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Abstract

The main purpose of this study is to characterize the mechanical properties of concrete reinforced with carbon nanotubes
(CNT). For this, an extensive experimental program was carried out involving the production and characterization of concrete
mixes with five types of CNT, in terms of flexural, splitting tensile and compressive strength, ultrasonic pulse velocity, elastic
modulus and fracture toughness. The dispersion ability of CNT in a wide range of pH aqueous suspensions was evaluated
prior to their incorporation in concrete. It was found that 0.05-0.1% of CNT were effective to improve all tested properties,
increasing the compressive, flexural and splitting tensile strength, as well as the fracture energy and elastic modulus up to
23%, 18%, 27%, 42% and 15%, respectively. The CNT showed great potential to improve the crack resistance and the frac-
ture toughness of concrete, especially in the pre-peak performance of concrete. In relative to other types of CNT, concrete
containing higher dosages of lower aspect ratio CNT had the highest improvement of mechanical strength. This is explained
by the lower structural damage and higher dispersion capacity of this type of CNT in high pH environments. Nevertheless,
higher aspect ratio CNT showed better contribution for the fracture energy, due to their more efficient bridging effect.

Keywords Carbon nanotube - Concrete - Elastic modulus - Ultrasonic pulse velocity - Fracture toughness - Mechanical
strength

1 Introduction

Concrete can be characterized at multiple length scales
(nano, micro and macro). The behaviour of each scale
originates from that at smaller scale. This is where nanosci-
ence has a major role to develop concrete with improved
properties. Research on concrete nanotechnology became
more interesting after realizing that the chemical and physi-
cal properties of cement hydration products are flexible for
manipulation, aiming to output a stronger and more durable
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composite. In these terms, carbon nanotubes (CNT) with
their high surface area and extraordinary physical and
mechanical properties became promising candidates for
composite materials [1, 2]. The aspect ratio over 1:1000 ten-
sile strength up to 60 GPa and modulus of elasticity of about
1 TPa are some of the outstanding characteristics reported
for CNT [3, 4].

Cement-based materials (CBM) are characterized by
low tensile strength and limited strain capacity, which
causes the easy generation and propagation of cracks.
The cracking process of concrete starts with separated
nanocracks, which later combine to compose microcracks
and then macrocracks. Thus, nanosize cracking has a high
influence on the composites’ performance, in terms of
mechanical and durability behaviour. This fact promoted
using nanosized fibres for concrete reinforcement to con-
trol the nanocrack propagation into larger microcracks.
Various researchers have focused on the strengthening of
CBM with CNT [5-16]. Generally, CNT’s contribution in
the nanoscale reinforcement of CBM through the follow-
ing factors are: filler action, leading to denser CBM; inhi-
bition of crack growth and propagation (CNT’s bridging
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effect); enhancement of the aggregate-paste interface
quality; better stress transfer between cement compounds;
better development and distribution of hydrated products
(CNT’s nucleation effect) [6, 7, 13, 14].

Various researchers (e.g. [6—8, 11-15]) investigated the
mechanical strength and microstructure of CNT-cement
pastes or mortars. It has been demonstrated that the crack-
bridging behaviour of CNT can lead to improvements in
the fracture toughness, splitting tensile strength (i, p),
compressive strength (f,,), flexural strength (f, 5) and
modulus of elasticity (E,,,)-

Cwirzen et al. [11] and Kumar et al. [12] showed
that the addition of CNT could lead up to 50% and 36%
increase in f, and fy, o, T€spectively, when cement pastes
with different w/c, CNT concentrations and CNT disper-
sion methods were tested. However, Kumar et al. [12]
found that the incorporation of more than 0.5% CNT led
to strength reduction. Li et al. [15] studied the f, 4 and
Jom of mortars with 0.5% functionalized CNT and found
25% and 19% increment, respectively. Musso et al. [13]
prepared cement pastes with 0.5% functionalized, annealed
and pristine CNT. The rupture modulus of nanocomposites
with annealed and pristine CNT was, respectively, 9% and
34% higher than that of the plain paste. The hydrophilic
functionalized CNT led to 61% lower strength, causing the
absorbance of water available in the mix and preventing
the proper hydration of cement paste.

Stynoski et al. [16] studied the fracture toughness and E_ |
of mortars with 0.125% CNT, 5% silica fume and 0.855%
carbon fibres. The authors reported up to 21% and 52%
increase in the E_, and crack mouth opening displacement
of reinforced mortars. Hawreen et al. [8] also found up to
65% and 54% improvement in the fracture energy and frac-
ture load of CNT-mortars, respectively, when 0.05-0.1% of
various types of CNT were incorporated.

Nochaiya and Chaipanich [14] showed that the porosity
of cement pastes slightly reduces with the incorporation of
CNT. The total measured porosity was 27%, 26% and 23%,
in cement pastes with 0%, 0.5% and 1% of CNT, respec-
tively. Li et al. [15] also found a similar trend when 0.5%
of functionalized CNT was added. According to Nochaiya
and Chaipanich [14], CNT tended to mainly decrease the
mesopores (<50 nm) of cement composites, while macropo-
res (> 50 nm) were little affected.

Hawreen et al. [6, 7], Makar et al. [17] and Makar and
Chan [18] studied the CNT’s influence on the cement pastes’
hydration process, using Vickers hardness test, microscopic
analysis, thermogravimetric analysis, Fourier-transform
infrared spectroscopy and X-ray diffraction. The authors
confirmed the accelerated hydration and early strength
improvement in reinforced cement pastes, which was related
to the “nucleation effect” formed by CNT, and the adequate
bonding between the CNT and the cement compounds.
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In short, different trends were reported in the literature,
depending on various factors, including the concentration,
dispersion technique, type and aspect ratio of CNT, as well
as the characteristics of the surrounding matrix and testing
procedure. Therefore, the mechanical behaviour of CNT-
reinforced CBM is still not well-understood and further
research is needed. In addition, most research works have
studied the effect of incorporation of CNT on the properties
of mortars or cement pastes [6-8, 11-19], and only a few
studies were focused on CNT-concrete, namely concerning
the steel-concrete bond strength [9], long-term deformation
[5] and durability of CNT-reinforced concrete [10].

As shown above, a comprehensive study involving the
mechanical characterization of concrete strengthened with
different types of CNT has not been published yet. Thus, as
a novelty, this study aims to deeply investigate the effect of
various types and amounts of CNT on the mechanical prop-
erties of concrete, including f., E s foum, > fotm,sp» Ultrasonic
pulse velocity (UPV) and fracture toughness. Results are
also connected with the characterization of the dispersion
efficiency of CNT in aqueous suspensions.

2 Experiments
2.1 Materials

Cement type I 42.5R [20] and two types of fine and coarse
aggregates were used to produce concrete (Table 1). For low
w/c concrete, superplasticizer (SP) was also used.

Five types of multi-walled carbon nanotubes with differ-
ent characteristics were chosen from Timesnano (Table 2).
CNTSL and CNTSS, having high and low aspect ratios,
were supplied in aqueous suspension with 5% and 9% weight
concentrations, respectively. Dispersion of these two types
of CNT was attained with TNWDIS, a polyethylene glycol
aromatic imidazole agent. Pure CNTPL has the same aspect
ratio of CNTSL, but it was delivered in powder. CNTOH and
CNTCOOH, also provided in powder, were originally -OH
and —COOH functionalized, respectively. Dolapix PC67
(anionic surfactant) was used for the dispersion of powder
supplied powder CNT (CNTCOOH, CNTPL, CNTOH).

2.2 Dispersion of Carbon Nanotubes

Prior to concrete mixing, CNTs were dispersed in water. This
procedure included sonication for breaking down bundles of
CNT and then the addition of the surfactant (Dolapix PC67)
to sustain the dispersion stability. The amount of Dolapix
PC67 and the sonication time were defined according to
a previous study [25]. CNTOH, CNTCOOH and CNTPL
were blended with 40% of the mixing water, taking into
account the CNT/Dolapix PC67 mass ratio of 1:0.25, 1:0.5
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Table 1 Properties of
aggregates

8363
Property FS* csP FG° G Standard
Water absorption 24 h (%) 0.19 0.26 0.5 0.35 BSEN 1097-6 [21]
Oven-dried particle density (kg/m®) 2605 2624 2646 2683 BSEN 1097-6 [21]
Apparent particle density (kg/m>) 2618 2642 2698 2709 BSEN 1097-6 [21]
Saturated and surface-dried particle 2610 2631 2665 2693 BSEN 1097-6 [21]

density (kg/m®)

Loose bulk density (kg/m3) 1569 1508 1309 1346 BSEN 1097-3 [22]
Voids (%) 39.76 34.74 50.53 49.82 BSEN 1097-3 [22]
Shape index category Sy, NP BSEN 933-4 [23]
Los Angeles category LAs;s LA;, BSEN 1097-2 [24]
Size (mm) 0/2 0/4 0/8 4/11.2 -

abedRine and coarse gravels (limestone), and fine and coarse sand (siliceous), respectively

Table 2 Characteristics of CNT

. Notation CNTSS CNTSL CNTPL CNTCOOH CNTOH

as supplied
Commercial name TNIMS8 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 (um) 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 (g/cm?) 0.18 0.16 0.16 0.16 0.14
COOH (%) - - - 1.36-1.5 -
OH (%) - - - - 2.48

and 1:1, respectively. The remaining mixing water (60%)
was afterwards used to saturate the aggregates (Sect. 2.3).
The powder CNT-Dolapix-water suspensions were stirred
magnetically for 4 h and then sonicated for 30 min. CNTSS
and CNTSL were already supplied in aqueous suspension,
pre-stabilized with the TNWDIS surfactant. In this case,
suspensions were only magnetically stirred with the mixing
water and sonicated for 45 and 30 min, respectively.

2.3 Concrete Mix Compositions and Specimen
Preparation

Concretes were produced with various w/c (0.35-0.55) and
cement contents (380-450 kg/m3) [26]. The consistency of
fresh concrete was class S3 (100—150 mm) [26]. Therefore,
SP was needed for mixes with low w/c (0.35, 0.45). To ana-
lyse the influence of CNT aspect ratio and dispersion tech-
nique, various types of CNT were only tested for concrete
with w/c of 0.55. The concentration of CNT varied between
0.05% and 0.5%, by cement weight, based on a previous
investigation carried out in CNT-cement pastes [6]. Con-
cretes with w/c of 0.45 and 0.35 were only prepared with or
without 0.05% CNTPL. Reference concretes (RC) without

CNT were also produced for all w/c range. Mix composi-
tions are presented in Table 3.

For the concrete production, all aggregates were ini-
tially mixed for 3 min with 60% of the total water. Then,
the remaining 40% of mixing water (with or without CNT)
and cement were introduced and mixed for more 3 min.
Whenever needed, SP was slowly added to the mix after
one more minute. The following specimens were prepared
for each testing age and concrete composition: three cubic
(150 mm) and three cylindrical (@150x 300 mm) specimens
for f,.,; three cylindrical specimens (@150x300 mm) for
E_,,; three cubic specimens (150 mm) for UPV; three cylin-
drical specimens (@3150x300 mm) for f,,, , strength; three
prisms (100x 100X 500 mm) for f,, 4 strength; three prisms
(100x 100x 350 mm) for fracture toughness. After 24 h, the
specimens were placed in a chamber with controlled tem-
perature of 20+ 2 °C and RH of about 95%, until the testing
day.

2.4 Test Procedures

The compressive strength was tested according to BSEN
12390-3 [27], at 7, 28 and 90 days, for a loading rate of

Springer
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Table 3 Mix design of Mixes w/c CNT SP *(%)  Mass of materials (kg/m3)

concretes

Type *(%) Cement CG FG CS FS

RC(0.55) 055 - - - 380 710 242 454 303
C(0.55)_SS(0.1) 0.55 CNTSS 0.1 - 380 710 242 454 303
C(0.55)_SS(0.5) 0.55 CNTSS 0.5 - 380 710 242 454 303
C(0.55)_PL(0.05) 0.55 CNTPL 005 - 380 710 242 454 303
C(0.55)_PL(0.5) 0.55 CNTPL 0.5 - 380 710 242 454 303
C(0.55)_COOH(0.05) 0.55 CNTCOOH 0.05 - 380 710 242 454 303
C(0.55)_COOH(0.5) 0.55 CNTCOOH 0.5 - 380 710 242 454 303
C(0.55)_SL(0.05) 0.55 CNTSL 005 - 380 710 242 454 303
C(0.55)_OH(0.05) 0.55 CNTOH 005 - 380 710 242 454 303
RC(0.45) 045 - - 0.5 400 737 250 474 306
C(0.45)_PL(0.05) 045 CNTPL 005 0.5 400 737 250 474 306
RC(0.35) 035 - - 1 450 755 251 503 265
C(0.35)_PL(0.05) 035 CNTPL 005 1 450 755 251 503 265

*By weight of cement

13.5 kN/s. Cylindrical specimens from E_, tests were also
tested for f,,, at 28 days with a loading rate of 10.5 kN/s. The
Jetm,sp tests, according to BSEN 12390-6 [28], and the f., 4
tests, according to BSEN 12390-5 [29], were carried out at
7, 28 and 90 days, at loading rates of 3.5 and 0.167 kN/s,
respectively. The UPV was evaluated according to BSEN
12504-4 [30] at 7, 28 and 90 days, using a non-destructive
tester (PUNDIT)/. The static E_,, test was carried out accord-
ing to the specification LNEC E397 [31], at 28 days. The
procedure consisted of four loading and unloading cycles,
varying the applied stress between 1 MPa and one-third of
the f,,,,. The loading rate was about 0.5+0.01 MPa/s. The
E.,, was calculated according to Eq. (1), where E, is the
modulus of elasticity (GPa); o, is the initial stress of the
cycle (MPa); oy, is maximum applied stress (MPa); ¢; , is the
strain measured for o; , and &, is the strain measured for oy ..

EC:FQ’——Eﬂ]xlo-3 (1)
Ern ~ Ein

The toughness test was carried out at 28 days in notched
beams under three-point loading, according to ASTM
C1609/C1609 M [32] and RILEM TCS [33]. An aluminium
plate was fixed on each opposite face of the specimen to
hold a deflectometer with 1 pm precision and 25 mm range
(Fig. 1). In addition, one clip-on extensometer with similar
precision was installed at the notch to monitor the crack
mouth opening displacement (CMOD). The deformation
rate was 0.05 mm/min. Three different mechanical proper-
ties were derived from the toughness test, namely the frac-
ture energy (Gy), Young’s modulus (E) and f,, 5 (5;). The

@ Springer

Fig. 1 Fracture toughness test

fracture energy was calculated based on the RILEM recom-
mendations [33], according to Eq. (2).

_ A, +mgé,
" (d—ag)b @
where A is the total area of the load—deflection (J;) curve
(N/m), mg is the beam self-weight (kg), J, is the deflection
at the failure load (m), d is the beam depth (m), b is the beam
width (m) and q,, is the notch depth (m).
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The Young’s modulus (E) was calculated from Eq. (3) [34],
in which C; is the initial compliance from the load-CMOD
curve (m N71), and S is the span length (m).

_ 6XSxayxVi(a)
G xd>xb 3)

In Eq. (3), V, and a were calculated according to Eq. (4)
and (5), respectively, in which HO is the holder thickness
of the clip gauge.

0.66

V(@) = 0.76 — 2.28a + 3.87a> — 2.04a’ + G-ay @
_ay+ HO 5
‘= d+HO v

2.5 Characterization of Carbon Nanotube
Suspensions

The dispersion capacity of all CNT types in aqueous suspen-
sion was characterized prior to their incorporation in con-
crete. The investigation was carried out for pH values up to
approximately 14, simulating the behaviour of CNT in high
pH environment, typical of CBM. Thus, the effect of acid
functionalization and dispersant type on CNT dispersion in
low, neutral and high pH solution was evaluated. The CNT
suspensions were analysed regarding particle surface charge,
using Malvern-Zeta Sizer Nano-ZS. The magnitude of par-
ticle surface charge can be associated with their stability
in suspension, since higher surface charges correspond to
increased electrostatic repulsion and thus increased stabil-
ity. On the contrary, suspensions with low Zeta potential
values (typically between +25 mV and —25 mV) tend to
aggregate due to van der Waals interactions [35]. CNT were
mixed with water in a concentration of 0.005%. The disper-
sion process described in Sect. 2.2 was considered to prepare
each CNT suspension. To avoid the effect of foreign ions in

the environment ionic force, deionized water was used to
prepare the suspensions, at 25 +0.2 °C. The suspensions’
pH was varied between 2 and 14, using tailored amounts of
HCI or NaOH aqueous solutions.

The Zeta potential results are presented in Fig. 2. At low
pH (1.9-7), the Zeta potential values of the CNT suspen-
sions decreased with increasing pH. At higher pH values
(7-12.5), the curves followed an opposite trend. Most sus-
pensions were leaning towards having constant Zeta poten-
tial plateau for pH values between pH 5 and 10, which is also
the range where the suspensions had their highest dispersion
stability. CNTSS showed the highest Zeta potential in com-
parison with other CNT types, while CNTSL had the lowest
Zeta potentials. This behaviour of CNTSS stands for their
better dispersion and higher suspension stability, even at
high pH. The CNTs of higher aspect ratio (CNTSL, CNTPL,
CNTCOOH and CNTOH) were more prone to agglomerate
than CNTSS. For CNTCOOH, CNTOH and CNTPL suspen-
sions with pH of 6+ 0.1, the Zeta potential corresponded to
—38.8, —34.8 and —25.5 mV, respectively. This means that
—COOH and —OH functionalized CNT tend to disperse bet-
ter in water as compared to pure CNTPL, due to their high
hydrophilicity. At high pH, the Zeta potential decreased for
all solutions, but the relative behaviour between different
types of CNT was about the same.

Despite aiming at ideal CNT dispersion in aqueous sus-
pension, care must be taken to reduce the unwanted dam-
age (carbon atomic structure damage, CNT amorphization,
CNT length shortening) resulting from the sonication and
acid functionalization process. Therefore, balance must be
achieved between adequate dispersion and low structural
damage of CNT. To analyse the level of damage, Raman
spectroscopy was carried out. In fact, the frequency, inten-
sity and shape of Raman vibrations in CNT are related to
their morphological and structural features, including struc-
tural and lattice defects [36, 37]. The spectra were collected
from a micro-Raman spectrometer (HR Evolution, Horiba

Fig.2 Zeta potential of different 20 - —=&— CNTSS
CNT suspensions —e— CNTSL
10 —4— CNTPL
—+— CNTCOOH
pH —+— CNTOH
0 T T T T T T T T T T T 1
= 1 12 13 14
g
= -10 A
.8
g unstable
2 -20 {suspension
=
8
g -30 stablej
suspension
40

-50 -
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Jobin—Yvon), with 532 nm laser, 100 X objective, 5 accu-
mulations and 10 s acquisition. The software Fityk 0.9.8
was used for background removal, and peak fitting was per-
formed using the Lorentzian function. Similar to Zeta poten-
tial analysis, the CNT suspensions for Raman spectroscopy
were prepared at concentration of 0.005%, following the
dispersion procedure described in Sect. 2.2.

All different types of CNT (as supplied) were observed
for their peak shape varieties using Raman spectroscopy
(Fig. 3a). Normally, the Raman spectrum of carbon materi-
als includes two prominent features, the D peak (/) and the
G peak (I;), which are related to the CNT’s length and the
distance between point defects in the carbon crystallite lat-
tice, respectively [37]. Changes in the G and D peaks denote
damage in CNT. Figure 3b presents the influence of the dis-
persion process (sonication and acid functionalization) on
the Raman spectrum of different CNT types. The Ijy/I; ratio
is inversely proportional to the CNT’s length or to the mean
crystallite size in the direction of the plane [37]. Based on

—CNTPL A\

—— CNTCOOH N\ _

the results indicated in Fig. 3b, it can be concluded that the
increase in CNT’s amorphization features with sonication
energy is lower for CNTSS, followed by CNTSL, CNTPL,
CNTCOOH and CNTOH. The higher damage in CNT-
COOH and CNTOH is related with the functionalization
process applied by the supplier. In fact, it is stated that some
of the orbital hybridisations of carbon atoms were converted
from sp? to sp after the acid treatment.

3 Results and Discussion
3.1 Compressive Strength

The mean f,, obtained from cubic (f, ) and cylindri-
cal (foy 1) specimens is presented in Table 4. The f,, of
CNT-reinforced concretes relative to the f,,, of RC mixes
(A) is also indicated. In addition, the “coefficients of
variation” (CV) are also presented in Table 4. CV of all

(b)

_ Iyl
-
—
—
—

— S v > > >

L em o e

1000 1500 2000 2500 3000

Fig.3 a Raman spectra of CNT, and b I,//; ratios of dispersed CNT

Table 4 Compressive strength ;

of concrete cuI;)es (Feme) ang Mixes Jome Jemen

cylinders (fop, cy1) 7 days 28 days 90 days 28 days

MPa A CV MPa A CV MPa A CV MPa A CvV

RC(0.55) 368 - 46 475 - 48 547 - 35 454 - 5.6
C(0.55)_PL(0.05) 404 9.7 25 521 96 23 592 83 26 493 84 14
C(0.55)_PL(0.5) 386 48 41 445 -63 1.1 531 -29 01 - - -
C(0.55)_COOH(0.05) 384 42 24 516 87 1.6 584 6.8 28 491 80 22
C(0.55)_COOH(0.5) 41.0 114 28 473 04 24 550 06 27 - - -
C(0.55)_SS(0.1) 451 225 25 575 210 40 667 21.8 48 556 223 04
C(0.55)_SS(0.5) 384 4.1 56 512 78 1.7 575 5.1 32 485 68 20
C(0.55)_SL(0.05) 356 —-34 76 462 -28 40 507 =73 25 457 07 15
C(0.55)_OH(0.05) 40.0 85 1.2 507 6.7 23 590 79 1.9 495 9.0 12
RC(0.45) 56.1 - 1.1 647 - 24 678 - 81 608 - 0.5
C(0.45)_PL(0.05) 557 -06 10 640 -—-11 22 722 64 21 668 98 0.1
RC(0.35) 73.6 - 40 783 - 32 853 - 27 715 - 7.2
C(0.35)_PL(0.05) 783 64 51 849 85 6.1 912 6.9 92 886 143 03

@ Springer
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CNT-reinforced concretes were similar to RC, except those
with w/c of 0.35, being lower than 4%, which are in accord-
ance with BSEN 12390-3 [27]. The results show that the
reinforcement efficiency depends on the type and quantity of
CNT and also on the w/c ratio. For example, the f, increase
in CNT-concretes was as high as 22% at 28 days, confirm-
ing the contribution of CNT for the strength improvement
of CBM. This general improvement is essentially related
to the effects of nucleation, filler and bridging [6, 7, 10].
Only the incorporation of CNTSL and high quantities of
CNT (0.50%) of greater aspect ratio were not effective. As
discussed in Sect. 2.5 (Fig. 2), it was harder to disperse
high aspect ratio CNT, when the commercial surfactant was
adopted (CNTSL). The higher aspect ratio and surface area
of CNTSL enhance the attraction forces between nanotubes
and promotes the tangle effect between them.

Compared to cement pastes [6] and mortars [8], from
previous studies of the authors, the strength increment pro-
vided by the same amount and type of CNT was lower in
reinforced concretes. The main difference between mortars
and concretes is the size of the aggregates, in which larger
aggregates will affect the CNT dispersion in the cementi-
tious matrix and the failure mode. On the one hand, it is
more difficult to ensure an appropriate CNT dispersion dur-
ing concrete mixing, which may result in poorer dispersibil-
ity. On the other hand, apart from the cement paste, the inter-
face transition zone (ITZ) also influences the mechanical
behaviour of concrete. In this case, a lower strength improve-
ment can mean that CNT should not considerably improve
the ITZ quality of the aggregate-paste. Figure 4 shows one
example of the f failure of concrete with w/c of 0.35 and
0.05% CNTPL. For this high-strength concrete, the failure
path travelled through the aggregates in various regions of
the specimen. Therefore, the CNT incorporation, at least,
did not negatively affect the aggregate-paste bond and the
concrete strength was not significantly affected by the ITZ.
According to Kowald and Trettin [38], the CNT may con-
tribute to decrease the crystalline Ca(OH), content in the
ITZ. Therefore, as this type of Ca(OH), contributes to the
strength reduction and higher permeability of concrete [39],
the CNT incorporation may have a beneficial effect in these
regions. Nevertheless, whether the f, is influenced by the
ITZ or by the aggregate strength, the cement matrix quality
assumes less relevance on the concrete strength. Therefore,
the CNT reinforcement efficiency would be higher in cement
pastes and mortars than in concrete.

The improvement of f,, due to the addition of low
amount of CNT suggests their positive effect in the micro-
structure of concrete (Table 4). However, the strength
increase was highly influenced by the type and dispersion
technique of CNT. In relative to RC, the f increment of
concrete with 0.05% of CNTPL, CNTCOOH, CNTOH,
CNTSL and 0.1% of CNTSS was 10%, 9%, 9%, 1% and

Fig.4 Compressive failure of concrete specimen with w/c of 0.35
and 0.05% CNTPL

22%, respectively. These significant differences between
CNT-concretes were attributed to three main factors: the
CNT aspect ratio (Table 2), the CNT dispersion tech-
nique (Sect. 2.2) and the CNT spacing in the matrix [7].
Although the CNT of higher aspect ratio should give better
reinforcement capacity and pull-out strength as a result of
their improved bridging behaviour, they are more prone to
agglomerate, showing lower strength increment in relative
to CNT of lower aspect ratio (CNTSS) (Fig. 2).

In a previous study of the authors [7], it was theoreti-
cally calculated that CNT of lower aspect ratio may bet-
ter guarantee the force transfer in microcracks (CNTSS),
despite the greater free space between them. Furthermore,
experimental analysis carried out in Sect. 2.5 indicated that
when compared to other CNT, CNTSS was less damaged
after the sonication process (Fig. 3b) and its dispersibility in
high pH environments was higher (Fig. 2). This may explain
the optimum strength improvement attained in concrete con-
taining CNTSS. The greater dispersion quality of CNTSS
has also been shown in microscopic analysis carried out
in previous studies with cement pastes and mortars [6—8].

Apart from the aspect ratio, the results show that the
reinforcement efficiency of CNT is also influenced by the
dispersion technique. For example, concretes with CNTPL
and CNTSL showed very distinct results even though they
had the same aspect ratio. This behaviour confirms the
influence of different dispersion techniques (Dolapix PC67
for CNTPL and TNWDIS for CNTSL), i.e. concrete with
CNTPL showed f,,,, improvements up to 10%, while with
CNTSL was as low as —3%.

@ Springer
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Concretes with functionalized CNT (CNTOH and CNT-
COOH) obtained higher increments (7-9%) than CNTSL-
concretes, but still much lower than CNTSS-concretes, as
compared to RC. Even though functionalized CNTs are less
prone to agglomerate because of their greater hydrophilicity,
which provides a stronger chemical bond with the cementi-
tious matrix, the functionalization process introduces CNT
structural defects (Fig. 3b). In addition, the hydrophilic func-
tionalized CNTs demand higher water absorbance, which
may hampers the hydration process [13]. According to [7],
the functionalized CNT may also decrease the strength of
concrete because they promote more ettringite formation [7].
Nevertheless, the strength of concretes with functionalized
CNT was similar to that with pristine CNT (CNTPL) of
similar aspect ratio.

In accordance with the theoretical study of Hawreen et al.
[71, 0.5% of CNT simulates sufficient level of strength rein-
forcement, compatible to the adequate force transfer between
cracks. However, f,, of concrete decreases at high incorpo-
ration ratio (0.5%), regardless of the CNT type (Table 4). In
fact, concretes with 0.5% CNTSS had about 12% lower f,
when compared to concretes with only 0.1% CNTSS. The
addition of 0.5% of CNTCOOH and CNTPL even led to f,,
decrements up to 6%, as compared to RC. The inefficiency
of these concrete reinforcements was related to the lower
dispersion of CNT when high amount was incorporated [7].
Predictably, the incorporation of high amounts of longer
CNT (CNTCOOH, CNTPL) decreased f,,,, more than short
CNT (CNTSS). This shows that the effect of CNT agglom-
eration on f, is proportional to both amount of CNT and
its aspect ratio.

For a certain amount and type of CNT, the strength
improvement appeared to be influenced by the w/c (Table 4).
Regarding the cylindrical specimens, the f,;, improvement
increased with decreasing w/c. This may be related to the
addition of SP in low w/c concrete, which helped further dis-
persion of CNT. In addition, for the same volume of paste,
concrete mixes with low w/c (0.35) had a higher amount
of CNT (% of cement weight). However, the same trend
was not confirmed in cubic specimens, where in general the
CNTs were less effective in low w/c concrete. The higher
efficiency of CNT in cylindrical specimens can be associated
with the drying conditions suffered by these samples, which
were only tested after the tests of E . In this case, shrinkage
cracks were developed and CNTs could better contribute
by their bridging effect in the matrix reinforcement. Nev-
ertheless, this does not explain the very low effectiveness
shown by concrete with CNTPL and w/c of 0.45 in cubic
specimens. This may be related with the unexpected high
strength obtained for RC (0.45). Also note that, in some
cases, the small differences between concretes are within
the test variability, which makes it complex to accurately
interpret the results.
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In terms of strength development, the incorporation of
CNT in concrete seems to be more efficient at early ages,
regardless of the amount and type of CNT and the w/c
(Table 4). The exception occurred for w/c of 0.45, which
confirms the unexpected values mentioned before. This
behaviour was attributed to the positive effect of CNT on
the cement hydration at early age. In addition, for concretes
at younger ages, the force transmitted between the paste and
the CNT is smaller, contributing to a greater effectiveness of
the reinforcement system. The greatest reduction in strength
was found for concretes reinforced with high dosages (0.5%)
of CNTCOOH and CNTPL. The f,, changed by 11%, — 6%
and — 3%, at 7, 28 and 90 days, respectively, was compared
to reference concrete. The greater content of CNT and sur-
factant should have assisted the faster cement hydration, due
to the nucleation effect and better distribution of cement
particles. However, at later phases, the worse uniformity
attained in these CNT-concretes [7] was apparent and the
strength was even lower than that of RC.

3.2 Modulus of Elasticity

In general, the incorporation of CNT improves the E_ of
concretes (Table 5) due to the retention provided by CNT
on microcrack propagation [7] and their effect in nanoporos-
ity reduction [6, 10]. Compared to RC(0.55), the maximum
E_,, was registered in concrete with 0.10% of CNTSS (15%
improvement), followed by those containing 0.05% CNTPL
(8%), 0.05% CNTCOOH (5%), 0.05% CNTOH (2%) and
0.05% CNTSL (—3%). These results corroborate the differ-
ent performances seen in f,, for each CNT type (Sect. 3.1).
The addition of high quantities of CNT causes lower E_,,
increments. For example, when the amount of CNTSS
increased from 0.1 to 0.5% the improvement of elasticity
modulus decreased from 15 to only 2%. This behaviour con-
firms the agglomeration effect occurred for high percentages
of CNT incorporation [7]. Once more, the addition of 0.05%
CNTPL was more relevant in low w/c concrete (0.35), cor-
roborating the obtained results in f, tests (Sect. 3.1).

The E_,,, of concrete is essentially influenced by its age,
the aggregate-paste ITZ, and the aggregates and cement
paste properties [40]. Since CNT can only work in the
cement paste (which covers about 30% of the concrete vol-
ume), the E_, should not be significantly affected. Never-
theless, an increment of 15% was found in C(0.55)_SS(0.1)
mix, as compared to RC(0.55) (Table 5). In addition, the
E..,, was about 5-8% improved, when CNTPL was incor-
porated. This shows that CNT can effectively reinforce the
cement matrix. Similar behaviour was found in other works
carried out in mortars or cement pastes with CNT [6, 8,
16, 41].

The relation between f,, and E_,, at 28 days is presented
in Fig. 5. The relationship involves 11 average results for £,
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Table 5 Elastic modulus (E_,,) and ultrasonic pulse velocity (UPV) of concretes
Mixes E., UpPv
28 days 7 days 28 days 90 days
GPa A(%) CV(%) km/s AM%) CV(% km/s A%) CV(% km/s A%) CV (%)
RC(0.55) 360 - 1.5 4.5 - 1.7 4.7 - 0.6 4.7 - 0.7
C(0.55)_PL(0.05) 376 4.6 0.3 4.6 2.3 0.4 4.8 2.3 1.6 4.8 2.1 1.5
C(0.55)_PL(0.5) - - - 4.6 1.9 0.9 4.8 1.4 0.4 4.8 0.9 0.8
C(0.55)_COOH(0.05) 376 45 0.8 4.5 -03 2.1 4.7 1.0 0.8 4.8 0.6 1.2
C(0.55)_COOH(0.5) - - - 4.7 2.8 0.4 4.8 1.7 0.5 4.8 2.0 1.0
C(0.55)_SS(0.1) 412 145 0.6 4.6 2.5 1.7 4.8 2.6 0.6 4.9 2.8 1.2
C(0.55)_SS(0.5) 366 1.9 1.2 4.6 1.6 0.7 4.7 1.1 0.3 4.7 0.5 0.6
C(0.55)_SL(0.05) 349 -29 13 43 —-4.7 0.3 4.4 -17.1 0.8 44 -59 1.8
C(0.55)_OH(0.05) 365 1.5 1.0 4.6 0.6 2.3 4.7 0.2 0.5 4.7 -0.6 1.6
RC(0.45) 41.0 - 2.0 4.8 - 1.2 4.9 - 0.5 4.9 - 14
C(0.45)_PL(0.05) 434 6.0 14 4.8 0.1 1.3 4.9 1.0 0.7 4.9 0.5 1.6
RC(0.35) 471 - 0.6 5.0 - 04 5.1 - 1.1 5.1 - 1.2
C(0.35)_PL(0.05) 509 8.1 1.3 5.1 1.7 0.8 5.1 0.8 0.7 5.1 0.8 14
(a) 55 A (b) 55 7
i y = 4.69x0-33 .
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Fig.5 Relationship between E_ and f;, of a cubic and b cylindrical concrete samples

between 35 and 51 GPa, f,,,. between 46 and 85 MPa and
Jem,ey1 between 45 and 89 MPa. As expected, a reasonable cor-
relation was found between these properties (R>>0.97).

The E_,, usually relates with f, according to equations of
the type E,, = a X fcm'cyyb» where b varies between 1/3 and 1/2
[42]. In this case, Eqgs. (6) and (7) were obtained considering
the values of Fig. 5. Figure 5b also presents the curve sug-
gested in BSEN 1992-2 [43]. In general, it is concluded that
the E_, is slightly underestimated by the normative expression,
especially for high-strength concrete.

Egn =469 X0 17 R* =098 (6)
Eq =3.64Xf0"; R =097 )

3.3 Ultrasonic Pulse Velocity

The UPV of materials essentially depends on their stiffness
and density. Therefore, a good correlation is expected to
be found between UPV and these two properties. Since the
density has undergone minor variation between different
compositions (+5%), and the E_, was only slightly higher
in CNT-reinforced mixes (Table 5), and small differences of
UPYV were also expected between concretes. The values in
Table 5 confirm that the UPV only slightly varied between
concretes with distinct CNT types, with variations lower
than +3%. The same hierarchy found in £, and f, , for each
type of CNT was also obtained in UPV. In fact, the highest
UPV was attained in CNTSS-concrete, followed by CNTPL.

The increase in UPV in CNT-reinforced concrete was
much less significant than that of f,, or E_,. Two factors
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may be attributed to these results: UPV varies with the
square root of the elasticity and density [44], and therefore
it is less sensitive to small variations in the characteristics of
cement paste; UPV is evaluated in uncracked samples with
a minor contribution of CNT in microcrack propagation.
Therefore, the UPV test was less adequate to distinguish the
different behaviours of CNT-reinforced CBM.

Taking into account concretes with distinct types and con-
tents of CNT, testing ages (7-90 days) and w/c ratios, a good
correlation was obtained between UPV and hardened den-
sity (Fig. 6a). This is easily explained since UPV is directly
related with density [44] and both properties were not sig-
nificantly affected by the CNT type. However, a poorer cor-
relation was found between UPV and f,, (Fig. 6b), because
strength is essentially controlled by the cement paste, which
is significantly affected by the CNT type (Sect. 3.1), contrary
to UPV. It is thus shown that UPV is not adequate to esti-
mate the mechanical behaviour of CNT-reinforced concrete.

3.4 Splitting Tensile Strength

The f,.sp results are presented in Table 6. In general,
CV was lower than 5%, except for some mixes with CNT,
especially at 7 days. Since the fracture involves only one
section of the cylindrical specimen, defined by the plane
along its generatrix (Sect. 2.4), the variability of this test
tends to be high. In other words, the tensile strength essen-
tially depends on the composition of concrete in the plane
of failure, which may vary between different specimens.
Although the variability tended to be higher in CNT-con-
cretes than in RC, it is not possible to conclude about the
higher variability of CNT-reinforced concrete. Neverthe-
less, a poor dispersion of CNT may contribute to a greater
variability of this test. In this case, concrete with CNTSS
showed CV values lower than 3, confirming the good dis-
persion ability found in Sect. 2.5.

(@) (b)
2460 - 100 -
2440 ' 90 - -
o/~ 2420 4 y=143.15x+1689.32 o . 80 1 y = 64.09x - 249.03 o ®
£ 2400 R>=0.88 Rt < 70 1 R>=0.78
£ 2380 - . S 607 "
2 2360 - "! = ig I $ ‘.
£ 2340 - " <30l e v
A 2320 A .. o .
2300 4 10 1
2280 T T T T ] 0 T T T T ]
4.2 4.4 4.6 4.8 5.0 52 4.2 44 4.6 4.8 5.0 5.2
UPV (km/s) UPV (km/s)
Fig.6 Relationship between UPV and a hardened density or b f, |
Table 6 Splitting tensile -
strength (fimysp) %)f concretes Mixes Jamse
7 days 28 days 90 days
MPa A%) CV(%) MPa A(%) CV(%) MPa A(%) CV (%)
RC(0.55) 2.8 0.0 2.0 34 0.0 0.0 3.9 0.0 20
C(0.55)_PL(0.05) 3.1 11.8  10.0 3.8 126 5.0 43 103 2.0
C(0.55)_PL(0.5) 33 20.2 1.0 35 35 19.0 4.0 2.1 20
C(0.55)_COOH(0.05) 3.1 10.7  10.0 3.6 4.1 1.0 3.8 -35 20
C(0.55)_COOH(0.5) 2.8 1.8 7.0 3.0 -122 3.0 34 -138 1.0
C(0.55)_S5(0.1) 32 15.8 3.0 39 14.1 2.0 44 135 1.0
C(0.55)_SS(0.5) 2.9 6.6 2.0 35 12 20 42 79 20
C(0.55)_SL(0.05) 2.6 -6.9 10.0 33 -20 00 4.0 36 20
C(0.55)_OH(0.05) 2.7 -33 2.0 35 1.6 3.0 3.6 -78 5.0
RC(0.45) 33 0.0 16.0 4.1 0.0 1.0 4.6 00 2.0
C(0.45)_PL(0.05) 3.6 92 220 44 55 9.0 4.8 42 20
RC(0.35) 4.1 0.0 120 4.9 00 5.0 5.5 0.0 1.0
C(0.35)_PL(0.05) 52 27.1 7.0 57 165 12.0 6.0 9.1 1.0
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The overall results show the ability of CNT to enhance
the fmsp Of concretes. This behaviour was attributed to
the crack retention provided by CNT. The nanotubes are
able to anchor the neighbouring C-S—H clusters and bridge
the voids between them, which is highly controlled by the
CNT’s aspect ratio and dispersion technique [7]. Table 6
shows very different reinforcement efficiencies, depending
on each studied composition with a given amount and type
of CNT. The increment of f,, ;, in CNT-concretes was as
high as 27% at 7 days to as low as — 14%, for 0.5% CNT-
COOH-concrete at 90 days.

The f.m s, Was greatly affected by the properties of the
CNT (Table 6). Similarly to what was found for other
mechanical properties, the highest strength increase at
28 days in concrete with w/c of 0.55 was obtained for 0.10%
CNTSS (14% improvement), followed by the mixes with
0.05% CNTPL (13%). The remaining CNTs were almost
ineffective with increments of 4%, 2% and —2% with the
addition of CNTCOOH, CNTOH and CNTSL, respectively.
Once more, the lower aspect ratio CNTSS was the most
effective reinforcement, confirming their lower tendency to
agglomerate. Similar to f, results (Sect. 3.1), in general, the
tensile strength of CNT-concretes decreased with increas-
ing the CNT amount from about 0.05-0.5%, regardless of
the type of CNT. Again, this behaviour is explained by the
greater agglomeration of CNT when higher amounts were
incorporated. Noteworthy is the high variability found for
concretes with 0.5% CNT, suggesting the worse dispersion
attained in CNT.

Concerning concretes with different w/c, the same trend
found for f,,, (Sect. 3.1) was also confirmed for splitting
strength, namely the slight higher increment of tensile
strength in reinforced concretes with low w/c. As previously

f ctm,sp

explained, this behaviour could be related to the presence of
SP in concretes with low w/c (0.35), which better assisted
the CNT dispersion. The unexpected modest increase seen
in concrete with w/c of 0.45 corroborates the results of f, ..
Also note that the low number of specimens tested per each
composition and the high variability of the tensile strength
test make it difficult to accurately interpret the results.

As found for f,, (Sect. 3.1), the maximum increment of
was obtained at early ages (7 days) (Table 6). After
7 days, the tensile strength improvement compared to RC
progressively decreased up to 90 days. As for the other
studied properties, it is shown that the CNT affected the
initial cement hydration products’ morphology, accelerating
the early age hydration process. However, a different trend
was found for concrete with 0.05% CNTSL, which was not
confirmed in compressive tests. This can be attributed to
the inherent variability of these tests, especially for con-
cretes with poor dispersion of CNT, as those produced with
CNTSL (Sect. 2.5).

3.5 Flexural Strength

The £, results are presented in Table 7. In general, the CV
of CNT-reinforced concretes were lower than 5% and similar
to those obtained in RC mixes. Therefore, the possible incre-
ment of variability due to the eventual CNT agglomeration,
as found in splitting tensile tests, was not confirmed in this
test. In general, the addition of CNT improved the f, 4,
corroborating the trends found in previous tests (Sect. 3.1
and 3.4). It is thus confirmed that CNT are potentially able
to increase the tensile strength of concrete, which is one of
the least positive characteristics of these materials.

e et s

7 days 28 days 90 days

MPa A(%) CV(%) MPa A%) CV (% MPa A%) CV (%)
RC(0.55) 4.1 00 20 5.6 00 1.9 6.0 00 23
C(0.55)_PL(0.05) 4.4 73 19 5.8 27 1.8 6.3 51 13
C(0.55)_PL(0.5) 4.0 -24 20 5.5 -22 39 59 -19 14
C(0.55)_COOH(0.05) 4.1 00 20 5.8 37 09 6.3 45 5.7
C(0.55)_COOH(0.5) 4.0 -24 20 5.6 00 15 6.0 00 14
C(0.55)_SS(0.1) 4.7 146 1.7 6.1 95 038 6.6 100 12
C(0.55)_SS(0.5) 4.0 -24 20 5.6 -08 04 57 =57 33
C(0.55)_SL(0.05) 39 -49 21 53 -52 36 6.3 54 12
C(0.55)_OH(0.05) 4.0 -24 20 6.0 6.7 04 6.0 -0.1 35
RC(0.45) 4.9 00 1.7 6.0 00 1.0 6.7 00 038
C(0.45)_PL(0.05) 5.6 143 15 6.6 112 2.0 73 89 27
RC(0.35) 6.1 00 13 8.5 00 39 9.2 00 02
C(0.35)_PL(0.05) 72 18.0 1.1 9.7 143 1.0 10.0 94 2.6
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Nonetheless, the improvements of f,, ; were modest
and depend on the amount and characteristics of CNT. The
improvement of f,, 4 in CNT-concretes varied between 18
and — 6%, when compared to RC. On the one hand, the ...
is influenced by the presence of aggregates [45] and the CNT
can only participate in the cement paste. On the other hand,
the aggregates negatively affect the uniform dispersion of
CNT. Therefore, the contribution and influence of CNT to
fetmon Should be low. Similar increments of f,, 4, lower than
10-15%, were reported by other authors, taking into account
identical amounts of CNT, either in cement pastes [11] or in
mortars [46, 47]. However, other authors documented higher
increments, over 30%, especially in cement pastes [13, 41,
48]. In general, we may conclude that regarding the modest
increase found in mechanical tests, the addition of CNT in
concrete is not yet viable, especially considering the high
cost of this material. The total cost of reference concrete in
current study was about two times cheaper than reinforced
concrete with 0.05% of CNT. As expected, this cost differ-
ence increases even more with increasing content of CNT.
However, in the last years, the cost of CNT has decreased
significantly.

The increase in f,, s was similar to that of £, (Sect. 3.1)
and slightly lower than that found in f, , (Sect. 3.4), which
is better related with the axial tensile strength. The simi-
lar behaviour found for tensile and compressive strength is
already discussed in Sect. 3.4.

As found for other mechanical properties, it is con-
firmed that concrete with 0.1% CNTSS attained the high-
est fom.q improvement at 28 days (9%). For other CNT
types, the increment was less than 7%. Moreover, con-
cretes with high aspect ratio CNT and the commercial sur-
factant (CNTSL) showed even lower f, 4 than RC. The
poor dispersion attained in these mixes (Fig. 2) was not
compensated by the possible reinforced effect provided by
CNTSL. As found for f,, (Sect. 3.1) and f 1, ¢, (Sect. 3.4),

the f,., q decreased with increasing CNT amount, from
about 0.05-0.5%, regardless of the CNT type (Table 7).

The same amount and characteristics of CNT had a dif-
ferent effect on the f,, 5, depending on the w/c ratio. In
fact, concrete with low w/c (0.35) showed the maximum
feun.n increase (14%) as compared to that of RC (Table 7).
Actually, the reinforcement efficiency tended to decrease
with the increase in w/c. As discussed before (Sect. 3.1),
this behaviour may be attributed to the addition of SP and
the higher CNT content per volume of paste in low w/c
concretes.

In general, as found in 3.1 (f,) and 3.4 (f .y, i), the
maximum increase in f, 4 was attained at 7 days. Then,
the f.., ¢ improvement progressively decreased up to
90 days. The same reasons mentioned for f, in 3.1 can
be attributed.

Taking into account all the expected results obtained in
this experimental work for concretes tested at different ages
with various w/c ratios and amounts and characteristics of
CNT, a good correlation was attained between the tested
mechanical strength properties, namely f., fom n a0d foim op
(Fig. 7). The relationship involved 39 average results for f,
between 36 and 91 MPa, f,, s between 3.9 and 10 MPa and
Jetm,sp Detween 2.6 and 6 MPa. The good correlation was
already expected, since both properties were equally affected
by the CNT reinforcement and w/c. On average, the f,,, ; and
Jeum,sp Were about 11% and 7% of the f,, respectively. The
curve suggested in BSEN 1992-1-1 [49] is also presented in
Fig. 7a, assuming that the axial tensile strength is about 90%
of the fim ¢ [49, 50]. It was found that this curve slightly
underestimated the f, o, for a given f,.

A strong relationship was found between f, g and fou p
(Fig. 7¢). According to Canovas [51], the fi;, ;, 18 0.5 t0 0.7
of the f.;, 4. In this case, the average ratio was 0.52 and the
relation was only slightly influenced by the characteristics
of CNT.
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6 1 0.78 ° 647 g
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Fig.7 Relation between the f,,, and a f., sp and b f, 5, ¢ and between the f,,, g and fo, o
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3.6 Fracture Toughness

The fracture strength (oy), fracture energy (Gy) and flexural
Young’s modulus (E;) are summarized in Table 8. Since the
maximum increase in f.,, 5 and f.,, was obtained with the
addition of 0.1% CNTSS and 0.05% of the other types of
CNT, only these compositions were considered for fracture
toughness. Values of CV up to 8% were obtained, due to the
high sensitivity of this test to slightly variations on specimen
production and test setup, but they were similar for CNT-
reinforced concretes and RC.

The average load-d; and load-CMOD curves are presented
in Fig. 8. The post-peak descending branch of load-d; curves
was characterized by a progressive drop, typical of brittle
materials. Low post-peak deformation was found in concrete
mixes with and without CNT (regardless of the CNT type).

The main difference between reinforced and unreinforced
concretes concerns the greater contribution of CNT in the
pre-peak cracking of concrete, i.e. in the ascending branch
of the load-6; and load-CMOD curves. Due to their bridging
effect, CNT are able to retain the propagation of microcracks
and hence the consequent development of macrocracks is
delayed. Therefore, CNT-concretes showed lower values of
CMOD and o; (higher Ej), for a given load, than RC (Fig. 8).

However, once the maximum load was attained and macroc-
racks were developed, CNTs were not able to withstand their
suddenly development and an abrupt failure occurred. As
shown in previous studies [7, 8], CNT can only contribute
with their bridging effect in small microcracks with up to
about 1 pm width. Therefore, the hybrid reinforcement of
concrete with also micro- and macro-fibres should be the
ideal option for the global fracture toughness improvement.

As found for mortars reinforced with similar types of
CNT [8], the CNT reinforcement (regardless of their type)
was able to increase the toughness of concrete. Compared
to RC, the o, G; and E; in CNT-concretes increased up to
16%, 42% and 36%, respectively (Table 8). This confirms the
high potential of CNT on the cracking resistance improve-
ment of CBM. The increase in fracture energy was lower
in CNT-concretes than in mortars, which may be justified
by the lower efficiency attained by the CNT in concrete, as
discussed in previous points.

The highest fracture energy of concrete with CNT is
mainly controlled by the increase in the flexural peak
strength. Accordingly, higher residual-strength correspond-
ing to different CMOD and net-deflection are found in
CNT-concrete. Comparing to the flexural tests (Sect. 3.5),
greater increases of the fracture load were attained in

Table 8 Fracture strength

G E;
(o), fracture energy (Gy) and o f f
flexural Young’s modulus (Ey) MPa) A(%) CV (%) (N/m) A%) CV (%) (GPa) A(%) CV (%)
of concretes
RC(0.55) 5.5 0 24 19.1 0 7.1 38.8 0 29
C(0.55)_SS(0.1) 5.7 52 45 230 204 8.1 452 165 0.1
C(0.55)_SL(0.05) 53 -23 38 19.7 33 37 39.3 14 01
C(0.55)_COOH(0.05) 6.3 162 4.8 265 388 25 527 361 175
C(0.55)_PL(0.05) 5.8 56 55 271 419 41 496 279 24
C(0.55)_OH(0.05) 6.1 1.1 20 20.7 85 7.8 451 163 33
(a) (b)
6 - RC(0.55) 6 -
- = = = C(0.55)_SS(0.1)
54 7 —aa C(0.55)_SL(0.05) 5 - i e
C(0.55)PL(0.05) e s e
41/ C(0.55) COOH(0.05) ~41 e e
—_ Z
Z | SN N N C(0.55)_OH(0.05) = 5
&5 93 ;J RC(0.55)
?3 i S I - - == C(0.55)_SS(0.1)
a9 4 2 4 .-J ----- C(0.55)_PL(0.05)
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Fig.8 a Load—deflection and b load—crack mouth open displacement curves of concretes
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CNT-reinforced concretes, which confirms the CNT’s abil-
ity to enhance the concrete post-cracking behaviour, show-
ing their advantageous action on the crack-propagation
retention.

The toughness of reinforced concrete was influenced by
the characteristics of CNT. As theoretically explained in a
previous study [7] and experimentally showed in Sects. 3.1,
3.2, 3.3, 3.4 and 3.5, CNTSS might better guarantee the
transmission of forces throughout microcracks due to their
lower aspect ratio, lower structure damage and higher dis-
persibility in high pH environments. However, the maximum
E; and o; were attained in concrete with CNTCOOH, being
17% and 11% higher than that of concrete with CNTSS,
respectively. This may be attributed to the covalent bonds
between the -COOH and —OH groups of the chemically
treated CNT and C—S—H phases of cement matrix [15]. That
is, functionalized CNT may provide better bond with the
nearby cement hydration products, leading to stronger pull-
out resistance and hence better force transfer between cracks.
These concretes were followed by those reinforced with
the same aspect ratio CNT but without functionalization
(CNTPL), with o; and E; being 6% and 28% higher than RC,
respectively. Moreover, CNTPL-concrete showed slightly
higher G; improvements (42%) than CNTCOOH-concrete
(39%). These results corroborate the somewhat unexpected
findings of a previous study with CNT-mortars [7], in which
mixes with CNTSS also showed lower fracture energy than
those containing higher aspect ratio CNT (CNTCOOH and
CNTPL). Therefore, it seems to be confirmed that higher
aspect ratio CNT in powder form can provide better crack
retention. It is thus concluded that the effect of bridging and
the subsequent force transfer throughout microcracks tends
to be more effective in reinforced concrete with CNTCOOH
and CNTPL. On one hand, high aspect ratio CNTs have big-
ger surface area/volume ratio, which allow better pull-out
tensile strengths and higher strain capacity, leading to more
effectiveness in crack retention. On the other hand, func-
tionalized CNTs might also introduce stronger bond with
the surrounding cement pastes’ hydration products, giving
higher pull-out strengths. Nevertheless, this behaviour was
not confirmed in the mechanical strength tests, where other
factors, such as the filler and nucleation effects, were also
important. In such a case, CNTSS might act better, since
higher dosages of this CNT type can be easier dispersed in
cement matrix than other CNT (Fig. 2). However, in tough-
ness test, the bridging effect looks to be more influential
than the other effects of nucleation and filler. In conclusion,
depending on the type of CNT, the effects of filler, nuclea-
tion and bridging can be more or less relevant. In this case,
the well dispersed CNTSS should have contributed more to
the former effects and the higher aspect ratio CNT for the
bridging effect. In other words, the performance of each type

Springer

of CNT depends on the relevance of the main contributing
effect of CNT in a given property.

The lowest increase in o, Gy and E; was obtained in
concrete reinforced with CNTSL (- 2%, 3%, 1%), followed
by CNTOH (11%, 8% and 16%), CNTSS (5%, 20%, 17%),
CNTPL (6%, 42%, 28%) and CNTCOOH (16%, 39%,
36%), respectively. Once more, the worst behaviour was
found in concretes with CNTSL, evidencing similar values
to those of RC. This confirms that the dispersion proce-
dure considered for this CNT type of high aspect ratio was
not adequate (Fig. 2). The great difference found between
the efficiency of CNTSL and CNTPL, both constituted
by CNT of equal morphology, shows the relevance of the
CNT dispersion technique on the cementitious composites
properties.

4 Conclusions

The effect of different amounts and properties of CNT on
the mechanical properties of concrete was studied. The fol-
lowing main outputs were found:

e Suspensions within a wide pH range showed lower dis-
persion stability in high alkaline environment, similar to
that of cementitious matrices. Most stable dispersions
were found in the 5-10 pH range. Lower aspect ratio
CNT had lower structural damage after sonication and
higher dispersion capacity in alkaline environments (high
pH) than longer CNT.

e The mechanical strength of concrete was improved by the
addition of low amount of CNT, regardless of the char-
acteristics of CNT, w/c and testing age. Only the incor-
poration of CNTSL was ineffective. However, in general,
the mechanical strength improvement was modest. The
increment of .., foum as foum,sp a0d Egy, Was as high as
only 20%, 18%, 27% and 15%, respectively. Comparing
to mortars and cement pastes, the efficiency of CNT in
concrete was less relevant.

e Difference in CNT’s properties, amount and disper-
sion procedure leads to variable concrete performances.
Smaller dosages of CNT of lower aspect ratio acted better
compared to other CNT. Concretes made with functional-
ized or pristine CNT did not show significant difference
in terms of mechanical strength.

e In general, the CNT-reinforcing efficiency was higher at
early ages and decreased with increasing w/c and increas-
ing amount of CNT, from 0.05 to 0.5%.

e Generally, the increase in E_, in concrete containing
CNT was only up to about 15%, because this property is
more affected by the amount and type of aggregates than
by the paste quality.



Arabian Journal for Science and Engineering (2019) 44:8361-8376

8375

Since UPV is essentially affected by the stiffness and
density of the material, this property was slightly influ-
enced by the incorporation of CNT (less than 3%).

Regarding the fracture toughness, the post-peak behav-
iour was characterized by a progressive drop and the
greatest input of CNT occurred at the pre-peak behav-
iour of concrete. In this region, CNT showed to be able
to retain the propagation of microcracks, reducing the
CMOD and span deflection for a given load. Increments
of up to 16% in the f,,, 5. 36% in the flexural elasticity
modulus and 42% in the fracture energy were obtained in
CNT-reinforced concretes, confirming the great ability of
CNT to improve the microcrack resistance of concrete.
The maximum improvements were obtained in concrete
with higher aspect ratio CNT, which allows higher pull-
outs strengths and hence, more effective crack retention.
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