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Abstract:

This paper investigated the bond characteristics between eight types of nanofillers
modified reactive powder concrete (RPC) and plain steel bars, aiming to explore the
modifying mechanisms and establish a bond-slip relationship model for nanofillers
modified RPC and steel bar interface. The experimental results indicated that the
incorporation of nanofillers can increase the bond strength and reduce the slip between
RPC and plain steel bars. It was shown that a 2.15 MPa/20.5% of absolute/relative
increase in cracking bond strength, a 1.25 MPa/10.3% of absolute/relative increase in
ultimate bond strength, a 2.35 MPa/22.4% of absolute/relative increase in residual bond
strength, a 0.592 mm/56.5% of absolute/relative reduction in ultimate bond slip, and a
1.779 mm/52.1% of absolute/relative reduction in residual bond slip were the best
achieved due to the addition of various nanofillers. The enhancement of nanofillers on
RPC-steel bar interface has been mainly attributed to RPC microstructure improvement,
optimization of intrinsic compositions, and elimination of defects in the interface,
especially the underside near steel bar, due to the nano-core effect of nanofillers
enriched in the interface. In addition, the bond-slip relationship of nanofillers modified
RPC-steel bar interface can be accurately described by the proposed model considering
an initial branch.

Keywords: Nano-engineered concrete-steel bar interface; Nanofillers; Bond

characteristics; Modifying mechanisms; Bond-slip model
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1 Introduction

As one of the most widely used construction materials in civil engineering, reinforced
concrete possesses superior mechanical performance and durability due to the
combination of high compressive strength and good erosion resistance of concrete and
excellent tensile performance of reinforcing bars [1-3]. However, a key parameter in
achieving the composite action is the bond characteristics between concrete and
reinforcing bars. A reliable bond ensures stress transfer and corrosion inhibition in
reinforced concrete, leading to good serviceability of reinforced concrete structures [4,
5]. Bond strength is generally developed by chemical-physical adhesion, mechanical
micro-interlocking, and friction between concrete and reinforcing bars, which is mainly
influenced by the reinforcing bar characteristics (such as physical dimension [6],
chemical composition [7], and surface roughness [8]), concrete performance (such as
mechanical properties [9] and shrinkage [10]), anchorage length [11], and loading state
[12]. Considering the fact that concrete-reinforcing bar debonding is essentially
concrete failure in the interfacial zone, enhancing concrete performance can
fundamentally modify the bond characteristics between concrete and reinforcing bar,
and consequently, improve the performance of reinforced concrete.

Reactive powder concrete (RPC), as an innovative type of concrete with ultra-high
performance, possesses superior strength, good durability, and excellent volume
stability [13-15]. Owing to these excellent merits, bond between RPC and reinforcing
bars is significantly higher compared with that between ordinary concrete and
reinforcing bars [16-18]. Previous studies have demonstrated that the bond strength of
RPC-reinforcing bar interface is approximately 6-28% higher than that of ordinary
concrete-reinforcing bar interface [19-21] and the bond stiffness between concrete and

reinforcing bars can also increase [22, 23]. Although RPC has great potential
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application in reinforced concrete elements or structures, many researches have been
dedicated to further optimize this promising concrete material. Nanotechnology, as a
leading industry in the 21st century, provides new opportunities to further improve the
performance of RPC as nanofillers can tailor the structures of concrete materials at
nanoscale, affecting the structures and performance of concrete [24-26]. For example,
compared with RPC without nanofillers, adding nano-TiO2, carbon nanotubes (CNTS),
and multi-layer graphene can absolutely/relatively increase the compressive strength
by 12.2 MPa/12.3%, 18.5 MPa/18.1%, and 22.1 MPa/21.9%, as well as the flexural
strength by 6.69 MPa/87%, 3.84 MPa/27.2%, and 2.0 MPa/20.7%, respectively [27—
29]. Additionally, nanofillers have the unique enrichment effect on the interfacial zone
in RPC, which can significantly improve the interfacial bonding behavior [30].
Therefore, it is conceived that the nanofillers and RPC may exert astonishing
synergistic effects on bond between concrete and reinforcing bars, aiming at improving
the bearing capacity, stiffness, and service life of reinforced concrete elements and
structures. However, there are little studies on the bond characteristics between
nanofillers modified RPC and reinforcing bars. Meanwhile, the deep understanding of
modifying mechanisms and the appropriate model for describing the nanofiller
modified RPC-reinforcing bar bond characteristics are urgently required in order to
control and design the interface between nanofillers modified RPC and reinforcing bars.

Herein, this paper aims to investigate the bond characteristics between nanofillers
modified RPC and reinforcing bars. For this purpose, a pull-out test was performed to
characterize the bond between eight types of nanofillers modified RPC and reinforcing
bars. After the pull-out test, scanning electron microscope (SEM) and energy dispersive
x-ray spectrometry (EDX) were carried out to examine the interfacial microstructures,

chemical composition, and nanofiller distribution. Finally, a bond-slip model was
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proposed for nanofiller modified RPC and reinforcing bars based on the experimental

results.

2 Experimental schemes

2.1 Raw materials and mix proportions

The binders used in RPC included ordinary Portland cement with a strength grade of
42.5 R, class II fly ash, and silica fume with a particle size between 0.05-0.15 pm. The
fine aggregates were quartz sand with a particle size ranging from 0.12 mm to 0.83 mm.
The polycarboxylate superplasticizer with a 30% reducing water capability was used as
a water reducer. In this study, the selected nanofillers included 0-D (nano-SiOz, nano-
TiO2, nano-Zr0), 1-D (CNTSs, hydroxyl functionalized CNTs (H-CNTs), nickel-coated
CNTs (Ni@CNTs)), and 2-D (multi-layer graphene, and nano-BN) nanofillers, and
their properties are listed in Table 1. According to references [31, 32], steel bars are
currently the most used reinforcement in concrete structures, and bond between
concrete and plain steel bars is of fundamental significance for the assessment of the
overall structural behavior of reinforced elements or structures. Therefore, the hot-
rolled plain steel bar with a diameter of 6.5 mm, a yield strength of 300 MPa, and an
ultimate strength of 420 MPa was selected as the reinforcing bar in this study. In

addition, all steel bars were polished with sandpaper to ensure similar surface roughness.

Table 1. Properties of nanofillers

Purity Diameter Length Thickness Specific surface

Types 0 area
) (m) () (am) )
Nano-SiO, >99 20 - - >600
Nano-TiO; >96 20 - - -
Nano-ZrO; >99 20 — - >25
CNTs - 20-30 0.5-2 - >120
Hydroxyl functionalized - -

CNTs <8 0.5-2 >380
Nickel-coated CNTs - 20-30 10-30 - 70
Multi-layer graphene - <2000 - 1-5 500

Nano BN 99.9 120 - 5-100 19
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To achieve good mechanical performance of RPC, the raw materials and mix

proportions of RPC without and with nanofillers were determined according to the

former studies [30], as illustrated in Table 2. It is worth noting that the dosage of water

reducer was adjusted to achieve similar workability of RPC with different types and

contents of nanofillers.

Table 2. Mix proportions of RPC without and with nanofillers

Mix proportions (kg/m?)

Sp zgg:en Nanofillers Cement Nanofillers Fly  Silica Fine Water Water
ash fume aggregate reducer
Control - 750 - 187.5 2347 10312  281.2 11.3
S-1 742.5 7.5 15.0
S-2 Nano-SiO,  735.0 15.0 187.5 2347 10312  281.2 18.8
S-3 727.5 22.5 22.5
T-1 742.5 7.5
T-2 Nano-TiO>  735.0 15.0 187.5 2347 10312  281.2 11.3
T-3 727.5 22.5
Z-1 742.5 7.5
Z-2 Nano-ZrO,  735.0 15.0 187.5 2347 10312  281.2 11.3
Z-3 727.5 22.5
C-0.1 749.2 0.8
C-0.3 CNTs 747.7 2.3 187.5 2347 10312  281.2 11.3
C-0.5 746.2 3.8
H-0.1 749.2 0.8
H-0.3 H-CNTs 747.7 2.3 187.5 2347 10312  281.2 11.3
H-0.5 746.2 3.8
N-0.1 749.2 0.8
N-0.3 Ni@CNTs  747.7 2.3 187.5 2347 10312  281.2 11.3
N-0.5 746.2 3.8
M-0.1 Multi-laver 749.2 0.8
M-0.3 h Y 747.7 2.3 187.5 2347 10312  281.2 11.3
M-0.5  BFPICNC 9465 3.8
B-0.1 749.2 0.8
B-0.3 Nano-BN  747.7 2.3 187.5 2347 10312  281.2 11.3
B-0.5 746.2 3.8

2.2 Specimen preparation

In this study, specimens for the pull-out test were fabricated, and the geometrical

dimensions of the specimens is shown in Figure 1 (a). The detailed process of specimen

preparation is illustrated in Figure 2. It is noteworthy that this study used

polycarboxylate superplasticizer as dispersing agent. Additionally, stirring and

ultrasonic were applied for dispersing non-carbon nanofillers (namely Nano-SiOa,



115 Nano-TiOz, Nano-ZrO;, and nano BN) and carbon nanofillers (namely CNTs, Hydroxyl
116  functionalized CNTs, Nickel-coated CNTs, and multi-layer graphene), respectively.
117 The aforementioned methods can ensure the uniform distribution of nanofillers in RPC
118  according to previous investigations [26].
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Figure 1. Schematic diagrams of (a) Specimen dimensions; (b) The pull-out test
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Figure 2. The process of specimen preparation

120
121 2.3 Measurements

122 The pull-out test was performed to characterize the nanofiller modified RPC-steel

123 bar bond characteristics, as shown in Figure 1 (b). According to reference [33], the steel
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bars were pulled out of the RPC cube at a constant loading rate of 0.5 mm/min. The

average bond stress 7, between RPC and steel bar can be calculated from Equation

(1)

where P is the pull-out load, d is the diameter of steel bar, and [, is the bonded

length. In addition, the slips at the loading end and free end of the steel bar were
measured by two LVDTs (linear variable differential transformers). The average slip s

of the steel bar can be calculated from Equation (2).

s=(s; + sf)/Z ()
where s; and sy are the slips at the loading end and free end of the steel bar,

respectively. The bond stress-slip curve was determined based on the experimental
results of 7, and s, and the bond strength of each group equaled to the average of the
bond strengths of three specimens.

Considering that the steel bars are placed horizontally during casting, the
microstructures of the interface between RPC and the upside and underside (during
casting) of steel bars could be different due to the internal water bleeding [34].
Therefore, SEM was performed on the failure surfaces of RPC bonding, both the upside
and underside (during casting) surfaces of steel bars, respectively. Afterward, the
chemical compositions of the hydration products in the interface of specimens
without/with nanofillers were identified by EDX. Additionally, EDX mapping analysis
was performed to characterize the distribution of nanofillers. According to reference
[35, 36], the number and brightness of the points of EDX mapping image can represent
the content of target element, which can be used for reflecting the local content of
nanofillers in the analysis area. Therefore, the EDX mapping images are firstly

converted into gray-scale images, and the average gray value is calculated [37]. In this
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way, the average gray value of the EDX mapping image can indicate the local content
of nanofillers in the analysis area. Noteworthily, EDX mapping analysis can only
characterize the distribution of nanofillers that have different elements from the
components of RPC and the elements introduced in sample pretreatment. Therefore,
EDX mapping analysis was only performed on the specimens with nano-TiO2, nano-

Zr0O», and nano-BN.

3 Results and Discussions

3.1 Bond characteristics

In this experiment, all specimens showed pull-out failure, namely, the steel bars were
pulled out of RPC cubes rather than RPC splitting or steel bar fracture. Figure 3 shows
the typical bond stress-slip curve and the schematic diagram of composition of bond
stress in different branches. On the basis of failure state, the cracking bond strength
Tpo » ultimate bond strength 7,, , and residual bond strength 7,, and the
corresponding slips were selected as characteristic parameters of bond stress-slip curves,
as listed in Table 3. According to these strengths and slips, the bond stress-slip curve
can be divided into four branches: initial, ascending, descending, and residual branches.

1) Initial branch (OA)

In the initial branch, the bond stress between RPC and steel bars does not exceed the
chemical-physical adhesion (mainly van der Waals force), that is to say, the RPC-steel
bar interface is well bonded without cracks. Therefore, the slip between RPC and steel
bar is almost zero until the bond stress reaches the cracking bond strength. As shown in
Table 3, adding nanofillers can increase the absolute/relative cracking bond strength of
RPC-steel bar interface by 2.15 MPa/20.5%, 1.60 MPa/15.3%, 1.35 MPa/12.9% when
1 wt.% of nano-TiO2, 0.1 wt.% of H-CNTs, and 0.5 wt.% of nano-BN were incorporated,

respectively.
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It is noteworthy that the initial branch is not observed when the strength of concrete
is low [38—41]. Additionally, according to references [42, 43], the bond stress in
practical civil engineering structures is approximately 1.9—4.1 MPa, which is below the
cracking bond strength in this study. Therefore, the appearance of initial branch and
enhancement of cracking bond strength can ensure the reinforced concrete structures
working without cracks between RPC and steel bars. The crack-free bond, on the one
hand, is conducive to the stress transfer between RPC and steel bars, leading to a great
composite effect on the mechanical performance of reinforced concrete. On the other
hand, it is beneficial to hinder the invasion of harmful substances in the concrete and
prevent the corrosion of steel bars, prolonging the service life of reinforced concrete
elements and structures.

2) Ascending branch (AB)

When the bond stress exceeds the cracking bond strength between RPC and steel bar,
the RPC-steel bar interface near the loading end begins to crack. After the local cracks
occurring, the bond stress between RPC and debonded steel bars derives from the
micro-interlocking between RPC and steel bar with tiny irregularities on the surface
[44]. As the cracks gradually develop, the bond-slip curve shows a non-linear
relationship until the average bond stress reaches the ultimate bond strength. The
addition of 2 wt.% of nano-SiO2, 0.5 wt.% of H-CNTs, 0.5 wt.% of nano-BN can
increase the absolute/relative ultimate bond strength by 1.25 MPa/10.3%, 0.98
MPa/8.1%, 1.24 MPa/10.2%, respectively. The improvement of ultimate bond strength
indicates the incorporation of nanofillers increases the reliability of the bond between
RPC and steel bars. In addition, the slip at the ultimate bond strength s, generally
decreases after the addition of nanofillers. The slips are absolutely/relatively decreased

by 0.592 mm/56.5%, 0.522 mm/49.8%, and 0.492 mm/46.9% when 2 wt.% of nano-
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TiO2, 0.1 wt.% of CNTs, and 0.1 wt.% of nano-BN were incorporated, respectively. The
reduction of the ultimate slips is beneficial to increase the stiffness of reinforced
concrete structures [45].

3) Descending branch (BC)

With the increase of the slip, the debonding section of the RPC-steel bar interface
develops and extends from the loading end to the free end along the steel bars. The
micro-interlocking effect is gradually lost due to the local RPC crushing. The bond
stress between the RPC and steel bars is borne by the friction between them [44]. With
the continuous deterioration of RPC in the interfacial zone, the friction coefficient of
the interface between RPC and steel bar decreases. Therefore, in the descending branch,
the bond stress decreases gradually, and the slip amount increases greatly. The residual
bond strengths of composites with 2 wt.% of nano-Si0., 0.3 wt.% of H-CNTs, and 0.5
wt.% of nano-BN are absolutely/relatively increased by 1.86 MPa/17.7%, 2.35
MPa/22.4%, and 1.78 MPa/17.0%, respectively, compared with that of specimens
without nanofillers. As for the residual slip, adding 3 wt.% of nano-TiO2, 0.3 wt.% of
H-CNTs, and 0.5 wt.% of multi-layer graphene can absolutely/relatively decrease the
residual slip by 1.525 mm/44.7%, 1.779 mm/52.1%, and 1.575 mm/46.1%, respectively.
These phenomena suggest the microstructure of the interface in RPC with nanofillers
reaches a new stable state in a shorter slip. Meanwhile, the new stable state of interface
in RPC with nanofillers is relatively complete, resulting in a higher residual bond
strength. The increase of residual bond strength can provide a certain bond strength
after the failure, which can improve the ductility of reinforced concrete structure, avoid
brittle failure, and gain time for structural monitoring, safety warning, and later
repairing.

4) Residual branch (CD)



222 In the residual branch, the state of interface in RPC is stable, and the bond stress is
223 borne by the sliding friction between RPC and steel bar [44]. The bond stress maintains

224 at a stable level with the pull-out distance increasing.
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Figure 3. Typical bond stress-slip curve and the schematic diagram of the composition of bond
stress at different branches (red arrows refer to the chemical-physical adhesion, grey arrows refer
to the micro-interlocking, and blue arrows refer to the friction)

226 Table 3. Characteristic parameters of bond stress-slip curves of specimens without/with nanofillers

Code Tpo (MPa) T, (MPa) S, (mm) 7y, (MPa) S, (mm)
Control 10.48 12.10 1.048 10.50 3.415
S-1 11.55 12.20 0.791 11.06 2.762
S-2 12.13 13.35 0.611 12.36 2.334
S-3 11.94 12.85 0.644 11.50 2.558
T-1 12.63 12.99 0.832 11.10 2.950
T2 12.40 12.74 0.456 11.66 2.038
T-3 12.49 13.14 0.467 12.18 1.890
Z-1 12.06 13.16 0.994 10.88 3.695
Z-2 12.12 12.74 1.055 11.16 2.761
Z-3 11.27 12.72 0.728 10.84 2.329
C-0.1 11.88 12.95 0.526 11.10 2.602
C-0.3 10.79 12.96 0.697 11.75 2.276
C-0.5 11.04 12.84 1.126 10.96 2.79
H-0.1 12.08 12.91 0.619 11.59 1.966
H-0.3 11.34 13.01 0.600 12.85 1.636
H-0.5 11.93 13.08 0.705 11.76 1.873
N-0.1 11.21 13.07 0.979 11.34 2.697
N-0.3 10.34 12.96 0.752 11.83 3.053
N-0.5 11.51 12.96 0.774 12.21 2.490
M-0.1 11.41 12.35 0.637 11.51 2.116
M-0.3 11.68 12.62 0.561 11.98 2.066
M-0.5 9.51 12.34 0.610 11.98 1.840
B-0.1 10.91 13.04 0.556 12.05 2.098

B-0.3 11.24 13.19 0.741 10.99 2.322
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B-0.5 11.83 13.34 0.973 12.28 2.699

3.2 Modifying mechanisms

The modifying mechanisms of nanofillers on the RPC-steel bar interface were
revealed by SEM observation and EDX analysis. As mentioned in section 2.3, the
average gray value of the EDX mapping image can indicate the local content of
nanofillers. As shown in Figure 4, the average gray values of EDX mapping images of
RPC with 3 wt.% of nano-TiO2, 1 wt.% of nano-ZrO;, and 0.5 wt.% of nano-BN are
7.22, 17.51, and 8.35, respectively. Meanwhile, regarding the interface between RPC
and the upside/underside of steel bar (during casting), the average gray values of EDX
mapping images of specimens with 3 wt.% of nano-TiO2, 1 wt.% of nano-ZrO, and 0.5
wt.% of nano-BN are 16.80/10.81, 33.48/29.21, and 12.35/8.85, respectively. Therefore,
it can be concluded that the local content of nanofillers in the RPC-steel bar interface
is higher than that in nanofillers modified RPC. Additionally, the local content of
nanofillers in the RPC-steel bar interface near the upside of steel bar (during casting) is
higher than that near the underside of steel bar.

Based on the results of EDX mapping analysis, it can be seen that nanofillers enrich
in the RPC-steel bar interface. The distribution characteristic of nanofillers may be
attributed to the wall effect [46] and the gravity effect [47]. The wall effect suggests
that the zone closest to the steel bar contains smaller particles, while larger particles
tend to appear in the area further from the surface of steel bar during casting [46]. Due
to the small size of nanofillers, the wall effect leads to form a nanofiller enrichment
layer in the RPC-steel bar interface, as shown in Figure 5. In addition, the local content
of nanofillers in the RPC-steel bar interface near the upside of steel bar (during casting)
is higher than that near the underside of steel bar, which can be attributed to the gravity

effect [47]. The nanofillers tend to sink in the fresh RPC due to the higher density



252 (Figure 5), resulting in the higher local content of nanofillers in the interface between
253 RPC and the upside of steel bar.

254

Figure 4. EDX mapping images for characterizing the distribution of (a) Titanium in RPC, (b)
Titanium in the interface near the upside of steel bar, and (c) Titanium in the interface near the
underside of steel bar of the specimen with 3 wt.% of nano-TiO; (d) Zirconium in PRC, (e)
Zirconium in the interface near the upside of steel bar, and (f) Zirconium in the interface near the
underside of steel bar of the specimen with 1 wt.% of nano-ZrO»; (g) Nitrogen in RPC, (h)
Nitrogen in the interface near the upside of steel bar, and (i) Nitrogen in the interface near the
underside of steel bar of the specimen with 0.5 wt.% of nano-BN
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Figure 5. The formation of nanofiller enrichment in RPC-steel bar interface near the upside and
underside of steel bar during casting

The microstructures of interface between RPC without/with nanofillers and steel bar
are illustrated in Figures 6—9. The original morphology of hydration products in the
interface between RPC without nanofillers and upside of steel bar is loose and porous
(Figure 6 (a)), while that in the interface between RPC and underside of steel bar are
more compact (Figure 6 (c)). Additionally, the molar ratios of CaO to SiO2 (Ca/Si ratio)
of C-S-H gels on the interface near the upside and underside of steel bar are 0.86 and
1.02 respectively. These phenomena may attribute to the water bleeding under the steel
bar. The water bleeding leads to the increase of local water-to-binder ratio, resulting in
loose microstructures and a high Ca/Si ratio of interface near the underside of steel bar.
After the pull-out test, many cracks appear on the failure surface near the upside and
underside of steel bar (during casting). In addition, the interfacial RPC shows stripping
failure state, like scales, as depicted in Figure 6 (b) and (d).

The presence of nanofillers can notably modify the microstructure of RPC-steel bar
interface, as depicted in Figures 7-9. Adding nanofillers can make the original
morphology of hydration products more uniform and compact, especially the hydration
products on the interface near the underside of steel bar. In addition, the presence of
nanofillers leads to the decrease of Ca/Si ratio. The Ca/Si ratio of C-S-H gels on the

interface between RPC and upside/underside of steel bar is absolutely/relatively
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reduced to 0.83/1.02, 0.65/0.89, and 0.75/0.92 when 3 wt.% of nano-TiO2, 0.5 wt.% of
H-CNTs, and 0.5 wt.% of nano-BN are added. The improvement of hydration products
and the optimization of Ca/Si ratio of C-S-H gels lead to a reliable bond between
nanofillers modified RPC and steel bar, resulting in the improvement of cracking bond
strength in the pull-out test. After the pull-out test, fewer cracks appear on the surfaces
of failure surface of specimens with nanofillers compared to that without nanofillers,
additionally, the cracks show in-plane cracking. It can be concluded that the presence
of nanofillers increases the integrity of RPC-steel bar interface after the pull-out test,
which helps enhance the micro-interlocking and friction between RPC and steel bar,

thereby improving the ultimate bond strength and resident bond strength.

- o am B o v . - | ‘5‘!"‘
Figure 6. The microstructures of (a) and (b) Interface between plain RPC and upside of steel bar
(1000 <) and (20000 X); (c) and (d) Interface between plain RPC and underside of steel bar (1000
X and (20000 X)
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Figure 7. The microstructures of (a) and (b) Interface between RPC with 3 wt.% of nano-TiO;

and upside of steel bar (1000x) and (20000x); (c) and (d) Interface between RPC with 3 wt.% of
nano-TiO- and underside of steel bar (1000x) and (20000x)

Figure 8. The microstructures of (a) and (b) Interface between RPC with 0.5 wt.% of H-CNTs
and upside of steel bar (1000x) and (20000x); (c) and (d) Interface between RPC with 0.5 wt.%
of H-CNTs and underside of steel bar (1000x) and (20000x)
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Figure 9. The microstructures of (a) and (b) Interface between RPC with 0.5 wt.% of nano-BN
and upside of steel bar (1000x) and (20000x%); (c) and (d) Interface between RPC with 0.5 wt.%
of nano-BN and underside of steel bar (1000x) and (20000x)

Table 4. The molar contents of CaO and SiO, in the RPC-steel bar interface
Interface between RPC and upside of Interface between RPC and underside

Speci steel bar of steel bar

p s(c)glelen CaO Si0, Ca/Si Average  CaO Si0, Ca/Si Average
content content . Ca/Si conten  content . Ca/Si
(%) @) O e ) (%) MU o
13.30 15.37 0.87 14.38 13.33 1.08

Control 10.53 14.11 0.75 0.86 14.80 14.53 1.02 1.02
17.38 18.31 0.95 18.83 19.32 0.97
14.00 16.93 0.83 22.28 20.44 1.09

T-3 13.40 16.41 0.82 0.83 22.10 23.28 0.95 1.02
14.27 17.00 0.84 24.16 23.45 1.03
7.49 13.11 0.57 11.44 13.49 0.85

H-0.1 9.67 14.48 0.67 0.65 10.47 12.72 0.82 0.89
8.63 12.11 0.71 13.18 13.20 1.00
12.88 16.79 0.77 14.46 14.37 1.01

B-0.5 12.94 19.69 0.66 0.75 13.83 14.69 0.94 0.92
13.74 16.73 0.82 11.97 14.62 0.82

The modification of nanofillers on the microstructures of RPC-steel bar interface
derives from the nano-core effect, as shown in Figure 10. At the beginning of hydration
process, the nanofillers enrich in the RPC-steel bar interface due to the wall effect, as
depicted in Figure 5. Owing to the high surface energy, the enriched nanofillers are

adhered by C-S-H gels and restrict the generation of CH crystals due to their high
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surface energy [48, 49]. The compact microstructures are conducive to improve the
RPC-steel bar physical bond which is the source of cracking bond strength. Therefore,
the cracking bond strength of RPC-steel bar interface is improved as the nanofillers are
incorporated. Apart from the bond of contact surface, the strength of the interfacial zone
also affects the bond between nanofillers modified RPC and steel bars. For 0-D
nanofillers, the nanofillers act as hard cores wrapped by C-S-H gels, which can deflect
the cracks due to the pinning effect [27]. For 1-D and 2-D nanofillers, the presence of
nanofillers can bridge the adjacent hydration products and notably restrain the
formation of cracks [50, 51]. These effects contribute to the improvement of the
integrity of the RPC-steel bar interfacial zone after cracking, thereby modifying the

ultimate bond strength and residual bond strength of RPC-steel bar interface.

(1) Steel bar: (2 Coment; &) Fly ash; (0 Silica fame; G0 CH erystal; 40 C.SH gel; 0
Cracking path; 90 0.1 masofillers; 0 1.D nanofilers; 8 2.1 nanofillers

Figure 10. The modifying mechanisms of nanofillers on the RPC-steel bar interface: (a)
Specimen without nanofillers; (b) Specimen with 0-D nanofillers; (c) Specimen with 1-D
nanofillers; (d) Specimen with 2-D nanofillers
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3.3 Bond stress-slip relationship

The bond stress-slip relationship is usually used for describing the bond
characteristics between concrete and reinforcing bar. However, the pull-out test can
only measure the pull-out load and slip at the loading end and free end. It means the
relationship based on the experimental results is only an average constitutive model
rather than a real constitutive relationship between concrete and reinforcing bar. When
the embedment length of reinforcing bar is short, these two models are approximately
equal due to the uniform distribution of bond stress along the reinforcing bar. According
to former studies [52, 53], the distribution of bond stress along the steel bar can be
regarded as uniform when the embedment length of steel bar equals 5 times the
diameter of steel bar. Therefore, the embedment length of steel bar in this study satisfies
the hypothesis of short embedment length, that is to say, the average bond stress-slip
curve in this study can be used to reflect the bond stress-slip relationship between RPC
without/with nanofillers and steel bar.

Several models have been proposed to describe the bond stress-slip relationship
between concrete and reinforcing bars [38—41, 54]. According to reference [54], the
bond stress-slip relationship is modeled as an ascending branch and a constant branch

(Figure 11 (a)), given by the following equations:

S a
- ‘L'b'<;) S < Sy 3)
ﬁ-\/z s> Sy

where the recommend values of o and s, are 0.5 and 0.10 mm, respectively, the
value of [ is suggested as 0.3 and 0.15 for modeling good and bad bond conditions,
respectively, and f. is the cylindrical compressive strength of concrete. However, due

to the micro-interlocking and friction between concrete and reinforcing bar, a softening
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branch generally exists after the bond stress reaches the ultimate bond strength. A model
(called BPE model) considering the softening behavior is, therefore, proposed by
Eligehausen et al. [38]. The BPE model divides the bond stress-slip relationship into

ascending, plateau, descending, and residual branches, expressed by the following

equations:
Tp
( s\*
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where the @ and p are the fitted parameters based on the experiment results, s;, s,
s3,and s, are the slips at boundaries of different branches, as shown in Figure 11 (b).
In addition, the BPE model was further modified by removing the plateau branch, as
shown in Figure 11 (c), because the softening behavior may immediately take place
when the bond stress exceeds the ultimate bond strength in many experiments [39].
Similarly, different equations, such as the logarithmic equation [40] and polynomial
equation [41], were employed to describe the bond stress-slip relationship containing
the aforementioned three or four branches.

However, the concrete strength used in former studies is relatively low, therefore, the
initial branch was not observed and considered in the model. Referring to the previous
models [38—41, 54], a model considering initial, ascending, descending, and residual
branches is proposed, as depicted in Figure 10 (d). First, an initial branch is present
until the slip occurs between RPC and steel bars. Then, the bond-slip curve presents an
ascending branch up to a peak strength value. Next, a descending branch is present until
the bond stress decreases to the residual bond strength. Finally, a horizontal branch,
named residual branch, is present corresponding to a constant value equal to the value

of residual bond strength. The proposed bond-slip model can be expressed as:
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where n and p are the fitted parameters based on the experiment results, and other
meanings of parameters refer to section 3.1. Based on least squares fitting criterion,
Figure 12 compares the experimental and analytical stress bond-slip curves of the RPC
without/with nanofillers-steel bar interface and the corresponding analytical fitting
parameters. The goodness of fit (R?) ranges from 0.9061 to 0.9994, indicating that the
proposed model can well describe the stress bond-slip relationship of RPC without/with

nanofillers and steel bar interface.
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Figure 11. Bond stress-slip model: (a) CEB bond model [54]; (b) BPE model [38]; (c) Modified
BPE model [39]; (d) Model proposed in this study



Bond stress/MPa

Bond stress/MPa

Bond stress/MPa

12

S-1-A
S-2-A
S-3-A

—S1E -
——S2E - -
——S3E

Control-E = - Control-A

10F
T I T T
Coerol TN OVTI0 WLEASY  04SSS
51 LB I L T T AT T
8r 82 IV AWM oS desn
53 12 %NS L0Ms  ONe(s
6 1 1 1 1 1 1
0 1 2 3 4 5 6
Slip/mm
(a) Specimens without/with nano-SiO»
141_ Control-E = = Control-A
—2Z1E - - Z1-A
— Z-2-E - Z-2-A

Z-3-E Z-3-A
12 -
10F
Custril G L U (TR TR T LT
24 40N USTRE els  avrs
8r ] ATI 0%F 0S1E aeed
23 OK% 0S8 00263 (is)2

6 1 1 1 1 1 1

0 1 2 3 4 5 6
Slip/mm
(c) Specimens without/with nano-ZrO»

1 —— Control-E = = Control-A
—H-0.1-E - - H-0.1-A

1l ——H-0.3-E - = H-0.3-A
——H-05-E = = H-05-A

10F

| Spucimenyoie |y | utn ] o | #ufy ]

Covtiul TR0 N0 DRSS B9sie

Hay i UINES 0D sysia

8r (L8] SMT OWIE 00 08T

Bos 1855 04852 MTS aaein

6 " " " " " "
0 1 2 3 4 5 6

Slip/mm

(e) Specimens without/with H-CNTs

Bond stress/MPa

Bond stress/MPa

Bond stress/MPa

[any
N

Control-E = = Control-A
—T-1-E - = T1-A
—T-2-E - = T-2-A
—T-3-E - T-3-A

10F
| Specioms code |0 | Main ] o | Xatn |
Consad T0M 0TI 0ES 0ASe
-1 2084 ONUH0 OMes 0T
8r -2 2000 05447 OIS 0SRYY
-3 14T 0995 00487 0%
6 1 1 1 1 1 1
0 1 2 3 4 5 6
Slip/mm
(b) Specimens without/with nano-TiO»
14} Control-E = = Control-A
—C-0.1-E - - C-0.1-A
—C-03-E - - C-03-A
—C-0.5-E C-0.5-A
12
10F
TS I T T
Cimmd TN NNTI00 WG (uste
ol LIM 0AYS MO aves
8r a3 L3100 0987 (G s
cans 4.0M 094 HLooes  wis
6 1 1 1 1 1 1
0 1 2 3 4 5 6
Slip/mm
(d) Specimens without/with CNTs
1 —— Control-E = = Control-A
14} ——N-0.1-E - - N-0.1-A
——N-0.3-E - - N-0.3-A
——N-05-E - - N-05-A
12F —
10
[ Specimensite | v L wiutn | o eufs ]
Comul T 00710 0S89t
NAO) i OMASE  HOMK s
8F Nl 2180 OM0T  00ITY 89S
NoOS 1342 Y nuss: e
6 1 1 1 1 1 1
0 1 2 3 4 5 6
Slip/mm

() Specimens without/with Ni@CNTs



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

Control-E = - Control-A — Control-E = -~ Control-A
1l —M-0L-E - - M-0.L-A 1} —B-0L-E - - BOlA
——M-03E - - M-03-A —B-03E - - BO3A
—— MOL5E - - M-O5A —B-05E - - B-05A
S 12 | g 12
= = 3
z or B ol T T S A T
_ - . | Sgrivtienn (ials | N
5 T T T P TS 3 Cotid 39W 9700 68190, 00586
Cupvl  T9wm PNTID A0S VS | 1 46 "
Aol V. L G - SN0 W) - 24 1500 SuUske 0SS
8t a3 1088  SUsER 0243 0TS 8 ‘: l‘“ “ o
MOs R S a1 nin 0w
. . . . . . 6 L
i 1 > 3 7 5 5 0 1 2 3 4 5 6
Slip/mm Slip/mm
(g) Specimens without/with multi-layer (h) Specimens without/with nano-BN
graphene

Figure 12. Comparison between experimental and analytical bond stress-slip curves (The
nomenclature in the legend is specimen code-E/A, which means the experimental (E) results or
analytical (A) results of specimen in different group)

4 Conclusion

The presence of nanofillers increases the bond strength and reduces the slip between
RPC and plain steel bar. The modification of nanofillers depends on their type and
content. The modifying mechanisms of nanofillers on the RPC-steel bar interface can
be attributed to the improvement of the microstructure caused by the nano-core effect
of the nanofillers enriched in the interface. The enriched nanofillers can improve the
compactness of hydration products, reduce the Ca/Si ratio of C-S-H gels in the interface
as well as reduce the defects caused by internal bleeding, enhancing the chemical-
physical adhesion, mechanical micro-interlocking, and friction between nanofillers
modified RPC and steel bars. Owing to these mechanisms, the presence of nanofillers
can significantly improve the microstructure of the interface, especially the underside
near the steel bar, thus modifying the bond behavior between RPC and steel bar. The
proposed model considering initial branch can accurately describe the bond stress-slip
relationship between RPC with/without nanofillers and plain steel bar.

The excellent bond stress-slip relationship between RPC with nanofillers and steel

bars, on the one hand, can ensure the stress transfer between RPC and steel bars, as well
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as hinder the invasion of harmful substances in concrete, preventing steel reinforcement
corrosion. This is beneficial for improving the durability of reinforced concrete
structures and decreasing the thickness of concrete cover of reinforced concrete
structures. On the other hand, it is conducive to improve the ductility of reinforced
concrete structure, avoid brittle failure, and gain time for structural monitoring, safety
warning, and later repairing. Meanwhile, the revealed mechanisms and the proposed
model in this study can provide references for further designing and controlling
reinforced concrete elements and structures.

Future investigations will focus on the bond behavior between nanofillers modified
RPC and ribbed steel bars as well as the performance of full-size reinforced RPC

elements modified with nanofillers.
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