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Abstract In this study, the bond strength between
steel and concrete reinforced with multi-walled carbon
nanotubes (CNTs) is analysed. To this end, pull-out
tests were carried out for concretes with incorporation
of 0.05-0.1% of different types of functionalized and
unfunctionalized CNTs with distinct aspect ratios and
dispersion techniques. The results showed that CNTs
can improve both compressive strength and steel—
concrete bond up to 21% and 14% respectively, as
compared to plain concrete. The highest compressive
strength was found in concrete with higher amounts of
lower aspect ratio CNTs, while the best steel-concrete
bond performance was attained for concrete with
lower amounts of higher aspect ratio CNTs. CNTs
were effective to retain the crack propagation, increas-
ing the bonding stiffness and reducing the deformation
of concrete consoles between steel ribs. CNTs of
higher aspect ratio could better contribute with their
microcrack bridging effect. Microscopic analysis
confirmed the adequate dispersion and microcrack
bridging provided by CNTs, delaying the macrocrack
propagation within the aggregate—paste and steel—
concrete interfacial transition zones.
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Abbreviations

CNTs Carbon nanotubes

CNTCOOH Carboxyl-functionalized nanotubes
with —COOH groups and higher aspect
ratio

CNTOH Carboxyl-functionalized nanotubes
with —OH groups and higher aspect
ratio

CNTPL Unfunctionalized carbon nanotubes
with longer aspect ratio in the powder
form

CNTSL Unfunctionalized carbon nanotubes
with longer aspect ratio in aqueous
suspension

CNTSS Unfunctionalized carbon nanotubes

with shorter aspect ratio in aqueous
suspension

1 Introduction

One of the approaches pursued towards the production
of concrete with superior behaviour is the incorpora-
tion of nanomaterials, including carbon nanotubes
(CNTs). Despite their difficulty to disperse and high
cost, the incorporation of CNTs in cement based
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materials has been increasingly studied [1-7] due to
their outstanding mechanical properties [8, 9]. The
CNTs Young’s modulus can be about 6 times higher
than that of steel and tensile strength was reported to
be as high as about 100-150 GPa [8, 9]. Therefore,
these nanomaterials, with higher aspect ratio than any
other known material, have been considered ideal
candidates for application in composites, being poten-
tially able to retain the propagation of small microc-
racks [3, 7].

Although research on cementitious materials rein-
forced with CNTs is still recent, various studies have
been conducted, essentially focused on the mechanical
characterization of cement pastes [1, 4, 10, 11] and, in
less extent, of mortars [11, 12]. One of the main
obstacles to the efficient reinforcement of cement
materials with CNTs is the agglomeration tendency of
these nanosized materials, due to their non-polar
behavior, high surface area and high aspect ratio [3], as
well as the high pH environment of cementitious
materials, that may destabilizes the chemical action of
surfactants [3, 13]. For this reason, some studies
reported the ineffective contribution of CNTs to
strength improvement [12, 14]. Nevertheless, incre-
ments of compressive strength and flexural strength up
to 25-35% have been reported in literature for CNTs
contents up to 0.5% by weight of cement [14—16]. The
positive contribution of CNTs has also been reported
in increasing the flexural toughness [11, 17], as well as
in reducing the water absorption, carbonation, chlo-
ride ion penetration [1, 2], shrinkage of cementitious
composites [1, 11]. This improved performance of
CNT-reinforced cement based materials is essentially
attributed to the CNTs pore filling between the
hydration products (filler effect, [18]), the availability
of extra sites for the faster and more uniform growth of
C-S-H (nucleation effect [1, 2]) and the enhanced
stress transfer and retention of crack progression
provided by CNTs crossing microcracks (bridging
effect, [1, 3]). Some few studies have also been
focused on the characterization of concretes rein-
forced with CNTs. Keriene et al. [19] in autoclaved
aerated concretes and Wille and Loh [20] in ultra-high
performance concretes reported modest increments of
compressive strength with the incorporation of CNTs.
Carrigo et al. [2] studied the mechanical and durability
behaviour of concretes reinforced with 0.05-0.1%
CNTs of different aspect ratios. The authors found that
the incorporation of CNTs was effective to improve

the mechanical strength, water absorption capillarity,
carbonation and chloride penetration resistance up to
21%, 25%, 16% and 12%, respectively. The contri-
bution of CNTs was less noticed when tests were
carried out under reduced cracking conditions.
Nonetheless, despite the increased research effort in
this field, knowledge on CNT—concrete reinforced is
still limited and further investigation is needed.

The steel-concrete bond is the phenomenon that
allows the load transfer between steel reinforcement
and the surrounding concrete, ensuring the composite
behaviour of reinforced concrete, with great relevance
in its structural behaviour. This property also affects
ductility, as well as the control of deformability and
cracking of reinforced concrete, limiting the width and
distance between cracks [21-24]. Steel-concrete bond
is ensured by adhesion, friction and mechanical
mechanisms, affecting its bond stress—slip behaviour
[21, 22, 25, 26]. The first phase of bond behaviour
occurs by chemical adhesion, due to the physical—
chemical connection between both materials. Then,
pull-out of steel bars involves the generation of radial
forces and cylindrical tensile stresses in concrete,
especially when ribbed bars are used. As a result,
transverse microcracking propagates over concrete
cover and the relative displacement between concrete
and steel rebar progressively increases. In this case,
the concrete cover and tensile strength of concrete are
major factors for enhancing the constraint effect and
wedge generation [26, 27]. Depending on the confine-
ment of concrete, debonding may occur by rebar pull-
out (shear failure of steel-concrete interface) or by
concrete splitting due to radial stresses. The bond-
stress—slip relationship and average bonding stress
may be determined by beams bending tests [28, 29] or
more frequently by pull-out tests [28, 30, 31], as done
in this study.

The steel-concrete bond behaviour depends on
various factors, such as the direction of loading [24],
the compressive and tensile strength of concrete [32],
the amount of transverse reinforcement [33], the
concrete composition, the concrete shrinkage, the steel
properties, the concreting direction [21], the curing
conditions [34], the testing procedure [22] and the
steel bar anchorage length [32, 34].

The influence of steel fibers incorporation on the
steel-concrete bonding has been studied by various
authors [25, 27, 31, 35]. It is well-known the improved
post-crack behaviour of fiber reinforced concrete, in
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which fibers act as bridges to transfer stresses between
cracks, controlling its opening and propagation [36].
The positive effect of steel fibers in steel-concrete
bond have been shown, even at low fiber content [37].
Fibers act on reducing the crack width and increasing
the passive confinement of concrete [37, 38]. Fibers
also improve the toughness of bond failure [25, 39].
This is relevant on distribution of bond stresses and
general improvement of steel-concrete bond beha-
viour. In this particular, effective fracture toughness
improvement has been shown in fiber reinforced
concrete [40], as well as in concrete reinforced with
carbon fibers [41] and CNTs [11].

Increasing the quality of the steel-concrete inter-
facial transition zone (ITZ) improves the steel-
concrete bond behaviour. Gjorv et al. [21] found that
the incorporation of up to 16% of silica fume increased
the pull-out strength, especially in high strength
concrete. The presence of silica fume improved the
ITZ microstructure by reducing both porosity and
thickness of this zone. In addition, there is a reduction
of the preferential orientation of C—H crystals and
accumulation of free water at the steel-paste ITZ [21].
Elfeky et al. [42] reported that the addition of 4.5%
nanosilica could increase the residual bond strength in
reinforced concrete. In fact, besides their eventual
reactivity, the incorporation of fine materials may
contribute to the microstructure refinement of these
regions by their filler and nucleation effect. On the
other hand, the inclusion of fibers can improve the ITZ
by reducing the crack propagation [43, 44]. In this
case, the incorporation of nanofibers may simultane-
ously contribute by their filler, nucleation and bridging
effect.

Accordingly, CNTs may act at a lower scale,
contributing to the improvement of toughness, micro-
crack retention and quality of the ITZ. Therefore, the
incorporation of CNTs potentially improves the steel—
concrete bond behaviour of concrete. However, to the
best of the authors’ knowledge, until now, no study has
been undertaken on this topic. Hence, this study aims
to analyse the bond behaviour between CNT-reinforc-
ing concrete and conventional steel reinforcement. To
this end, direct pull-out tests were carried out and the
influence of different types of functionalized and
unfunctionalized CNTs of distinct aspect ratios was
studied. Compressive strength tests and scanning
electron microscopy (SEM) analysis were also

conducted to better understand the CNT reinforcement
behaviour.

2 Experimental campaign
2.1 Materials

Concrete was produced with Portland cement I 42.5 R
(EN 197-1 [45]) and two types of natural gravel
(G) and sand (S) (Table 1): crushed limestone fine
gravel, FG (0/8 mm), crushed limestone coarse gravel,
CG (4/11.2 mm); fine siliceous sand (0/2 mm); coarse
siliceous sand (0/4 mm).

For CNTs-reinforced concrete, five types of indus-
trial multi-walled CNTs were selected from Times-
nano (Table 2). CNTSL and CNTSS, with distinct
aspect ratios, were supplied in aqueous suspension, at
CNT concentrations of 5% and 9%, respectively.
Dispersion was attained with the aid of a polyethylene
glycol aromatic imidazole surfactant-TNWDIS. Pris-
tine CNTPL had the same aspect ratio as CNTSL, but
it was supplied in powder form. CNTCOOH and
CNTOH, also supplied in powder form, were initially
—COOH and -OH functionalized, respectively.
CNTOH presented the highest aspect ratio. The
anionic surfactant Dolapix PC67, based on the sodium
salt of a polycarboxylic acid (-COONa), was adopted
to disperse powder form supplied CNTs (CNTPL,
CNTCOOH, CNTOH).

Hot-rolled steel ribbed bars of 12 mm diameter
were used in the pull-out tests described in Sect. 2.4.
The tensile strength of the steel bars was tested
according to EN 10002-1 [46]. From four samples, the
average yield strength, fym,, was 413 MPa and the
average ultimate strength, f,,,,, was 566 MPa.

2.2 CNTs dispersion

CNTs were previously dispersed in water before
concrete mixing. This first involved the physical
procedure of sonication to break CNT bundles and
then the incorporation of the Dolapix PC67 surfactant
to maintain the dispersion stability. The type and
amount of surfactant, as well as the sonication
duration were defined based on a previous study of
Guedes et al. [13], using the same types of CNTs.
CNTPL, CNTCOOH or CNTOH were first stirred
with 40% of mixing water for a CNT to surfactant
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Table 1 Physical and mechanical properties of aggregates

Property FS CS FG CG Standard
Water absorption 24 h (%) 0.19 0.26 0.5 0.35 EN 1097-6 [72]
Oven-dried particle density (kg/m?) 2605 2624 2646 2683 EN 1097-6 [72]
Apparent particle density (kg/m®) 2618 2642 2698 2709 EN 1097-6 [72]
Saturated and surface-dried particle density (kg/m>) 2610 2631 2665 2693 EN 1097-6 [72]
Loose bulk density (kg/m®) 1569 1508 1309 1346 EN 1097-3 [73]
Voids (%) 39.76 34.74 50.53 49.82 EN 1097-3 [73]
Shape index category Sk Slyo EN 933-4 [74]
Los Angeles category LAzs LAjzg EN 1097-2 [75]
g;bT‘: 2 Characteristics of Notation CNTSS CNTSL CNTPL ~ CNTCOOH  CNTOH
Commercial name TNIM8 TNIM6 TNIM6 TNIMC6 TNIMH4
Form as supplied Suspension Suspension Powder Powder Powder
Purity (%) > 90 > 90 > 90 > 90 > 90
Outer diameter (nm) > 50 20-40 20-40 20-40 10-30
Inner diameter (nm) 5-15 5-10 5-10 5-10 5-10
Length (pum) 10-20 10-30 10-30 10-30 10-30
Aspect ratio ~ 300 ~ 667 ~ 667 ~ 667 ~ 1000
True density (g/cm®) ~ 2.1 ~ 2.1 ~ 2.1 ~ 2.1 ~ 2.1
Tap density (z/cm®) 0.18 0.16 0.16 0.16 0.14
COOH (%) - - - 1.36-1.5 -
OH (%) - - - - 248

mass ratio of 1:1, 1:0.5 and 1:0.25, respectively. The
remaining part of the mixing water (60%) was later
used to pre-saturate the aggregates (Sect. 2.3). The
suspension was magnetically stirred for 4 h, followed
by 30 min of sonication. CNTSS and CNTSL were
already supplied in aqueous suspension, pre-stabilized
with the TNWDIS surfactant. In this case, suspensions
were magnetically stirred with the mixing water and
sonicated for 45 and 30 min, respectively.

2.3 Mix compositions and sample preparations

Concrete mixes were produced with 380 kg/m® of
cement (C) and w/c of 0.55 for a target slump class S3,
according to EN 206-1 [47]. Although CNTs, espe-
cially acid functionalized ones, are reported to absorb
water from the matrix [12] and consequently decrease
the flowability of fresh concretes, the slump was found
similar in both CNT-reinforced concretes and refer-
ence concrete (130 == 20 mm). This might be related

to the small amount of well dispersed CNTs and the
presence of dispersing surfactants that decreased the
matrix viscosity. The ratio of C:S:G was 1:2:2.5 (by
weight). The ratio for CS:FS and CG:FG were 1:1.5
and 1:2.9 (by weight), respectively. Based on a
previous study concerning the mechanical behaviour
of cement pastes produced with the same types of
CNTs [1, 4], the optimal amount of CNTs was defined
as 0.1% for CNTSS of lower aspect ratio and 0.05%
for other types of CNTs with higher aspect ratios.
Reference concrete (RC) without CNTs was also
produced for comparison purposes. Mix compositions
are indicated in Table 3.

Concretes were produced in a vertical shaft mixer
with bottom discharge. The aggregates were first
mixed for 3 min with 60% of the total mixing water.
Then, cement and the remaining 40% of mixing water
(with or without CNTs) were added and mixed for
more 3 min. For each composition, three 150 mm
cubic specimens were cast for compressive strength
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Table 3 Mix design, compressive strength (f.,,), bonding stress (Tpy,) and maximum displacement (AL) of concrete mixes

Mix Mix design Jfem.28d Steel-concrete bond
w/ic  CNT type  CNT (MPa)  Afim CV ALy Tom Tomd/fom,
(%) (%) (%) >
(mm) CV (MPa) Aty ()%
(%) (%) (%)
RC 0.55 - - 47.5 0 4.8 .36 1.9 14.8 0 1.5 2.1
CNTPLC 0.55 CNTSS 0.1 52.1 9.6 2.3 1.04 82 16.9 14.1 1.8 2.3
CNTCOOHC 0.55 CNTPL 0.05 51.6 8.7 1.6 1.05 6.2 16.1 8.9 0.6 2.2
CNTSSC 0.55 CNTCOOH 0.05 57.5 21.0 4.0 1.17 22 16.2 9.3 1.1 2.1
CNTSLC 0.55 CNTSL 0.05 46.2 — 2.8 4.0 125 23 15.4 39 1.7 2.3
CNTOHC 0.55 CNTOH 0.05 50.7 6.7 2.3 1.15 4.0 15.6 53 1.6 2.2

and three 200 mm cubes for steel-concrete bond
strength. The compaction of concrete samples was
performed according to EN 12390-2 [48], using a
vibrator needle with @25 x 160 mm and frequency of
at least 120 Hz. After 24 h, samples for compressive
strength test were demolded and placed in a wet
chamber with relative humidity over 95% and tem-
perature of 20 £ 2 °C until testing. Samples for pull-
out tests were first placed in the wet-curing chamber
for 3 days and then cured in a dry chamber with
relative humidity of 50 £ 5% and temperature of
22 £ 2 °C until testing.

For pull-out tests, specimens were moulded accord-
ing to Fig. 1, in which the steel bar was placed
perpendicular to the casting direction, with a free
length of about 50 cm at the site of load application
and 2 cm at the opposite site, where the relative

Fig. 1 Specimen production for pull-out tests

displacement was measured. The first embedded
millimetres of the reinforcement were separated from
the concrete by a plastic tube to set the anchoring
length and to prevent stress concentration and prema-
ture concrete cone pull-out. The embedded length of
the steel bar was 100 mm (about 8@).

For microstructural analysis, samples of about
10 x 10 x 10 mm were collected from broken spec-
imens obtained after mechanical tests. The dispersion
features of CNTs in the cement matrix were investi-
gated by means of scanning electron microscopy
(SEM) (JSM-7001F, JEOL). Before SEM analysis,
samples were surface coated with a thin film of Au—Pd
to ensure adequate conductivity of the electron beam.

2.4 Testing procedures

The compressive strength was determined at 28 days,
according to EN 12390-3 [49]. Tests were carried out
in a hydraulic press type TONI PACT 3000, for a
loading rate of 0.6 MPa/s. The steel-concrete bond
was characterized from pull-out tests based on RILEM
7.11.128 [50]. Tests were carried out at 28 days for a
short embedment length of 8@. Basically, the steel bar
embedded in a 200 mm cubic concrete specimen was
pulled at the longer end, using a hydraulic cylinder
with a tensile capacity of 112 kN and a stroke of
78 mm. This system was positioned on a load cell with
a sensitivity of 1.5 mV/V and a capacity of 200 kN.
The loading rate was about 0.1 kN/s, according to
RILEM 7.11.128 [50]. A transducer with a stroke of
25 mm was set on the shorter unloaded end of the steel
bar for measuring the relative displacement,
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Displacement
transducer

Fig. 2 Pull-out test setup

AL (Fig. 2). To register accurate measurements and
avoid eccentricity errors during the experiment, the
surface of the shorter end of the steel bar was slightly
notched inward to hold the transducer’s probe tip. The
displacement was measured simultaneously with the
load application until the steel bar was detached from
the surrounding concrete.

For each concrete sample, the maximum failure
load, Pp,.x, and the maximum relative displacement at
the maximum load, AL,,,,, were registered. The use of
short embedment lengths ensures the nearly uniform
stress distribution. In this case, the average bonding
stress at the maximum load, 7, (MPa) was calculated
according to Eq. (1), where Pp,.x is the maximum
applied force (N), [, is the anchorage length of the steel
bar (mm) and () is the steel bar diameter (mm).
Accordingly, the P — AL curves can be directly
determined by measuring the pull-out force, P, as a
function of the relative displacement (slip), AL, of the
bar’s free unloaded end

Prax
TEX@le.

(1)

Tbm =

3 Results and discussion

The main results obtained for each composition are
presented in Table 3, namely average compressive
strength (f.im 284), relative average displacement at the
free unloaded end of the reinforcement (AL), average
bond strength (ty,,,) at the maximum failure load and
the normalized bond strength to 2 omlf2). In the
same table, the relative strength increments (A)
compared to that of RC, and coefficients of variation
(CV) between samples of the same mix are also
indicated.

3.1 Compressive strength

The increment of compressive strength in CNT-
reinforced concrete was as high as 21% or as low as
— 3%, depending on the type of CNTs. Therefore, in
general, it is shown that CNTs can contribute for the
strength improvement of cementitious materials. This
is basically attributed to the CNTs’ effect of filler
[1, 2, 18], nucleation [1-3, 7] and microcrack bridging
[1, 2]. The filler action leads to denser cementitious
materials. The bridging effect inhibits crack growth
and propagation, improves the aggregate—paste inter-
face quality and better transfers stress between
cementitious compounds [11]. The nucleation effect
results from the extra sites provided by CNTs for the
more homogeneous distribution and growth of
hydrated products [3].

However, the mechanical strength improvement
was modest. Significantly higher improvements were
found in mortars [11] and especially in cement pastes
[1] reinforced with the same types of CNTs. The CNTs
content in concrete was limited due to their propensity
to agglomerate. In addition, the presence of aggregates
disturbs the uniform dispersion of CNTs, affecting the
CNT spacing and their reinforcement efficiency
[2, 3, 11]. Furthermore, concrete mixing is more
complicated than cement paste production, which may
result in poorer CNTs dispersion. Moreover, in
conventional concrete, aside from the cement paste,
the aggregate—paste interface also affects the mechan-
ical strength. Therefore, the modest strength improve-
ments may also be attributed to the CNTs’ inability to
significantly enhance the quality of the aggregate—
paste bond. Nonetheless, the effective contribution of
CNTs in retaining the microcrack propagation and
densifying the cement matrix in the interface region
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has been reported [11, 51]. In conclusion, the CNT-
reinforcement of concrete was unattractive, at least
considering the CNT dispersion method adopted in
this study and the still high cost of CNTs in the market
up to date. In this case, slightly decreasing the w/c of
concrete can lead to similar or even higher improve-
ment of compressive strength [2].

The type of CNTs had an important role in the
compressive strength enhancement of concrete. Com-
paring to that of RC, the incorporation of CNTSS,
CNTPL, CNTCOOH and CNTOH led to strength
increments of 22%, 10%, 9%, and 7%, respectively
(Table 3). The different efficiency of each CNTs type
was attributed to their aspect ratio, dispersion tech-
nique and spacing within the cement matrix [2, 3, 11].
The best behaviour was found for high dosages of
lower aspect ratio CNTs (CNTSS), which can be
easier dispersed than the same amount of CNTs with
higher aspect ratio (CNTPL, CNTCOOH, CNTOH).
In fact, although CNTs with higher aspect ratio should
develop higher pull-out strength in the matrix, they are
more prone to agglomerate. Moreover, it was theoret-
ically concluded that lower aspect ratio CNTSS can
better ensure the force transfer in the matrix, despite
the greater free spacing between them [2, 3]. In
addition, experimental studies in aqueous suspensions
showed that CNTSS had the lowest structural damage
due to sonication and the highest dispersibility in high
pH environments [13]. The reinforcement efficiency
of CNTs was also strongly affected by their dispersion
technique. In fact, concrete reinforced with CNTSL
and CNTPL showed different performances despite
containing CNTs with the same aspect ratio (Table 3).
The incorporation of CNTSL had even a negative
effect on the mechanical strength, leading to 3%
reduction comparing to RC. This was caused by the
different surfactants used to disperse the same aspect
ratio CNTs (Sect. 2.2).

CNT-reinforced concrete with covalent functional-
ized CNTCOOH showed similar behaviour to that of
concrete with untreated CNTPL of equal aspect ratio.
On the other hand, concretes with the same amount of
functionalized CNTOH, of higher aspect ratio
(Table 1), showed slightly lower mechanical perfor-
mance. This suggests that the aspect ratio assumed
greater influence on the reinforcement efficiency than
the functionalization of CNTs. Actually, functional-
ized CNTs are reported to be easily dispersed due to
their greater hydrophilicity [12] and to improve the

load transfer due to the stronger chemical bond
between the CNTs functional group and C-S-H
phases [52]. However, the reinforcement efficiency
of functionalized CNTs in cement matrix is also
affected by other factors: when surfactants are used
together with functionalized CNTs, as occurred in this
study, the interaction between CNTs functional groups
and cement matrix is affected; functionalization and
sonication cause structural defects in CNTs
[1, 11, 53, 54]; functionalized CNTs may demand
higher water absorbance due to their hydrophilicity,
which impairs the hydration process [12]; ettringite
formation tends to be higher in cementitious compos-
ites reinforced with functionalized CNTs [1, 3, 53].

3.2 Steel-concrete bond strength

Contrary to what was found by Bogas et al. [26] in
conventional concrete, CV of 1y, was always lower
than 2%, showing low test variability. Moreover, no
clear difference of CV was found between CNT-
reinforced and unreinforced concretes. For all tested
specimens, the failure mode involved the pull-out of
the reinforcement steel bar without its rupture, being
possible to directly compare the bonding characteris-
tics between different mixes. Moreover, the premature
yielding of reinforcement never occurred before pull-
out, which would affect the concrete-steel bonding.
In general, the P — AL curves were similar in
CNT-reinforced concretes and RC (Fig. 3). As
reported for conventional concrete with ribbed steel
rods, the steel-concrete bond behaviour was charac-
terized by the development of four main mechanisms,
namely the initial chemical and micromechanical
physical adhesion, friction, crushing strength of con-
crete near the steel ribs (wedge action) and by the
interlocking effect of coarse aggregates [21, 22, 55]. In
the first stage, the adhesion between the reinforcement
and the concrete is activated at low stress levels and
it’s essentially ensured by chemical adhesion and
interlocking between the mortar and the roughness of
the steel surface [22]. During this phase the relative
displacement between concrete and steel is minimum.
In the second stage, the ribs of the steel rod are
mobilized and the bond is governed by their resistance
against concrete, i.e., the “wedge effect”. The con-
centrated forces near the ribs give rise to the devel-
opment of radial cracking and subsequent “consoles”
are formed. During this stage the relative displacement
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Fig. 3 Pull-out load-AL curves of concrete with different types of CNTs, at 28 days: a AL up to 0.25 mm; b global curve

of the reinforcement is related to the deformation of
these consoles and the concrete crushing near the ribs
[56]. The third stage is initiated after the appearance
and development of the first radial cracks. According
to fib10 [22], for Ty, higher than about 1-3 f, the
longitudinal cracks expand radially due to the wedge
effect that induces circumferential tensile stresses in
concrete. In this case, the bonding strength is ensured
mainly by the interlocking between the reinforcement
and the concrete struts radiating from the steel rod,
which are supported by the outer ring of undamaged
concrete [57]. In situations of high confinement, this
stage tends to be less relevant. Finally, after this stage,
two failure mechanisms are possible. If the level of
confinement is not enough, the radial cracking
proceeds through the concrete cover and the splitting
failure occurs for bond stresses lower than the
maximum bond strength capacity [58]. Otherwise,
the concrete consoles between ribs are sectioned, the
pull-out occurs and the residual bonding strength is
due to friction effects.

From Fig. 3a it was found that during the first stage
of steel-concrete adhesion, the behaviour of concrete
was little affected by the incorporation of CNTs.
According to some authors [21, 26, 59] denser ITZ
between steel and concrete may improve the chemical
and physical adhesion component. In this work, except
for concrete with CNTPL, this was not evident.
Therefore, we may conclude that the steel-concrete
adhesion was not significantly improved by the
incorporation of CNTs. The addition of CNTPL

slightly improved the adhesion component, as well
as the global pull-out behaviour, as discussed below
(Fig. 3a).

Immediately after the first stage, when the radial
cracking was developed and the concrete “consoles”
were formed, it was possible to observe a progressive
increase of the average bonding stress for a given
relative displacement, AL, in concrete with CNTs. In
this case, the incorporation of CNTs seems to have
been effective and the bond stiffness was increased,
regardless of the CNT type. This phenomenon may be
attributed to the bridging effect provided by CNTs
[1, 3]. In fact, CNTs may be able to retain the
microcrack propagation, producing lower crack
widths and hence retaining the macrocrack propaga-
tion that leads to the greater deformation of consoles
and higher relative displacements. Actually, CNTs
acted to delay the transition from the adhesion phase to
the second phase of radial crack propagation and
consoles formation. As a result, when compared to
RC, concrete reinforced with CNTs showed higher
bond strength (t,,) for lower relative displacements,
AL, at the maximum failure load (Table 3). This
confirms that CNTs were able to improve the bond
behaviour of concrete, showing their positive action
on the retention of crack-propagation.

Finally, taking into account the descending branch
of the P — AL curves (Fig. 3b), higher residual bond
strengths were obtained in CNT-reinforced concrete
for a given relative displacement. This is attributed to
the higher maximum bond strength attained in



Materials and Structures (2018) 51:155

Page 9 of 16 155

concrete with CNTs, which delayed the rupture of
concrete consoles between the steel ribs.

Concerning the influence of the different types of
CNTs, it was found that the maximum steel-concrete
bond strength improvement, when compared to RC,
was registered in concrete with 0.05% CNTPL (14%),
followed by those with CNTSS (9%) and CNTCOOH
(9%) and then concrete with CNTOH (5%) and
CNTSL (4%). Once more, the CNTSL-concrete with
higher air content and poorer dispersion of CNTs
showed the worst performance [1, 3].

On a global view, the greatest performance of
CNTSS, CNTPL and CNTCOOH was confirmed, as
found in compressive strength. As discussed in
Sect. 3.1, CNTSS may better ensure the force transfer
through microcracks. However, concrete with CNTSS
didn’t show the best performance in pull-out tests, as
found for compressive strength. This suggests that
powder form supplied CNTs with higher aspect ratio
(CNTPL) should have been more effective in crack
retention. This may be essentially attributed to the
higher pull-out tensile strength and greater strain
capacity of CNTs with higher aspect ratio and greater
surface area to volume ratio. In other words, the
bridging effect and the subsequent force transfer
though microcracks showed to be more relevant in
reinforced concretes with high aspect ratio CNTPL.
The greater compressive strength found in concrete
with CNTSS (Sect. 3.1) confirms that the dispersion
was more effective and hence, the filling and nucle-
ation effects should have been more relevant in these
mixtures. However, bridging was more determinant in
steel—concrete bonding than the other effects of filler
and nucleation. Hawreen et al. [11] studied the
mechanical characterization of mortars produced with
the same CNTs types. The authors found that mortars
with CNTPL attained higher fracture toughness than
those with CNTSS, despite their similar compressive
and flexural strength. This was also attributed to the
better bridging effect provided by CNTPL. In sum,
depending on the type of CNTs, the effect of filler,
nucleation and bridging can be more or less relevant.
In this study, CNTs of higher aspect ratio should have
contributed more for the bridging effect and the well
dispersed CNTSS, with lower aspect ratio, for the
effects of filler and nucleation. The greatest contribu-
tion of CNTSS for the early hydration of cement paste
was demonstrated elsewhere by means of thermo-
gravimetric analysis [1].

The same behaviour was not confirmed for concrete
with  CNTCOOH with identical aspect ratio of
CNTPL, which showed the same performance of that
with CNTSS. Nevertheless, variations between differ-
ent compositions were low. As for compressive
strength, the worst behaviour was found in concrete
with CNTSL. This shows that the dispersion proce-
dure considered for this type of CNTs, with the same
aspect ratio of CNTPL, was not adequate. Neverthe-
less, all studied types of CNTs were able to improve
the steel-concrete bond behaviour of reinforced
concretes.

In a previous investigation [60] on concrete rein-
forced with 3% of nanosilica, it was reported an
improvement of 39% in the steel-concrete bond
strength when compared to reference concrete. In this
case, a much higher amount of nanosilica could be
more effective than the small amount of CNTs
incorporated in this study. In fact, as mentioned, the
appropriate dispersion of CNTs could only be
achieved at lower CNTs contents, up to 0.1%, limiting
their reinforcement contribution.

Many researchers and most normative documents
have suggested empirical equations for ultimate bond
stress prediction [26, 61-64]. Among other parame-
ters, such as the quality of bonding conditions and
transverse reinforcement, these expressions are
mainly function of the square root of concrete
compressive strength and concrete cover to rebar
diameter ratio. However, a poor correlation was found
between the square root of compressive strength and
the maximum steel-concrete bonding strength, Ty,
for RC and CNT-reinforced concretes with w/c of
0.55, at 28 days (Fig. 4). This was the result of the
better participation of CNTPL in steel-concrete bond
behaviour, in which the bridging effect should have
had a greater effect than in compressive strength, as
discussed before. Nevertheless, little variation of the
normalized bond strength to éﬁﬁ (Tpm/, éﬁ), lower
than + 5%, was found between different concrete
mixes (Table 3).

When compared to fiber-reinforced concrete, the
behaviour of CNT-reinforced concrete is slightly
different, because the reinforcing materials act at
different scales. As mentioned in the introduction,
fibers are able to transfer stress between macrocracks,
controlling their opening and propagation, which
improves the concrete post-cracking behaviour
[25, 36-38]. However, aside from their different
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Fig. 4 Relationship between square root of compressive
strength (f;,) and maximum bond strength (t,,,) of concretes
with w/c of 0.55

chemical properties, CNTs are significantly smaller
than steel fibers and can only contribute before large
macro-cracks are initiated.

Due to their post-cracking behaviour, fibers are
reported to improve the steel-concrete bond [25, 27].
On the one hand, they may improve the confining
effect of steel bars and hence, the bond strength and
bond failure ductility [27, 65, 66]. On the other hand,
as steel fibers resist to crack opening caused by radial
stress, the phase 2 of steel rib mobilization and
wedging effect becomes more effective and the
bonding strength is increased [27]. Comparing to the
case of CNTs, the contribution of fibers occurs in a
later stage of phase 2, after microcracks are merged
into macrocracks. As shown in Fig. 3, CNTs tended to
contribute in an earlier stage of steel-concrete bond-
ing, when the radial cracks were initiated. In fact,
CNTs are only able to withstand narrow microcracks
of up to about 1 um wide [3, 11].

Nevertheless, Yazici and Arel [67], considering
different types and amounts of steel fibers, found only
up to 16% improvement in steel-concrete bond
strength. Slightly higher improvements of bond
strength were attained by other authors in steel-fiber
reinforced concretes. Haddad et al. [68] reported 23%
increase for 2% volume of steel fibers. Similar
improvements, up to 22%, were documented by
Soylev [69], for concretes with 40 kg/m® of steel
fibers. Campione et al. [57] found 7-38% higher bond
strength when 0.5-2% of steel fibers, by volume, were
incorporated. An improvement of 32% was obtained
by Baran et al. [70] in concretes with 60 kg/m3 of steel
fibers. These improvements were not significantly
higher than those obtained in the present study with
low amounts of CNTs.

Beside its effect on end anchorages and lapped
joints, bond affects tension stiffening and thus trans-
verse crack width, crack spacing and curvature [22].
Due to tension stiffening, which is the ability of
concrete to carry tensile stress between cracks, the
stiffness of the entire element is higher than that of the
single steel bar [71]. Considering the simplified load-
strain relation indicated in Fig. 5 for a prismatic
concrete bar loaded in axial tension, four main stages
can be identified; the uncracked stage, the crack
formation stage, the stabilized cracking stage and the
steel yielding stage [22].

Fiber-reinforced concrete may exhibit one more
stage of strain hardening behaviour, before the crack
formation [22, 71]. In this stage, densely distributed
cracks occur after first cracking and the slip between
concrete and steel bar is still not significant [71]. Only
after the peak stress of concrete has been reached the
steel-concrete bond is activated and stage 3 is
initiated. Moreover, contrary to plain concrete, tensile
stress through the fibers can still be transmitted across
the cracks, even after cracking. This ductile behaviour
allows reducing the amount of tensile stress transmit-
ted to the steel bar and thus the slip in concrete.
Therefore, once the crack pattern is stabilized, two
mechanisms for tensile stress transfer are mobilized,
namely the concrete-steel bond and the post-cracking
stress transmitted across the cracks (stage 3, Fig. 5).
Basically, fibers are expected to contribute for the
tension stiffening in three ways: improving the
concrete peak tensile strength in the hardening stage
(stage 1); improving the post-cracking behaviour of
concrete (stage 3); improving the steel-concrete bond
strength (stage 3).

However, as mentioned, CNTs cannot significantly
contribute for the post-cracking behaviour of concrete.
Considering the four stages of Fig. 5, CNTSs’ contri-
bution is mainly at the third stage (stabilized cracking)
when radial cracking is initiated and the concrete
“consoles” are formed. In this case, the bond strength
is improved and the average strain of the steel bar is
reduced. CNTs can also contribute in the first stage by
increasing the tensile strength of concrete, as has been
reported in previous studies using the same types of
CNTs [1, 11]. As a consequence, the slight contribu-
tion of CNTs to the tension stiffening leads to less
spaced cracks, lower crack widths and higher flexural
stiffness, thereby improving durability. The distinct
effects provided by CNTs and fibers, suggests that
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Fig. 5 Simplified load-strain relation for a centrically reinforced member subjected to tension [22]

improved solutions can be obtained with hybrid
reinforcements of these materials.

3.3 SEM analysis

SEM was performed in order to confirm the partici-
pation of CNTs in concrete strengthening (Fig. 6). In
general, it was possible to find regions of adequate
CNTs dispersion, without significant agglomeration,
where bridging was effective in microcrack retention
(Fig. 6a). As found in other study concerning the
mechanical strength of mortars produced with the
same types of CNTs [11], nanotubes were also able to
participate in retaining the microcrack propagation
within the aggregate—paste ITZ region. However, no
vestiges of CNTs were found at the surface of the

aggregate and in the region within about the nearest
5 pm of the surrounding matrix, regardless of the type
of CNT. This suggests that the aggregate—paste bond
strength was not significantly affected by the incor-
poration of CNTs. Nevertheless, the cement matrix in
the ITZ region, which is normally up to about
40-50 pm, could have been improved, since it was
confirmed the contribution of CNTs in bridging
microcracks initiated from aggregates surface
(Fig. 6b). The filler and nucleation effect could also
contribute to the quality improvement of the ITZ
[1, 3, 11]. Nevertheless, the CNTs should not be able
to significantly improve the bond between the surface
of the aggregate and the cement paste, having a low
contribution to the mechanical strength of these
regions. In fact, cracks may be developed around the

Aggregate

Fig. 6 SEM of concrete mixes reinforced with 0.05% CNTPL, showing, a CNTs uniform dispersion, b CNTs effect on aggregate—

paste transition zone (CNTs are pointed)

=



155 Page 12 of 16

Materials and Structures (2018) 51:155

surface of the aggregate without the significant
participation of CNTs to bridge and retain their
propagation.

Concerning the steel-concrete bond behaviour, the
pull-out of steel rebar was the predominant failure
mechanism (Fig. 7a), involving concrete crashing
between ribs (Fig. 7b). In general, all ribs were
mobilized, suggesting a nearly uniform bond stress
distribution. As shown in Fig. 8b, ¢, CNTs were
effective in bridging the microcracks propagated from
the steel ribs, confirming their ability to delay the
macrocrack propagation and deformation and rupture
of concrete consoles. This may explain the increase of
the average bonding stress for a given relative
displacement found in Sect. 3.2. As a result, when
compared to RC, CNT-concretes showed higher
steel—concrete bond strength.

It was found that CNTs could only be effective in
bridging small microcracks (Fig. 8b), bellow a critical
width lower than about 1 pm, according to Hawreen
et al. [3]. Increasing the applied pull-out load,
developed cracks in concrete around the ribs of steel
bar further broaden until the CNTs fracture (Fig. 8c).
As soon as CNTs reach their ultimate tensile strength,
the nanocracks propagate to macrocracks and become
no longer efficient to reinforce the matrix.

Similarly to what occurs in the aggregate—paste
ITZ, immediately near the steel bar surface CNTs
should not significantly contribute to the steel-
concrete bonding strength. In this case, the steel—
concrete adhesion component is little affected by the
incorporation of CNTs (Sect. 3.2), except for the
quality improvement achieved on the surrounding
cement matrix.

« Y w 3,
of v
”|concrete between rib <

4 Conclusions

The effect of CNTs incorporation on the compressive
strength and steel-concrete bond behaviour of con-
crete was investigated. The results draw the following
conclusions:

e [t was shown the potential contribution of CNTs in
increasing the compressive and steel-concrete
bond strength of concrete, participating in concrete
reinforcement by means of their filler, nucleation
and bridging effects. However, only modest
improvements, up to about 20%, could be
achieved.

e The compressive strength improvement of CNT-
reinforced concrete was as high as 21% or as low as
— 3%, compared to plain concrete. Reinforcement
efficiency was affected by the type of CNTs,
namely their aspect ratio, dispersion technique and
nanotube spacing.

e The highest compressive strength was found in
concrete with higher amounts of lower aspect ratio
CNTs. Nanotubes dispersibility assumed great
relevance on strengthening efficiency. Concrete
with functionalized CNTs showed similar beha-
viour to that with pristine CNTs of equal aspect
ratio.

e Regarding the steel-concrete bond behaviour, the
first stage of steel-concrete adhesion was little
affected by the incorporation of CNTs. However,
when the radial cracking was developed CNTs
were effective and the bonding stiffness was
improved when compared to that of unreinforced
concrete. This was attributed to the bridging effect
of CNTs, which might be able to retain the crack

b. 3 I

- e ,
MPartial crushing

Fig. 7 Steel bar pull-out failure in concrete with 0.05% CNTPL: a steel bar end displacement before and after pull-out test, b partial

crushing of concrete consoles between the steel bar ribs

-
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surface after
steel pull

propagation and reduce the deformation of con-
crete consoles between steel ribs. Higher residual
bonding strength was also found in CNT-rein-
forced concrete for a given relative displacement
due to the delayed failure of concrete consoles. It
was thus demonstrated the positive contribution of
CNTs to the steel-concrete bond resistance.

The best performance, up to 14% higher bond
strength than in RC, was attained in concrete with
CNTs of higher aspect ratio, which were able to
greatly explore the CNTs bridging effect.

SEM analysis confirmed the adequate dispersion
and efficient bridging effect of CNTs, leading to
enhanced mechanical strength properties of rein-
forced concrete. It was shown that CNTs were
effective in bridging the microcracks propagated
from aggregates surface and steel bar ribs, delaying
the macrocrack propagation and deformation of
concrete consoles.

In general, the modest improvement of concrete
mechanical properties with the addition of CNTs
was found unattractive, at least considering the
CNT dispersion method adopted in this study and
the still high cost of CNTs in the market up to date.

Fig. 8 a Images of the cement matrix immediately near the reinforcement surface. SEM showing b CNTs bridging, ¢ CNTs rupture
after pull-out tests of concrete with 0.05% CNTPL [arrows indicate CNTSs (1)]

The results obtained in this study suggest that
greater amounts of well-dispersed CNTs are nec-
essary to more effectively improve the concrete
performance. The relevant application of CNTs in
concrete may occur after reaching the same
dispersion level and reinforcement efficiency
found in cement pastes and mortars. After over-
coming this issue, many potential pathways of
CNT application could open to enhance the
properties of concrete, and as a consequence,
higher demand for the material in the market can
lead to a significant drop in the unreasonable cost
of CNTs.
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