling effects on the microstructure of the UM matrix [37-39].

Additionally, all matrices exhibited strain-hardening behavior accompanied by multiple micro-cracks at high strain rates (Fig. 10).
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Table 4

Tensile parameters of matrices at a specific static strain rate.

Series Strain rate First-cracking strength Post-cracking strength Strain capacity Peak toughness Number of cracks Average crack width
Type st MPa DIF MPa DIF % DIF kJ/m?® DIF ea DIF pm DIF
UM UM_sl Static 0.000167 7.24 - 13.66 - 0.33 - 51.18 - 6.00 - 55 -
UM_s2 - - 8.35 - 12.49 - 0.36 - 56.84 - 7.00 - 52 -
UM_s3 - - 7.44 - 13.25 - 0.30 - 55.60 - 7.00 - 43 -
UM_s4 - - 7.85 - 13.68 - 0.37 - 62.64 - 6.00 - 62 -
UM_s5 - - 7.56 - 13.05 - 0.33 - 51.18 - 5.00 - 66 -
Average - - 7.69 1.00 13.23 1.00 0.34 1.00 55.49 1.00 6.20 1.00 55 1.00
uc UCsl Static 0.000167 13.84 - 18.36 - 0.27 - 89.53 - 11.00 - 25 -
UCs2 - - 13.91 - 18.13 - 0.30 - 100.71 - 10.00 - 30 -
UC_s3 - - 11.82 - 17.03 - 0.70 - 179.42 - 8.00 - 87 -
UCs4 - - 11.74 - 17.75 - 0.56 - 152.91 - 10.00 - 56 -
UC_s5 - - 11.66 - 17.38 - 0.49 - 136.60 - 9.00 - 54 -
Average - - 12.59 1.00 17.73 1.00 0.46 1.00 131.84 1.00 9.60 1.00 48 1.00
us USsl Static 0.000167 8.30 - 16.62 - 0.44 - 60.27 - 9.00 - 49 -
US_s2 - - 12.00 - 17.46 - 0.44 - 87.52 - 8.00 - 55 -
US_s3 - - 12.00 - 17.75 - 0.42 - 102.81 - 7.00 - 60 -
US_s4 - - 11.00 - 16.92 - 0.46 - 105.93 - 10.00 - 46 -
Average - - 10.83 1.00 17.19 1.00 0.44 1.00 89.13 1.00 8.50 1.00 52 1.00
UCNT UCNT sl Static 0.000167 9.29 - 14.72 - 0.46 - 107.69 - 7.00 - 66 -
UCNT_s2 - 8.52 - 13.66 - 0.27 - 65.55 - 8.00 - 34 -
UCNT_s3 - - 8.06 - 13.66 - 0.30 - 71.80 - 9.00 - 33 -
UCNT_s4 - - 9.06 - 14.20 - 0.55 - 109.46 - 7.00 - 78 -
UCNT_s5 - - 8.30 - 13.74 - 0.26 - 63.38 - 7.00 - 38 -
Average - - 8.65 1.00 13.99 1.00 0.37 1.00 83.58 1.00 7.60 1.00 49 1.00
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Fig. 7. Effect of nanoparticle types on the tensile resistances of the ultra-high-performance fiber-reinforced concrete (UHPFRC).

Although UHPFRCs containing NPs produced higher numbers of cracks in comparison to UM matrix, UHPFRCs containing NPs
generated lower crack widths than UM matrix. The average numbers of cracks of UM, UC, US, and UCNT matrices were 11.00 + 0.71,
18.75 +1.48,16.00 £ 0.71, and 14.00 + 0.82, respectively (Fig. 7e), whereas the crack widths of the matrices were 93, 49, 60, and 72
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Fig. 8. Multiple cracking behaviors within the gauge length of matrices at a static rate.
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Fig. 9. Tensile stress versus strain responses of matrices at high strain rates.

3.3. Strain rate sensitivity

The tensile parameters of the matrices were sensitive to the applied strain rates between the static strain rate (0.000167 s~1) and
high strain rates (61.86-162.00 s’l). DIF is defined as the ratio of dynamic to static characteristics; Table 5 indicates that the DIFs of
the first- and post-cracking strengths of the matrices ranged from 1.57 to 2.03 and 2.60 to 3.03, respectively. Furthermore, DIFs of the
strain capacity, peak toughness, and number of cracks of the matrices ranged between 1.78 and 3.61, 4.07 and 9.16, and 1.57 and 2.25,
respectively (Table 5).

Fig. 11 illustrates the curves used for forecasting the DIFs of the tensile strength of normal concrete and UHPFRC proposed by the
Euro-International Committee for Concrete and the International Federation for Pre-stressing (CEB-FIP) model [40], Malvar and Ross

12
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Table 5

Tensile parameters of matrices at high strain rates.

Series Strain rate First-cracking strength Post-cracking strength Strain capacity Peak toughness Number of cracks Average crack width
Type st MPa DIF MPa DIF % DIF kJ/m® DIF ea DIF pm DIF
UM UM.il Impact 61.86 14.39 1.87 34.77 2.63 1.22 3.61 508.06 9.16 11.00 1.77 111 2.03
UM_i2 - 72.39 12.03 1.57 35.21 2.66 1.08 3.20 496.64 8.95 12.00 1.94 90 1.65
UML_i3 - 93.86 13.71 1.78 36.01 2.72 1.01 2.97 453.14 8.17 11.00 1.77 91 1.67
UM_i4 - 124.71 15.02 1.95 34.40 2.60 0.77 2.28 336.16 6.06 10.00 1.61 77 1.41
Average - 88.20 13.79 1.79 35.10 2.65 1.02 3.01 448.50 8.08 11.00 1.77 93 1.69
ucC UC.1 Impact 108.75 25.60 2.03 51.59 2.91 1.11 2.39 707.64 5.37 21.00 2.19 53 1.09
UcC.i2 - 145.50 21.93 1.74 53.79 3.03 0.91 1.95 554.00 4.20 17.00 1.77 53 1.10
UC.i3 - 154.88 22.79 1.81 52.63 2.97 0.86 1.86 553.11 4.20 18.00 1.88 48 0.99
UC_i4 - 162.00 23.61 1.87 50.52 2.85 0.83 1.78 536.38 4.07 19.00 1.98 43 0.90
Average - 142.78 23.48 1.86 52.13 2.94 0.92 1.99 587.78 4.46 18.75 1.95 49 1.02
us Us_l Impact 100.28 18.84 1.74 44.65 2.60 1.24 2.82 629.56 7.06 16.00 1.88 77 1.50
UsS_i2 - 133.08 19.66 1.82 48.39 2.81 0.95 2.15 565.22 6.34 16.00 1.88 59 1.14
UsS.i3 - 153.75 20.76 1.92 50.79 2.95 0.84 1.92 544.92 6.11 15.00 1.76 56 1.09
Us_i4 - 158.40 19.91 1.84 48.02 2.79 0.81 1.85 476.16 5.34 17.00 2.00 48 0.92
Average 136.38 19.79 1.83 47.96 2.79 0.96 2.19 553.96 6.22 16.00 1.88 60 1.16
UCNT UCNT.i1 Impact 97.94 16.07 1.86 37.02 2.65 1.06 2.87 536.28 6.42 13.00 1.71 81 1.68
UCNT_i2 - 121.62 14.62 1.69 37.68 2.69 0.99 2.69 536.90 6.42 14.00 1.84 71 1.46
UCNT_i3 - 138.09 16.36 1.89 38.11 2.72 0.98 2.65 546.14 6.53 15.00 1.97 65 1.34
Average - 119.22 15.68 1.81 37.61 2.69 1.01 2.74 539.77 6.46 14.00 1.84 72 1.49
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Table 6
The parameters related to the properties of FMZs of UM, UC, US, and UCNT [48].
Matrix Tpeak Teq H E C-S-H Porosity
MPa DIF MPa DIF GPa GPa % %
UM 20.31 1.88 14.65 1.18 2.30 42.30 69.30 5.12
uc 30.51 1.91 28.27 1.52 2.60 46.60 71.03 3.51
us 26.67 1.95 24.36 1.93 2.41 43.80 70.15 4.32
UCNT 20.80 2.06 16.79 1.95 2.32 42.80 69.40 4.57

~r ¢

(d) UCNT matrix

- A-

(c) U matrix

(b) UC matrix
Fig. 10. Multiple cracking behaviors within the gauge length of matrices at high strain rates.

[41], Park et al. [26], and the experimental results obtained from this study. The curves produced using both the CEB-FIP and Malvar
models from Egs. (1) and (2) were unsuitable for estimating the DIFs of the post-cracking tensile strength of UHPFRC because they
were based on the findings for conventional concrete under tension [40,42]. However, DIF calculated from the experimental test
findings in this study closely matches the curve generated by the Park model in Eq. (3) [26] because the Park model is based on the test
results for both FRC and UHPFRC containing smooth steel fibers.

Therefore, the prediction equations proposed by Park et al. [26] were considered appropriate for the matrices used in this study.
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where & denotes the applied strain rate; &, indicates the static strain rate; § = 1/(10 + 6f. /f..), 1/(1 + 8f, /f.,), and 0.017-2722

(f./ f'm)q'33 in Egs. (1)-(3), respectively; f, represents the static compression strength; f,, = 10 MPa; log f=7.11§ — 2.33,6 6 — 2, and

—0.007082 — 2.08 £, in Eqs. (1)-(3), respectively; and 5 = 0.1208 . 2**,

The rate-sensitive tensile resistance of the matrices can be attributed to the effects of the incubation time [43-46]. At lower strain
rates, propagating cracks would have sufficient time to identify the route of least resistance; however, at high strain rates, cracks
formed rapidly and did not have sufficient time to determine the weakest path. Therefore, they were pushed to propagate through the
shortest route possible that contained elements with greater resistance, such as aggregates, resulting in an increased strength [43-46].
Furthermore, Rossi [47] reported that the existence of free water in the nanopores of cement hydrates is the primary cause of the
increase in matrix strength at high strain rates. However, our investigation determined that the effects of free water were less sig-

nificant in dry specimens. The source of the rate-sensitivity tensile parameters of UHPFRC is further discussed in Section 4.

4. Discussion

4.1. Effects of NPs on the tensile behavior of UHPFRC

The interfacial bond strength of fibers embedded in UHPFRC is crucial for enhancing their tensile resistance at high strain rates [10,
25,30,35]. Fig. 12 depicts the relationship between the post-cracking tensile strength and the interfacial bond strength of matrices at
high strain rates. As illustrated in Fig. 12a, the post-cracking strength of UHPFRCs containing NPs increased significantly as the
interfacial bond strength increased; however, the enhancement differed based on the type of NPs. Both post-cracking and interfacial

14
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Fig. 12. Correlation between the post-cracking tensile strength and interfacial bond strength at high strain rates (Peak bond strength and equivalent bond strength are
based on the data obtained from a previous study [48]).

bond strengths of the UC, US, and UCNT matrices were higher than those of the UM matrix. The post-cracking strengths of UC, US,
UCNT, and UM matrices at high strain rates were 52.13, 47.96, 37.61, and 35.10 MPa, respectively, whereas the equivalent bond
strengths of the matrices were 28.27, 24.36, 16.79, and 14.65 MPa, respectively (Fig. 12a). UHPFRC containing NPs produced higher
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tensile resistance than the UM matrix owing to the highly optimized particle packing of NPs at the FMZ surrounding the fiber and
matrix, which strongly adheres to the surface of the fibers and increases the interfacial bond strength.

The post-cracking strengths of the matrices were greater than the interfacial bond strengths. This can be attributed to the distri-
bution of fibers, which produced various fiber inclination angles in the gauge lengths of the specimens, increasing the post-cracking
strength. Park et al. [49] reported that the equivalent bond strength of smooth steel fibers embedded in UHPC increases significantly
with the increase in the fiber inclination angle.

The rate-sensitive tensile resistances of the UHPFRC were highly correlated with the rate-sensitive pullout resistance of smooth
steel fibers embedded in UHPC (Fig. 12b). As the rate-sensitive pullout resistance of matrices increased, their rate-sensitive tensile
resistances also enhanced. For instance, the DIFs of equivalent bond strength of pullout impact tests increased from 1.18 to 1.95, while
DIFs of the post-cracking strength of tensile impact tests were increased from 2.65 to 2.94, as shown in Fig. 12b. Section 4.2 explains
the source of the rate-sensitivity tensile resistance of UHPFRC in detail.

Fig. 13 depicts the scanning electron microscope backscattered electron (SEM-BSE) images of the fiber-matrix zone (FMZ), which
were identified in our previous research with an identical matrix composition, while Table 6 compares the parameters related to the
properties of FMZs of matrices [48]. The FMZs of the matrices containing NPs (UC, US, and UCNT) had notably higher hardness (H) and
Young’s modulus (E) values than that of the UM matrix (without NPs), as provided in Table 6. The enhancement of both the H and E
values was owing to their dense structure and/or enhanced hydration products caused by the NPs [15,22].

In addition, the matrices containing NPs generated lower porosity and higher homogeneity than the UM matrix, as shown in
Fig. 13. The porosity area at FMZs of UC, US, UCNT, and UM was 3.51, 4.32, 4.57, and 5.12%, respectively, as provided in Table 6.
Furthermore, the interfacial bond strengths of the matrices containing NPs were higher than those of UM. For instance, the peak bond
strength (7pc.) of UM, UC, US, and UCNT was 20.31, 30.51, 26.67, and 20.80 MPa, respectively, as listed in Table 6.

Matrices with higher compressive strengths are generally more sensitive to loading rates than matrices with lower compressive
strengths [26,50]. Therefore, UC, US, and UCNT matrices with higher compressive strength generate higher rate-sensitive tensile
resistance at high strain rates than the UM matrix. Furthermore, Park et al. [26] reported that UHPC with a higher matrix strength
produces a higher tensile resistance than that with a lower matrix strength.

At the high strain rates, UHPFRC containing NPs exhibited lower rate-sensitive strain capacity than UM matrix, although UHPFRCs
containing NPs produced higher compressive strength in comparison to UM matrix. This can be attributed to the crack widths of the
UHPFRCs containing NPs being lower than that of UM matrix. For instance, although the UC matrix produced numerous multiple
cracks, the crack width (49 pm) of the UC matrix was smaller than that of UM matrix (93 pm). Kim et al. [35] also investigated the
rate-sensitive strain capacity of high-performance fiber-reinforced cementitious composites (HPFRCCs) corresponding to different
matrix strengths (28, 56, and 84 MPa) at values ranging from pseudo-static (0.0001 s 1) to seismic (0.1 s !) strain rates. They reported
that the mortar matrix with 56 MPa compressive strength produced higher rate-sensitive strain capacity than that with 84 MPa
compressive strength because the strain capacity was dependent upon not only matrix cracking strength but also interfacial bond
strength. The relative enhancement of bond strength, in their study as the matrix strength increased, was relatively smaller than that in
our study owing to the addition of NPs. The addition of NPs to UHPFRC slightly increased the compressive strength of matrices but
significantly improved their interfacial bond strengths.

Additionally, the C-S-H property is another critical factor that affects the tensile behavior of UHPFRC. The addition of nano-CaCOj3
and nano-SiO, improved the C-S-H content of UHPFRCs, resulting in an increased rate-sensitive pullout resistance in the UHPFRCs
[22,36]. The percentage of the C-S-H contents in the FMZs of UC, US were 71.03 and 70.15%, respectively, as provided in Table 6.
Compared to the UM, the enhancement in the C-S-H content of UC was due to the nucleation effect of nano-CaCOgs [22], whereas the
improvement in the C-S-H content of US was attributed to the pozzolanic reaction of nano-SiO, [36]. Unlike nano-CaCOs and
nano-SiOs, nano-CNTs only produced filling effects on the microstructure of the FMZ [37-39]. Therefore, UCNT did not exhibit a
change in its C-S-H content. The C-S-H content of UCNT and UM matrices was 69.40 and 69.30%, respectively, as provided in Table 6.

4.2. Source of the rate-sensitive tensile resistance

The primary source of the rate-sensitive tensile behavior of UHPFRC is the interfacial bond and matrix strengths. The first-cracking
strength primarily relies on the matrix strength, whereas the post-cracking strength, strain capacity, and peak toughness are closely
associated with the interfacial bond strength.

4.2.1. Interfacial bond strength

Table 5 lists the DIFs of the post-cracking strengths of all matrices. Although the rate-sensitive tensile resistance of the matrices was
dependent on the type of NPs, all matrices containing NPs produced greater DIFs of post-cracking strengths in comparison with the UM
matrix. The DIFs of the post-cracking strength in the UC, US, UCNT, and UM matrices were 2.94, 2.79, 2.69, and 2.65, respectively
(Table 5). The enhanced post-cracking strength of UHPFRC can be attributed to the characteristics of the interfacial bond strengths
between the fibers and matrix, which are sensitive to the applied strain rate at high values.

The addition of NPs (nano-CaCOs, nano-SiOs, and nano-CNTs) to UHPFRC significantly increased the interfacial bond strength
owing to the enhanced hardness (H) of the FMZ surrounding the fibers and matrix. The H of UHPFRCs containing NPs was higher than
that of UM matrix. The H of UC, US, and UCNT was 2.60, 2.41, and 2.32 GPa, respectively, while that of UM was 2.30 GPa (Table 6).
The addition of NPs to UHPFRCs enhanced the H of the FMZs because the NPs produced a high packing density of microstructures at
FMZs and improve the C-S-H content of matrices. Furthermore, the adhesion and friction of straight fibers are primarily governed by
the quantity of C-S-H and the density of the microstructure at the FMZs, consequently, the addition of NPs to UHPFRCs significantly
increased the interfacial bond strengths of UHPFRCs [14,22]. Furthermore, the addition of nano-CaCO3 and nano-SiO; to UHPFRC
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Fig. 13. Scanning electron microscope backscattered electron (SEM-BSE) images of fiber-matrix interfaces [48].

enhanced its microstructures and increased the content of C-S-H with a higher Ca/Si ratio [15,50]. Dang et al. [50] reported that
matrices wnt and higher Ca/Si ratios produce significantly higher rate sensitivity under loading rates. Unlike nano-CaCOs and
nano-SiOs, nano-CNT increased only the packing density of the UM matrix and not the C-S-H content owing to the filling effect,
increasing the hardness of FMZs surrounding the fibers and matrix, consequently, the UCNT matrix generated a higher tensile rate
sensitivity than the UM matrix [37-39].

Fig. 14 depicts the correlation between the hardness and interfacial bond strength, wherein the interfacial bond strengths of the
matrices increased with the increase in the hardness of matrices. Among nano-CaCOs, nano-SiO,, and nano-CNT, nano-CaCOj3 pro-
duced the highest hardness (H) of the FMZ in the UC matrix, whereas nano-CNT exhibited the lowest hardness. The H values of the
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Fig. 14. Correlation between the hardness and interfacial bond strength.

17



V.P. Dang and D.J. Kim Journal of Building Engineering 63 (2023) 105513

FMZs corresponding to the UC, US, and UCNT matrices were 2.6, 2.41, and 2.32 GPa, respectively (Fig. 14). Therefore, the interfacial
bond strengths, including 7, and z.q of the UC matrix, were higher than those of the US and UCNT matrices. The addition of nano-
CaCOj3 to UHPFRC significantly increased the interfacial bond strength, enhancing the tensile resistance of the UC matrix at high strain
rates in comparison with those of the US and UCNT matrices.

As indicated in Table 5, the strain capacities of all matrices increased considerably at high strain rates. The improved interfacial
bond strength at high strain rates can increase both the post-cracking strength and strain capacity. This is because a higher interfacial
bond strength generates more microcracks (Table 5). The strain capacity increased owing to the generation of a higher number of
cracks, which increased the elongation within the gauge lengths. This trend of enhancement in the strain capacity with the increasing
strain rate is consistent with the findings reported in the literature [10,26,27,30,51,52].

Table 5 and Fig. 7 indicate that the peak toughness of the matrices at higher strain rates was more than four times higher than that
at the static strain rate. The enhanced energy absorption capacity at high strain rates can be attributed to the increased post-cracking
strength and prolonged strain capacity at high strain rates. However, the interfacial bond strength between the fibers and matrices
exhibits a significant influence on both the post-cracking strength and strain capacity [10]. Therefore, the energy-absorption capacity
at high strain rates is primarily dependent on the interfacial bond strength of the matrices.

4.2.2. Matrix strength

The first-cracking strength (o..) can be defined as the elastic modulus prior to cracking or the strain at first cracking [35]. This
implies that the rate sensitivity of .. primarily relies on the matrix strength [10]. UHPFRC containing NPs produced a higher rate
sensitivity of first-cracking strength in comparison with UHPFRC without any NPs. The DIFs of ¢, corresponding to the UC, US, UCNT,
and UM matrices were 1.86, 1.83, 1.81, and 1.79, respectively (Table 5).

The higher rate sensitivity of o.. of UHPFRC containing NPs can be attributed to the higher compressive strength of the matrices
because the addition of NPs to UHPFRC significantly increased the packing density on the microstructure of the matrices owing to the
filling effects of the NPs. Furthermore, the addition of nano-CaCO3 and nano-SiO, to UHPFRC enhanced the C-S-H content and
changed the C-S-H structure with a higher Ca/Si ratio. Consequently, the rate sensitivity of the first-cracking strength of UHPFRC
containing NPs was higher than that of UHPFRC without NPs.

5. Conclusions

This study investigated the effects of NPs on the tensile behavior of UHPFRC. Three types of NPs, namely nano-CaCOj3 (3 wt%),
nano-SiO; (1 wt%), and nano-CNT (1 wt%) were used, and the tensile resistance of the UHPFRC was investigated at both static strain
rate (0.000167 s~ 1) and high strain rates (61.86-162.00 s’l). The experimental findings and their implications can be summarized as
follows.

e As the strain rates increased, all the UHPFRCs containing NPs exhibited rate-sensitive tensile resistance of the UHPFRCs. For

instance, the DIF of post-cracking strengths of the UC, US, and UCNT matrices was 2.94, 2.79, and 2.69, respectively.

The tensile rate-sensitivity of matrices was dependent on the types of NPs; UHPFRC containing nano-CaCO3 (3%) produced higher

DIFs of 6., 6pc, &cc, and T, than the UHPFRC containing nano-SiO3 (1%) or nano-CNT (1%) because nano-CaCO3 produced higher

rate-sensitive pullout resistance of smooth steel fibers in UHPFRC than other NPs.

e Among nano-CaCOs, nano-SiO,, and nano-CNT added to UHPFRC, nano-CaCO3 generated the highest tensile strength of UHPFRC
at high strain rates, whereas nano-CNT resulted in the lowest tensile strength. The enhancement of the post-cracking strength of
UHPFRC containing nano-CaCOg at high strain rates was 48.53%, respectively, while that of UHPFRC containing nano-CNTs was
7.15%, respectively.

e The UC matrix with the UHPFRC containing nano-CaCOs3 (3 wt%) generated the lowest &,. (0.92%) at impact strain rates

(108.75-162.00 s’l), owing to their crack widths being smaller than those of other matrices.

Finally, the primary source of the rate sensitivity of the post-cracking strength, number of microcracks, strain capacity, and peak

toughness was identified to be the interfacial bond strength between the fiber and matrix. Additionally, the rate sensitivity of the

first-cracking strength was primarily dependent on the matrix strength.

The study findings validate that the addition of NPs to UHPFRC containing long smooth steel fibers improves the rate-sensitive
tensile resistance of the matrices. However, the influence of critical factors on the properties of UHPFRC, particularly the content
of NPs, fiber type, fiber volume content, fiber distribution, fiber inclinations, and group effect of fibers, is not entirely clear. Further
investigations are necessary to address these knowledge gaps.
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