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Abstract:

This paper investigated the bond strength of eight nanoinclusions reinforced concrete
with old concrete through a splitting tensile test. The reinforcing mechanisms of bond
due to nanoinclusion was also explored by means of scanning electron microscope and
energy dispersive spectrometer. A prediction model for the bond strength between
nanoinclusion reinforced concrete with old concrete substrate was developed and
calibrated against the experimental results obtained. The experimental results indicated
that bond strength between nanoinclusions reinforced concrete and old concrete can
reach 2.85 MPa, which is 0.8 MPa/39.0% higher than that between new concrete
without nanoinclusions and old concrete. The reinforcing mechanisms can be attributed
to the enrichment of nanoinclusions in the new-to-old concrete interface, compacting
the interfacial microstructures and connecting hydration products in micropores of old
concrete with that in bulk new concrete. In addition, the prediction model proposed on
the basis of reinforcing mechanisms can accurately describe the relationship of the
nanoinclusion content and the bond strength of nanoinclusions reinforced concrete with
old concrete.

Keywords: Nanoinclusions reinforced concrete; New-to-old concrete; Bond strength;

Reinforcing mechanisms; Prediction model
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1 Introduction

A large number of concrete structures cannot reach their design service life due to
damage caused by the combined effects of mechanical loads and environmental factors,
for example fatigue, shrinkage, creep, temperature change, freeze-thaw weathering, etc.
In order to prolong the service life of deteriorated concrete structures, repair and
rehabilitation using new concrete is generally adopted. However, it is estimated that
about half of concrete repairs fail; most of which can be attributed to debonding at the
new-to-old concrete interfaces, confirming the importance of reliable bonding between
new and old concretes [1-3].

Bond strength is a key indicator, representing the quality of interface between new
and old concretes. Such new-to-old concrete bond strength is mainly governed by
mechanical interlock and van der Waals forces, which is influenced by interface
roughness (affecting mechanical interlock), the shrinkage difference of new and old
concrete (affecting interfacial internal stress state), the microstructures of the new-to-
old concrete interface (affecting van der Waals forces), etc. [4, 5]. Based on the factors
governing the bond strength between new and old concretes, previous research
investigations have taken two directions to improve such bond strength. The first one
is focused on preparation techniques to increase the surface roughness of old concrete,
therefore, dramatically enhancing the mechanical interlock between new and old
concretes. It is reported that the bond strength between new and old concretes with
rough surface is several to over ten times higher than that with smooth surface [6-8].
However, this method is difficult to be applied in repairs of inherent structural cracks.
The second technique is mainly concerned with the development of improved repair
materials that are volumetrically stable, i.e. undergo neither shrinkage nor expansion

once installed, and would display compatible modulus of elasticity, strength, creep,
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shrinkage, thermal expansion, permeability and electrochemical characteristics to the
substrate existing concrete. For example, fibers, mineral additives, and shrinkage
reducing agents are incorporated so as to limit the shrinkage difference between new
and old concrete [9-12]. Meanwhile, nanoinclusions have been certificated to be
effective in improving the mechanical properties and durability of concrete, through
densifying microstructures and reducing shrinkage of concrete [13-19]. This is
beneficial to achieve reliable bonding between nanoinclusions reinforced concrete and
old concrete, showing a promising material for concrete rehabilitation and
strengthening [20-26]. The observed best modification of bond strength between
nanoinclusions reinforced concrete and old concrete with smooth surface includes a
29.5% increase in tensile strength [21] and a 21.6% increase in slant shear strength [22].
However, there is a lack of broader research with regard to the quantification of bond
strength between different types of nanoinclusions reinforced concrete and old concrete,
a better understanding of reinforcing mechanisms to further control the repair effects of
nanoinclusions reinforced concrete and development of prediction models of bond
strength between nanoinclusions reinforced and old concretes.

Therefore, this paper aims to investigate the bond strength, reinforcing mechanisms
and prediction model of nanoinclusions reinforced concrete with old concrete. A
splitting tensile test was carried out to determine the bond strength between eight
different types of nanoinclusions reinforced concrete and old concrete as well as the
splitting tensile strength of concrete with nanoinclusions. After the splitting tensile test,
scanning electron microscope (SEM) and energy dispersive spectrometer (EDS) were
performed in order to explore the reinforcing mechanisms. Finally, a prediction model
of bond strength between nanoinclusions reinforced concrete and old concrete was

established.
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2 Experimental programs

2.1 Materials and mix design

Due to their small size, nanoinclusions can only affect concrete in a small range
around them, but cannot fill the larger pores [27, 28]. Concrete with compact
microstructure may fully achieve the reinforcing effect of nanoinclusions. Therefore,
reactive powder concrete was selected in this study where the modified Andreasen and
Andersen packing model [29] is used for mix design of concrete, as presented by

Formula 1 below.

D1 —Dp7.
P(D) = —g———¢— (1)
Dinax = Dipin

where D is the particle size of solid particles in concrete; D4, and D,,;, are the
maximum and minimum particle size; q is the distribution modulus ranging from 0 to
0.28 according to the previous researches [30-32], and its value in this study is equal to
0.28; P(D) is the fraction of the total solid particles being smaller than D.

Ordinary Portland cement with a strength of 42.5 R is employed for all specimens
prepared in this study. Quartz sand with a size range of 0.12-0.83 mm is used as
aggregate. The polycarboxylate superplasticizer has a reducing water capability to an
extent of 30%. In addition, class II fly ash and silica fume with the average particle size
of 0.15 um are used as mineral mixtures in this study. Eight different types of
nanoinclusions are selected to reinforce the new concrete according to previous studies
[33]; the properties of which are listed in Table 1. The contents of different
nanoinclusions are determined on the basis of the previous literature [33]. The mix
proportions of concrete with different types of nanoinclusions are listed in Table 2.

Table 1. Properties of nanoinclusions

Specific
surface
area

Purity Diameter Length Thickness Density

Types Abbreviation (%) (nm) (um) (nm) (g/em?)




(m*/g)
Nano silica S >99 20 - - 2.2 >600
Silica-coated

rutile titania T =296 20 ) ) 4 )
Monoclinic z >99 20 ; ; 5.8 >25
zircon
CNTs CNTs - 20-30 0.5-2 - 2.1 >120
Hydroxyl
functionalized H-CNTs - <8 0.5-2 - 2.1 >380
CNTs
Nickel coated .
CNTs Ni@CNTs - 20-30 10-30 - 6.2 70
Multi-layer MLG - <2000 - 1-5 2.25 500
graphene
Nano BN NB 99.9 120 - 5-100 2.3 19
101
102 Table 2 The mix proportions of nanoinclusions reinforced concrete

Mix proportions (mass ratio)

Nanoinclusion Code Cement  Nanofillers Fly Silica Aggregate  Water Superplasticizer

ash fume (%)
Control mix Blank” 1 - 0.25 0.313 1.375 0.375 1.5
S-1 0.99 0.01 2.0
S S-2 0.98 0.02 0.25 0.313 1.375 0.375 2.5
S-3 0.97 0.03 3.0
T-1 0.99 0.01
T T-2 0.98 0.02 0.25 0.313 1.375 0.375 1.5
T-3 0.97 0.03
Z-1 0.99 0.01
Z 72 0.98 0.02 0.25 0.313 1.375 0.375 1.5
Z-3 0.97 0.03
CNTs-0.1 0.999 0.001
CNTs CNTs-0.3 0.997 0.003 0.25 0.313 1.375 0.375 1.5

CNTs-0.5 0.995 0.005

H-CNTs-0.1 0.999 0.001
H-CNTs H-CNTs-0.3 0.997 0.003 0.25 0.313 1.375 0.375 1.5
H-CNTs-0.5 0.995 0.005

Ni@CNTs-0.1  0.999 0.001
Ni@CNTs  Ni@CNTs-0.3  0.997 0.003 0.25 0.313 1.375 0.375 1.5
Ni@CNTs-0.5  0.995 0.005

MLG-0.1 0.999 0.001

MLG MLG-0.3 0.997 0.003 0.25 0.313 1.375 0.375 1.5
MLG-0.5 0.995 0.005
NB-0.1 0.999 0.001

NB NB-0.3 0.997 0.003 0.25 0.313 1.375 0.375 1.5
NB-0.5 0.995 0.005

103 * Blank is used for the old concrete and the new concrete without nanoinclusions.
104

105 2.2 Specimen preparation

106 In this study, specimens with scale-up interface were fabricated, the geometric
107 dimension of which is exhibited in Figure 1 (a). The concrete blocks with size of 40

108 mmx40 mmx80 mm were, initially, cured in water for 28d and, then, in air for 365d.
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These concrete blocks were used as old concrete to fabricate the specimens with new-
to-old concrete interface. The key issue in specimen preparation is to homogeneously
disperse nanofillers in RPC [34, 35]. Poor dispersion of nanofillers weakens the
nanofiller modification effect or even acts as defects in concrete. This study used
polycarboxylate superplasticizer as dispersing agent. Additionally, stirring and
ultrasonic were applied for dispersing non-carbon nanofillers (namely nano silica, nano
titania, nano zircon, and nano BN) and carbon nanofillers (namely CNTs, H-CNTs,
Ni@CNTs, and multi-layer graphene). Using these dispersing methods, different
nanofillers can be evenly distributed in concrete matrix [36, 37]. The detailed

fabrication process of specimens refers to previous examples from the literature [33].

New-to-old concrete
interface

40 mm

| 80 mm | 80 mm |

I 1
(a) The geometric dimension of specimens.

S r=15mm nr=15mm

—

(b) The splitting tensile test
Figure 1. Experimental diagrams

2.3 Measurements

According to Chinese National Standard GB/T 50081-2019 [38], the splitting tensile test
was performed on six specimens in each group to evaluate the bond strength of

nanoinclusions reinforced concrete with old concrete, as shown in Figure 1 (b). The
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average value of the bond strengths of 6 specimens in each group was recorded as the
final bond strength. The test specimens were loaded to failure at a displacement control

rate of 0.02 mm/min. The splitting tensile strength f; is calculated by Formula 2 [38].

_ 2P

== @)

fe

where P is the maximum applied load, and A (=1600 mm?) is the area of the bonding
plane. In addition, the splitting tensile test was also performed on old concrete or
nanoinclusions reinforced concrete to characterize the splitting tensile strength for each
material alone, as shown in Figure 1 (b).

After the splitting tensile test, SEM and EDS were performed to observe the
microstructure and morphology of the hydration products on the two failure surfaces
(old concrete side and nanoinclusions reinforced concrete side) of each group.
Moreover, the EDS mapping analysis was carried out on titanium, zirconium, and
nitrogen that are different from the components of cement and the elements introduced

in sample pretreatment.

3 Results and discussions

3.1 Bond strength

In this experiment, all specimens were failed along the interface between
nanoinclusions reinforced concrete and old concrete, as shown in Figure 2. Therefore,
the bond strength can be calculated by Formula 2. Figure 3 demonstrates the bond
strength between new concrete with/without nanoinclusions and old concrete,
indicating that the bond strength of nanoinclusions reinforced concrete with old
concrete is higher than that of new concrete without nanoinclusions with old concrete.
For nanoparticles, the bond strengths of specimens with 1 wt.% of S, 3 wt.% of T, and

2 wt.% of Z are 2.38 MPa, 2.62 MPa, and 2.43 MPa, respectively; while that of the
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specimen without nanoinclusions is 2.05 MPa. As for nanotubes, the incorporation of
0.3 wt.% of CNTs, 0.3 wt.% of H-CNTs, and 0.5 wt.% of Ni@CNTs in the new concrete
makes the bond strength reach 2.54 MPa, 2.57 MPa, and 2.76 MPa, respectively.
Similarly, when 0.5 wt.% of MLG and 0.5 wt.% of NB are added to the new concrete,
the bond strengths reach the maximum value of 2.85 MPa and 2.76 MPa. By
comparison, bond strengths of nanoinclusions reinforced concrete and old concrete in

this study are superior to previous research [21-24].

Figure 2. Representative failure form

Bond strength/MPa

N
& PPP B P

Figure 3. The bond strength between new concrete with/without nanoinclusions and old
concrete
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Figure 4 illustrates the splitting tensile strength of new concrete with/without
nanoinclusions and old concrete. The experimental results show that the splitting tensile
strength of concrete can be enhanced by adding nanoinclusions. In addition, the
splitting tensile strength increases with the contents of nanoinclusions. Comparing with
concrete without nanoinclusions, the splitting tensile strengths of concrete achieve the
highest relative/absolute increases of 1.59 MPa/45.2%, 1.32 MPa/37.5%, and 1.26
MPa/35.8% when 3 wt.% of S, T, and Z are added respectively. As for nanotubes,
concrete with 0.5 wt.% H-CNTs shows the highest splitting strength, achieving an
increase of 1.84 MPa/52.3%. Meanwhile, the presence of 0.5 wt.% of CNTs and
Ni@CNTs can maximally increase the splitting strength of concrete by 1.65 MPa/46.9%
and 1.41 MPa/40.1%, respectively. In addition, concrete with 3 wt.% of MLG and NB
shows the greatest increase of 1.60 MPa/45.5% and 1.20 MPa/34.1% in splitting
strength. The splitting strength of old concrete is 0.57 MPa/16.2% higher than the new

concrete without nanoinclusions due to strength development after 28d.

Splitting tensile strength/MPa

@@ ©& PV P 42 S S S S S S I SIS

KBLT LS (BLELE (FLEKE G0 O Y
S SO SR> o Y SIS

Figure 4. The splitting tensile strength of new concrete without/with nanoinclusions and old
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3.2 Reinforcing mechanisms for bond strength

The reinforcing mechanisms for bond strength of nanoinclusions reinforced concrete
with old concrete are revealed by SEM observations and EDS analyses. In this study,
EDS mapping analysis is performed on the interior and interface of the nanoinclusions
reinforced concrete in order to characterize the distribution of nanoinclusions in
concrete. For this purpose, the images are firstly converted into gray-scale images, and
the average gray value is calculated [39]. It can be deduced that the average gray value
of the EDS mapping image is larger when there are more nanoinclusions in the analysis
area. The calculated average gray value of concrete interior with 3 wt.% of T is 1.02,
while that of concrete interface is 2.12, indicating that the quantity of T in new-to-old
concrete interface is about 2.08 times larger than that in the nanoinclusions reinforced
concrete interior. Similarly, the quantity of Z and NB in the new-to-old concrete

interface are 1.47 and 1.37 times larger than that in the concrete interior, respectively.
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(e) Distribution of nitrogen in the new-to-old concrete interface
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(f) Distribution of nitrogen in the new concrete interior
Figure 4. The results of EDS mapping analyses on the new concrete with 3 wt.% of T, 2 wt.%
of Z, and 0.5 wt.% of NB as well as the new-to-old concrete interface

The EDS mapping results show that nanoinclusions enrich in the new-to-old concrete
interface as explained by the wall effect and nanoinclusion migration effect, as shown
in Figure 6. The smaller particles in fresh concrete firstly transfer toward old concrete
surface while the larger particles move away from old concrete surface due to the wall
effect, resulting in the phenomenon called scale separation. Afterwards, water is
absorbed by old concrete and migrates toward the old concrete surface, causing
nanoinclusions migrating with water in the voids among non-nano particles, and finally

forming a nanoinclusion enrichment layer in the new-to-old concrete interface.
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Fresh concrete
. Old concrete with nanoinclusions

ar

(0] o

Fresh concrete pour into mold Natural scale separation
{ Nanoinclusion enrichment layer
v

Nanoinclusions move toward old Nanoinclusion enrich in the interface
concrete with water migration

Figure 6. The formation process of nanoinclusion enrichment layer in the new-to-old concrete
interface (non-nano particles include aggregates, cement particles, fly ash particles and silica
fume particles)

B; Figure 7 exhibits the original microstructures of the hydration products on the
199  fracture surfaces of nanoinclusions reinforced concrete. It is observed that a large
200  amount of oriented calcium hydroxide (CH) crystal appears on the fracture surface of
201  new concrete without nanoinclusions. In contrast, the microstructures of new concrete
202 with 3 wt.% of T, 1 wt.% of S, 0.5 wt.% of Ni@CNTs, 0.5 wt.% of MLG, and 0.5 wt.%

203 of NB are more compact, showing no obvious CH crystal.

204
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206

207

208

(a) Microstructures of the hydration products  (b) Microstructures of the hydration products
on the fracture surface of new concrete on the fracture surface of new concrete with 3
without nanoinclusions (1000x) » wt.% of T (1000x)

(©) icrstructures of the hydration poducts (d) Microstructures of the hydraton products

on the fracture surface of new concrete with 1 on the fracture surface of new concrete with

wt.% of S (1000x) 0.5 wt.% of Ni@CNTs (1000x)
B T LD

(e) Microstructures of the hydration products (f) Microstructures of the hydration products
on the fracture surface of new concrete with on the fracture surface of new concrete with
0.5 wt.% of MLG (1000x%) 0.5 wt.% of NB (1000x%)
Figure 7. Microstructures of the hydration products on the fracture surface of new concrete
without/with nanoinclusions

Figure 8 shows the morphology of the calcium silicate hydrates (C-S-H) gels on the
fracture surfaces of old concrete. A lot of micropores are found on the old concrete
fracture surface of the specimens without nanoinclusions. Conversely, the addition of

nanoinclusions allows the hydration products of nanoinclusions reinforced concrete to



209  fill into the micropores of the old concrete, therefore, no obvious micropores are

210  observed on the fracture surfaces of old concrete.

211
(a) C-S-H gel microstructure on the old (b) C-S-H gel microstructure o the old
concrete fracture surface of specimens without  concrete fracture surface of specimens with 3
nanoinclusions (20000%) wt.% of T (20000x)
:_ J! o -":’I".;. l. ‘ ".-..v;’, : .‘_-> -“’/'., : ‘J‘:o". . ]
(c) C-S-H gel microstructure on the old (d) C-S-H gel microstructure on the old
concrete fracture surface of specimens with 1 concrete fracture surface of specimens with
wt.% of S (20000x) 0.5 wt.% of Ni@CNTs (20000x)
(e) C--H ge microstructure on the old (f) C-S-H gel microstructure on the old
concrete fracture surface of specimens with concrete fracture surface of specimens with
0.5 wt.% of MLG (20000x%) 0.5 wt.% of NB (20000x)
Figure 8. The microstructures of C-S-H gel on old concrete surface
212 Figure 9 illustrates the morphology of C-S-H gels on the fracture surface of new

213 concrete with nanoinclusions. The C-S-H gels on the fracture surface of concrete
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without nanoinclusions are loose and porous, containing a lot of CH crystals. Besides,
the average molar ratio of CaO to SiO» (Ca/Si ratio) of the C-S-H gel on the surface of
concrete without nanoinclusions is 0.70, as listed in Table 3. On the contrary, the
presence of nanoinclusions makes the C-S-H gels more uniform and improves the
compactness, meanwhile, the Ca/Si ratio of C-S-H gels increases to 0.84-1.02 except
for the incorporation of S. Meanwhile, the Ca/Si ratio of C-S-H gels on the fracture
surface of new concrete with 1 wt.% of S reduces to 0.59, which may be caused by the

enrichment of S in the new-to-old concrete interface.
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(a) C-S-H gel microstructure on the fracture (b) C-S-H gel microstructure on the fracture
surface of new concrete without surface of new concrete with 3 wt.% of T
nanoinclusions (20000x) (20000x)

(c) C-S-H gel microstructure on te fracture (d) C-S- gel microstructure on the racture
surface of new concrete with 1 wt.% of S surface of new concrete with 0.5 wt.% of
(20000x) Ni@CNTs (20000%)



(e) C—S—H gel microstructure on the racture (f) C-S-H gel microstructure on the fracture

surface of new concrete with 0.5 wt.% of surface of new concrete with 0.5 wt.% of NB
MLG (20000x%) (20000x)
Figure 9. C-S-H gel microstructure on the fracture surface of new concrete without/with
nanoinclusions
223
224 Table 3. Ca/Si ratio of C-S-H gel on the fracture surface of new concrete with nanoinclusions
Code ari]i)yssis Ca Si Ca/Si  Average Ca/Si
ok (Atomic %) (Atomic %) ratio ratio
point
P1 13.98 18.13 0.77
Blank P2 14.89 20.80 0.71 0.72
P3 14.31 21.24 0.67
P1 13.94 20.09 0.69
T-3 P2 14.88 15.73 0.95 0.84
P3 14.22 16.37 0.87
Pl 12.98 21.05 0.62
S-1 P2 14.88 25.62 0.58 0.59
P3 9.83 17.59 0.56
Pl 18.02 16.47 1.09
Ni@CNTs-0.5 P2 12.51 13.98 0.89 1.02
P3 20.72 19.52 1.06
P1 21.53 21.37 1.01
MLG-0.5 P2 25.08 22.89 1.10 1.02
P3 18.19 18.86 0.96
P1 15.26 14.44 1.06
NB-0.5 P2 11.86 12.12 0.98 0.98
P3 14.7 16.08 0.91
225 * The EDS analysis point refers to the markings in Figure 9.
226
227 The bond strength of new-to-old concrete interface depends on the combination of

228  chemical bonding (namely ionic bonding and covalent bonding), physical bonding
229  (related to the van der Waals and surface tension forces), and mechanical interlock
230  (concerned with interpenetration of concrete into roughness and porosity of old
231  concrete) [1, 40, 41]. However, the chemical bonding in new-to-old concrete is so weak
232 that can be ignored. As aforementioned, a nanoinclusion enrichment layer forms in the

233 new-to-old concrete interface, which can notably improve the physical bonding and
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mechanical interlock between new and old concrete.

The nanoinclusions can notably improve the physical bonding between
nanoinclusions reinforced concrete and old concrete. Previous studies reported that
nanoinclusions in concrete can form numerous nano-core-shell structures during the
hydration process [42-44]. Therefore, the aforementioned nanoinclusion enrichment
layer can provide a large number of nucleation sites near the old concrete surface,
thereby compacting the microstructures and further enhancing the physical bonding of
new-to-old concrete interface. The reinforcing effect of the physical bonding between

nanoinclusions reinforced concrete and old concrete is shown in Figure 10.

O

Nanoinclusions

Enrich in the
interface

Provide
numerons
nucleation sites

Improve
C-S-Hgel

Hydration Adhere
‘ hydration
products

— Reduce CH size |
and erientation
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imterfacial
microstructures
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physical bonding

—

Figure 10. The enhancing effect of physical bonding between nanoinclusions reinforced
concrete and old concrete

The nanoinclusions also have a strong effect on the mechanical interlock between
nanoinclusions reinforced concrete and old concrete. For the polished old concrete
surface, the mechanical interlock is weak because the roughness is low and the binder
particles with the average particle size of 30 um cannot be hydrated in capillary pores

with the pore diameter of tens of nanometers [45]. In contrast, as shown in Figure 11,
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the nanoinclusions migrate into the micropores of the old concrete with water and
provide nucleation sites at the early stage, allowing hydration products in micropores
connect with that in bulk new concrete, thus enhancing the mechanical interlock

between nanoinclusions reinforced concrete and old concrete.

Nanoinclusion

Solution

O

Figure 11. The enhancing effect of mechanical interlock between nanoinclusions reinforced
concrete and old concrete

3.3 Prediction model of bond strength

Based on the previous analysis, the bond strength between nanoinclusions reinforced
concrete and old strength is higher than that between new concrete without
nanoinclusions and old concrete due to the enhancement of physical bonding and
mechanical interlock. The physical bonding, mainly van der Waals forces, is affected
by the microstructures of concrete. Therefore, this enhancement is based on the effect
of nanoinclusions on the microstructures of concrete, represented by the splitting tensile

strength of nanoinclusions reinforced concrete. The splitting tensile strength of
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nanoinclusions reinforced concrete can be predicted by Equation (3).

fen = ft(1 + aV) (3)
where f;, is the splitting tensile strength of nanoinclusions reinforced concrete, f; is
the splitting tensile strength of concrete without nanoinclusions, V represents the
volume content of nanoinclusions in the concrete, « is the nanoinclusion enhancement
coefficient, which can be fitted by experimental results. The fitting results of the
splitting strength of nanoinclusions reinforced concrete are illustrated in Figure 12 and
Table 4. It can be seen that the fitting degree of the relation between nanoinclusion
volume content and splitting tensile strength of nanoinclusions reinforced concrete is
high; the goodness of fit (R?) ranges from 0.839-0.9936. Based on the fitting results, it
can be deduced that the enhancement effect of nanoinclusions on the splitting tensile

strength of concrete can be generally reflected by the geometrical size, i.e. nanosheets >

nanotubes > nanoparticles.

55 55
& N
S sof S s50f
= ° =
i) =)
S 451 & 45}
17 >
@ @
= 40 ‘B 40F
5 (2 S (R*=0.9017) k5 CNTs (R=0.9093)
D35k ® T (R’=0.9731) 2 35l @ @ H-CNTs (R=0.9936)
E Z (R*=0.9835) E Ni@CNTs (R’=0.9699)
=1 =1
m 3.0 1 1 1 1 1 m 3‘0 1 L 1 1

0 1 2 3 4 5 0.0 0.2 0.4 06 0.8

VVolume content of nanoinclusions (%)

(a) Fitting results of splitting tensile strength

of concrete with nanoparticles

Volume content of nanoinclusions/%

(b) Fitting results of splitting tensile strength

of concrete with nanotubes



276
277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

55

[
[a
S 50f
<
=
o> [ ]
S 45}
3
@
‘S 40F
<
8
2_

o 35l MLG (R*=0.921)
= ® NB (R°=0.839)
& 30l - s s

0.0 0.2 0.4 0.6 0.8

Volume content of nanoinclusions/%
(c) Fitting results of splitting tensile strength of concrete with nanosheets
Figure 12. Fitting results of splitting tensile strength of concrete with nanoinclusions

In addition, the enhancement of bond strength of nanoinclusions reinforced concrete
and old strength is also attributed to the mechanical interlock. As aforementioned, the
nanoinclusions can enter the micropores on the old concrete surface and provide
nucleation sites, thus increasing the mechanical interlock between nanoinclusions
reinforced concrete and old concrete. It can be deduced that this enhancement is highly
related to the viscosity of fresh concrete with nanoinclusions, highly consistent with the
previous research results [8, 46]. The content of nanoinclusions in the micropores of
the old concrete surface is determined by the total flow of the solution migrating into
the micropores. For fresh concrete, the liquid flow rate Q in the micropores can be

written as Equation (4) [47].

= 1f0029d 4P 4
Q= 8n0riiridx 4)

where 7 is fluid viscosity; 7%Q; is the intrinsic properties of micropores on the old
concrete surface, in which 7; is pore radius and (); is the average area distribution
function of pore i exposed on any arbitrary face cut perpendicular to the flow; dP/dx
is fluid pressure gradient. Therefore, the ratio of liquid flow of fresh concrete with

nanoinclusions to that without nanoinclusions can be calculated from Equation (5).
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where Q, and Q, is the liquid flow rate of fresh concrete with and without
nanoinclusions, respectively; 1,, and 7, is the plastic viscosity of fresh concrete with
and without nanoinclusions, respectively; 7, 1s the relative plastic viscosity.
According to reference [48-51], the plastic viscosity of fresh concrete can be predicted

based on the cell method, as Equations (6)-(10).

nr=1+n4 (6)
5 4(1-y7) (7)
A=y
4(1 4 y19) — 25y3(1 + y*) + 42y°
y= ((P/(pmax)1/3 (1 - K) (8)
Vip Vi )
K=38 -2.2%
Ve Vs
D 0.19 (10)
Omax = 1 — 0.45 - <ﬁ>
90

where 7; is the intrinsic viscosity; ¢ is the volume concentration of solid particles in
fresh concrete, @pqy is the maximum packing density; Vg, V., ,, Vs is the volume
concentration of superplasticizer, cement, water, solid particle in fresh concrete,
respectively; D;o and Doy is the sieve sizes corresponding to 10% and 90%,
respectively.

As for the prediction of the bond strength of nanoinclusions reinforced concrete and
old concrete, the bond strength can be written as in Equation (11).

fo = Bfuo (1n)

where f;, is the new-to-old concrete bond strength; S is the interfacial strength
coefficient that equals to the ratio of the bond strength to the splitting tensile strength

of old concrete; f;, is the splitting tensile strength of old concrete. The incorporation
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of nanoinclusions can enlarge the interfacial strength coefficient by compacting the
microstructures, but undermine it due to the liquidity loss of fresh concrete. Therefore,
the interfacial bond strength coefficient of nanoinclusions reinforced concrete and old

concrete can be written as Equation (12).

Bu=bo (14550) (12)

r

where [, is the interfacial strength coefficient of nanoinclusions reinforced concrete
with old concrete; S, is the interfacial strength coefficient of new concrete without
nanoinclusions with old concrete; ¢ is the nanoinclusion enrichment coefficient. In
this experiment, superplasticizer is used as the dispersant of nanoinclusions, therefore
part of superplasticizer is adsorbed by nanoinclusions, which reduces the plastic
viscosity of fresh concrete. Therefore, the effective volume concentration of

superplasticizer Vg, .rr can be written as in Equation (13).

Veperr = Vop - (1 —yV) (13)
where y is the weakening coefficient of nanoinclusions to superplasticizer. Combining
Formula (6)-(13) and experimental results, the y can be fitted, as shown in Figure 13
and Table 4. It can be seen that the fitting degree of the relation between nanoinclusion
volume content and bond strength of nanoinclusions reinforced concrete with old
concrete is high; the R? ranges from 0.8438-0.9963. In addition, the fitted nanoinclusion
enrichment coefficients of T, Z, and NB is highly consistent with the experimental
results in this study. Based on the fitting results, it can be concluded that the proposed
prediction model can accurately describe the relationship of the nanoinclusion content

and the bond strength of nanoinclusions reinforced concrete with old concrete.
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Figure 13. Fitting results of bond strength of nanoinclusions reinforced concrete with old
concrete

Table 4. Fitting parameters of bond strength of nanoinclusions reinforced concrete with old

concrete
Nanoinclusion Nanoinclusion .
. . . Weakening
Nanoinclusion enhancement enrichment X
coefficient a coefficient ¢ coefficient y
S 9.188 1.8 14.3162
T 15.029 2.0 37.4400
Z 22.577 1.4 58.3822
CNTs 67.962 1.6 160.8399
H-CNTs 71.866 1.8 177.2741
Ni@CNTs 167.96 1.6 234.8379
MLG 75.232 1.4 74.2485
NB 56.067 1.4 56.6331

4 Conclusions

The bond strength and its reinforcing mechanisms and prediction model of

nanoinclusions reinforced concrete with old concrete have been investigated in this

study. The following conclusions can be drawn:
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e The bond strength between nanoinclusions reinforced concrete and old
concrete is higher than that between new concrete without nanoinclusions and old
concrete.

e  The mechanisms for bond strength enhancement of nanoinclusions reinforced
concrete with old concrete can be attributed to the improvement of the interfacial
microstructures owing to the enriched presence of nanoinclusions in the new-to-old
concrete interface. The enriched nanoinclusions can modify the compactness of the
hydration products in the interface. The compact microstructures contribute to enhance
the van der Waals forces between nanoinclusions reinforced concrete and old concrete
as well as allow hydration products in micropores with that in bulk new concrete, thus
enhancing the mechanical interlock between nanoinclusions reinforced concrete and
old concrete.

e  The proposed prediction model can accurately describe the relationship of the
nanoinclusion content and the bond strength between nanoinclusions reinforced
concrete and old concrete. This model can be used to guide the application of
nanoinclusions reinforced concrete in the field of concrete repair.

In summary, this study demonstrates that the nanoinclusions reinforced concrete
is a promising material for concrete rehabilitation and strengthening due to its reliable
bonding with old concrete. Moreover, the mechanisms and model proposed in this paper
provide references for further research and a basis for controlling the repair effects of

nanoinclusions reinforced concrete.
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