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Abstract

Concrete is the most widely used construction material. It offers a desirable balance of cost, strength, moisture barrier
qualities, and dimensional and chemical stability. The rising costs of aging infrastructure systems, however, point to the
need for further improvements in concrete properties. Carbon-based nanomaterials (CBNs) are predicted to have excel-
lent mechanical properties, and so are attractive candidates for addressing these issues. However, the relatively high cost
of CBNs, means that only low weight fractions in cement matrices will be economically viable, which presents a signifi-
cant challenge. The research presented here investigated various surface functionalization techniques for improving the
compatibility of carbon nanomaterials (multi-walled carbon nanotubes, carbon nanofiber and graphene nanoplatelets)
with cementitious materials in fresh and hardened state. The effects of surface functionalization on the contributions
of CBNs to the performance characteristics of ultra-high-performance cementitious matrices (UHPCM) were evaluated.
Functionalized multi-walled carbon nanotubes at 0.03% weight fraction increased the flexural strength by 30%, doubled
the energy absorption capacity, and tripled the ductility of UHPCM. The moisture barrier qualities, abrasion resistance and
toughness characteristics of UHPCM benefited significantly from introduction of CBNs at less than 0.1% weight fraction.
This study demonstrates that the low weight fraction of CBNs can effectively enhance the key engineering properties of
UHPCM at a viable cost. Thus, this approach has both performance advantages and economic benefits.

Article highlights

o Surface functionalization of multiwalled CNTsimproved e Abrasion resistance and moisture barrier qualities
dispersion in cementitious matrices at low weight frac- improved.
tions. e These improvements are achieved at viable cost.

e 0.03 wt.% multiwalled CNT addition increased the flex-
ural strength and the flexural toughness of UHPCM.
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1 Introduction

Cement- and concrete-based materials (CCBMs) offer suit-
able engineering properties such as compressive strength,
moisture resistance and durability at low cost, combined
with energy saving and environmental benefits. In the
global context, CCBM is the most widely used class of
manufactured materials. However, CCBM lack adequate
toughness, and tensile strength; further improvement of
their durability in aggressive environments would also
yield major benefits in terms of the life-cycle cost of infra-
structure systems [1-4].

Utilization of nanomaterials alone or in combination
with microfibers can significantly benefit the structural
performance, durability and safety of cement-based prod-
ucts [5-12]. Out of the many available nanomaterials car-
bon-based nanomaterials (CBNs) are especially attractive
in cement matrices because of their distinct mechanical
and physical attributes as well as enormous surface areas
even at low weight fractions [13-15]. Carbon nanotubes
(CNTs), owing to their high-aspect ratio and large specific
surface area they have the ability to mitigate propagating
cracks [16], improving the mechanical properties.

Mechanical performance, fracture characteristics, and
the durability of cementitious composites could be sig-
nificantly enhanced by incorporating the high tensile
strength and high toughness of CBNs [17, 18]. Various
CBNs including carbon nanofibers (CNFs) [9, 19-21], car-
bon nanotubes (CNTs) [22-27] and graphene nanoplate-
lets (GNPs) [21, 28-31]. Previous results indicated that
adding CNTs 0.05%-2% by weight of cement can improve
mechanical properties including flexural strength, frac-
ture energy, compressive strength, and toughness [10,
32-41]. Shah et al. [42] and Konsta-Gdoutos et al. [16,
43] studied the effect of multi-walled carbon nanotubes
(MWNTs) on the fracture properties of the nanocomposites
and found a 25% increase in flexural strength by incor-
porating 0.048-0.08% of MWNT by weight of cement.
Ruan et. al [34] incorporated four types of MWNTSs with
weight fractions of 0.25%-0.5% into reactive powder con-
crete (RPC) and demonstrated that MWNTSs can effectively
improve flexural strength, fracture energy, compressive
strength/toughness ratio and flexural strength/compres-
sive strength ratio of RPC. Hybrid graphene oxide (GO)/
CNTs, with the dosage of 0.05% by weight of cement and
GO:CNTs mass ratio of 3:2, improved the compressive
strength by 45%, which showed better reinforcing effects
than the single addition of GO and CNTs with the same
dosage respectively [28]. However, due to the large surface
to volume ratios of nanomaterials, their uniform dispersion
is a challenge [16, 32, 44]. The high surface area of nano-
materials and hydrophobic nature of the surface generates
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strong tendencies towards agglomeration through van
der Waals forces, preventing their effective use as rein-
forcements [42, 45, 46]. Further, the largely inert surfaces
of CBNs offer limited potential for chemical bonding to
cement hydrates.

Studies have attempted to improve dispersion of car-
bon based nanomaterials through various chemical mod-
ifications of the nanomaterial walls [35, 38, 47-49] and
physical modifications through use of surfactants [16, 41,
50-54]; admixtures [55]; polycarboxylic-based superplas-
ticizers [56, 57]; and other dispersing agents [23, 26, 51, 58,
59]. CNT synthesized via plasma processing was demon-
strated to produce better dispersions in high performance
cement based composites and improved mechanical
properties at 0.068% by weight of cement [60]. Zhan et al.
synthesized CNTs in situ on the surface of fly ash (FA) to
improve the CNT dispersibility and the resulting cement
mortar exhibited an outstanding strain-sensing capability
at 2.0 wt.% [44]. However, utilizing the full benefit of CBNs
at low dosages as reinforcing fillers in high performance
cementitious composites is still an ongoing challenge.

This study focuses on further reducing the weight
fractions of CBNs in Ultra-High Performance cementi-
tious matrices (UHPCM) through improving the dispers-
ibility by introduction of surface functional groups teth-
ered on nanomaterial walls. These surface functional
groups are compatible with cement hydrates, thereby
improving the interfacial interactions of nanomaterials
with UHPCM [61]. This study demonstrates that proper
surface functionalization and uniform dispersion of
CBNs (CNTs, and CNFs) brings about improvements in
key properties of cement-based materials at weight
fractions as low as 0.03% by weight of cement. Utiliza-
tion of low weight fraction of CBNs is very appealing
considering the cost of nanomaterials and that cement
is a high-volume application, and so will have economic
benefits.

This study also emphasizes lower-cost CBN (par-
ticularly graphene nanoplatelets (GNPs)) that have so
far received less attention as reinforcement/additive in
CCBMs. Uniformly dispersed GNPs in UHPCM were used
to enhance moisture barrier qualities in cementitious
matrices. This is especially important for niche applica-
tions [5] and would also yield major benefits in terms
of the life-cycle cost of infrastructure systems. Another
significant aspect of the current work is incorporation of
functionalized CBNs to show improvements in abrasion
resistance in UHPCM. To the best of our knowledge little
attention has been given to the benefits of utilizing CBNs
to improve durability and resistance to wear in cementi-
tious matrices.

The work presented here demonstrates the integration
of UHPCM and effective use of the unique geometric and
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Table 1 Chemical composition

Chemical com-
of type | Portland cement

position

Percentage

Ca0 62
SiO, 22
Al,O,4
Caso,
MgO
S
Other

- =N b~ U

mechanical attributes of surface modified CBNs at low
weight fractions towards achieving desirable combina-
tions of mechanical performance and durability suitable
for demanding fields of application.

2 Materials and methods

Type | Portland cement (ASTM C150 [62], Normal, Ordinary
Portland Cement, OPC, particle size in the range of 1-50
pum), obtained from Lafarge-North America was used in
the study (chemical composition is given in Table 1). Sil-
ica fume was acquired from Norchem, Inc. It comprises
nano-scale (200 nm average particle size) amorphous
silica particles, with a minimum silicon dioxide content
of 85% and a specific gravity of 2.25. The specific surface
area of this silica fume is 15 mz/g, and its minimum 7-day
pozzolanic activity index is 105%. Polycarboxylate-based
superplasticizer, Glenium® 7700 (BASF) was used. Super-
plasticizer, Glenium® 7700 is a high-range water reducer
that has excellent slump retention without compromis-
ing early-age compressive strength development and set
time. Glenium® 7700 meets the ASTM C494 requirements
for Type F (high-range water-reducing) admixtures.

CBNs; different types of acid-functionalized and non-
functionalized MWNTs, oxidized CNFs (CNF-OX) (60-150
nm in diameter and 30-100 um in length) (Pyrograf®-ili,
Grade PR 24-XT-PS OX from Pyrograf Products, Inc.) and
GNPs (6-8 nm thickness and about 15 um planar dimen-
sions) (from XG Sciences Inc.) were evaluated in UHPCM
based nanocomposites. Two different types of MWNTs
were used. MWNT-A and MWNT-B were obtained from
NanoAmor Inc. MWNT-A with an outer diameter of 20-40
nm, core diameter of 5-10 nm and length of 5-15 um.
MWNT-B with an outer diameter of 60-100 nm, core diam-
eter of 5-10 nm and length of 5-15 pm.

Two previously established procedures were used for
introduction of carboxylic acid functional groups (COOH)
onto carbon nanomaterials: (i) oxidation with strong
oxidizing acids (MWNT A-OX, MWNT B-OX and CNF-OX)
[63]; and (ii) fluorination followed by ethyl carboxylation

(F-MWNT A-COOH and F-MWNT B-COOH) [61]. Surface
functionalized carbon nanomaterial dispersions were
prepared via sonication following previously established
procedures [61]. The sonication (Fisher Scientific 500 Sonic
Dismembrator, power 100 W, frequency 20 kHz) procedure
is briefly described as follows: (i) turn on the probe for 10
min at each.

amplitude starting from 30% and then increasing the
amplitude in ascending order, 45%, 65% and 75% and
1-min breaks in between; (ii) at 85% amplitude 1 min on
and 30 s off for 10 min; and (iii) turn the probe off for 2 min.
Then steps (i)-(iii) were repeated twice. The same proce-
dure was used for all carbon nanomaterials. The carbon
nanomaterial dispersions were used as the mixing water
for the cement paste specimens.

2.1 Experimental methods

Cementitious materials (with and without functionalized
CBNs dispersed in the mixing water via sonication) were
prepared following the ASTM C192 [64] and ASTM C305
[65] procedures. The UHPCM specimens were prepared as
follows (relative proportions are given in Table 2): (i) mix
cement and silica fume for 3 min at speed 1 in a mortar
mixer (HOBART, Model A200F); (ii) add water (with dis-
persed carbon nanomaterial, if any, at the concentration
required to yield the targeted weight fraction) plus super-
plasticizer, and mix for approximately 2 min at each of the
speeds 1, 2 and 3; (iii) cast specimens following ASTM C192
procedures, using a vibrating table (FMC Syntron Power
Plus) at vibration intensity of 10.

The specimens were cured inside molds after casting
(ASTM C192) over a 24-h period at room temperature
(23 °C) and relative humidity 50%. Samples were then
demolded and subjected to 48 h of steam curing at 70
°C. Steam curing at 70°—90 °C substantially accelerates
the pozzolanic reaction, while modifying the microstruc-
ture of the hydrates which have formed [66]. However, for
our experimental regimen 70 °C was selected to minimize
the energy requirement for production of UHPCM. The
samples were subsequently conditioned at 50% relative
humidity for seven days prior to testing.

Table2 The composition of the cementitious matrix selected for
evaluation of the reinforcement efficiency of CBNs

Mix proportions UHPCM
Silica Fume/Binder 0.20
Water/Binder 0.185

Superplasticizer/Binder 0.018-0.02 (Adjusted
for different reinforce-

ment)
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2.2 Materials characterization

The following experimental methods were used to gain
further insight into the chemistry, microstructure, failure
mechanisms and engineering properties of UHPCM nano-
composites. Scanning electron microscopy (SEM) was per-
formed using ultra-high resolution JEOL 7500F with a cold
field emission emitter on hydrated cement pastes after 7
days of curing (as described above). The specimens were
first coated with osmium using a sputter coater (DESK II),
and then imaged in high-vacuum mode at an accelerat-
ing voltage of 10 kV. Transmission electron microscopy
(TEM) was performed using a JEM-2200FS field emission
transmission electron microscope, equipped with a 200
kV field emission gun (FEG) and the in-column energy
filter (Omega filter) that allows a zero-loss image. Fourier
transform infrared spectroscopy (FTIR) and Raman spec-
troscopy were used to validate the functionalization of
the CBNs. Transmission FTIR spectra were collected with
a Nicolet Magna-560 FTIR spectrometer equipped with a
MCT (Mercury Cadmium Telluride) detector. The test pro-
cedures used to determine the engineering properties
of CBN incorporated UHPCM and control UHPCM were
as follows: Compression test was performed using a test
frame (MTS Systems Corp.) at a constant displacement rate
of 0.625 mm/min. Samples were 50 mm cube specimens
according to ASTM C109 [67] and were tested at 7 days
of cure. Six samples were tested and the average value
is reported. Flexure test was performed using a deflection
controlled Instron test system with a load capacity 89 KN.
Sample dimensions were 12.5x50 % 150 mm and center-
point loading was applied on a span of 125 mm with a
displacement of 0.012 mm/min following ASTM C348 [68].
Six samples were tested at 7 days of cure. Load and deflec-
tion data were collected using a data acquisition system
(National Instruments). Energy Absorption Capacity was cal-
culated from the area under the load-deflection curve. In
some cases, this is also called flexural toughness [69]. Abra-
sion tests were conducted on cylindrical specimens (cured
for 7 days) of dimension 100 mm diameter and 50 mm
height, following ASTM C944 [70]. The cylindrical surfaces
of the specimens were kept under the abrasion device and
subjected to abrasion for 2 min. At the end of each 2-min
abrasion period, the test specimen was removed from the
device and cleaned with blowing air to remove any debris
on the abraded surface. Six specimens were tested and the
mass loss due to abrasion was recorded. Moisture absorp-
tion rate tests were performed on cylindrical specimens
of 100 mm diameter and 100 mm height following ASTM
C1585 [71]. The sides and top surfaces of specimens were
covered with impermeable adhesive sheets, and the bot-
tom surface was immersed (1-3 mm depth) in water. The
mass gain of the specimen (due to capillary sorption) was

SN Applied Sciences

A SPRINGER NATURE journal

measured frequently (with the wet surfaces patted dry
prior to weight measurement).

3 Experimental result and discussion

3.1 Characterization of carbon nanomaterials
after acid oxidation

3.1.1 FTIR spectroscopy

FTIR offers low detection limit and high sensitivity for
CBN characterization. Thus, FTIR spectrometer in trans-
mission mode, equipped with a sensitive MCT detector
was used to investigate the relatively low concentration of
functional groups introduced after acid oxidation of CNTs
and CNFs. Figure 1 presents FTIR spectra for two types of
MWNTs (MWNT-A and MWNT-B) and CNF before and after
acid oxidation. Figure 1a and b present the transmission
FTIR spectra of a MWNT before and after acid oxidation.
Like graphite, pristine CNTs have featureless FTIR spectra
with extremely low infrared absorption intensities. After
acid-oxidation, two new bands appear at 1715 and 1160
cm™', which are attributed to the C=0 and C-O stretching
vibrations, respectively, of the carboxylic group (-COOH).
Peaks at 1635 and 1560 cm™' are due to C=C stretching.
The intense, broad line centered at 3422 cm™ is associated
with the —OH stretching mode of the —-COOH group. The
increase in relative intensities of bands at 1068 and 3420
cm™' suggests a rise in —OH groups on nanotube surfaces
after acid-oxidation. Similar trends are observed in the
case of acid-functionalized CNF (Fig. 1c). FTIR spectros-
copy indicates that treatment with the strong oxidizing
acid led to formation of oxygen-containing groups (such
as carboxylic and hydroxyl) on the CNT and CNF surfaces.

3.2 Characterization of carbon nanomaterials
after fluorination and ethyl carboxylation

3.2.1 Raman spectroscopy

The Raman spectroscopy was carried out for both types
of MWNTs (MWNT-A and B) before and after fluorination.
The two main bands typically present in the Raman spec-
trum of MWCNTSs [72] were observed in MWNTs before
fluorination: the band at 1580 cm™ is assigned to the G
mode; and band around ~ 1300 cm™'is assigned to the D
mode, which is often referred to as the disorder band. The
G mode or (TM-Tangential Mode), located around 1580
cm™, is assigned to the in-plane vibration of the C-C
bond, while the D mode results from the breathing mode
of carbon hexagons. The results presented for MWNT-A
(in Fig. 2a) show that, after fluorination, there are small
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Fig. 1 FTIR spectra of pristine and acid-oxidized CNT and CNF

The FTIR spectra for MWNTs (MWNT-A and MWNT-B) before
and after fluorination and subsequent ethyl carboxyla-
tion are presented in Figs. 3 and 4. After fluorination, the
appearance of C=C and C-F bonds confirms the success
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of fluorination. After ethyl carboxylation, a new peak was
observed at~1700 cm™' confirming carboxylation.

3.3 Engineering properties of cementitious
nanocomposites

Surface functionalization of CBNs followed by their uni-
form dispersion in UHPCM demonstrated gains in different
engineering properties. Figures 5, 6, 7, 8, 9 present flexural
performance (Figs. 5 and 6), compressive strength (Fig. 7),
abrasion resistance (Fig. 8), and moisture sorption rate
(Fig. 9) of UHPCM with the introduction of 0.03wt.% CBNs.

3.3.1 Flexural Strength

Figure 5 presents typical flexural load—deflection behavior
for UHPCM (control) and UHPCM with the introduction of
0.03 wt.% (weight fractions of dry cementitious materials)
of CBNs. Carboxylic acid functionalized multi-walled car-
bon nanotubes (MWNT-B-OX) at 0.03 wt.% has the highest
gain in flexural strength, deflection and energy absorption
capacity (area underneath the load-deflection curve).
Acid oxidized carbon nanotube (MWNT-B) at 0.03 wt.%
yielded: 30% increase in flexural strength; > 100% increase
in energy absorption capacity; and >200% increase
in deflection of the UHPCM compared to that of plain
UHPCM (without any reinforcement) (Fig. 6). The FTIR spec-
trum (Fig. 1b) of MWNT-B shows a higher amplitude for
the OH peak (~ 3428 cm™) after acid oxidation compared
to that of MWNT-A (Fig. 1a). This confirms that MWNT-B
has higher density of COOH group on the MWNT walls
compared to that of MWNT-A. Higher density of COOH
functional groups also makes the nanotube surfaces
more hydrophilic, and thus benefits their dispersion in
aqueous media. Hydrated cement is comprised primarily
of calcium silicate hydrate and calcium hydroxide. Under
basic conditions, COOH functionalities on the MWNT will
convert to COO™ groups, which will have strong ionic inter-
actions with the Ca?* ions in cement hydrates. Previous
FTIR [38] studies suggested possible chemical bond for-
mation between carboxylated MWNT and cement matrix.
These different kinds of bonding and strong interactions
increase the load transfer efficiency at the interface. With
high interfacial interactions, CNTs can provide a better
and stronger interface for stress transfer and delay micro-
crack propagation [8]. This explanation is consistent with
the highest gain in energy absorption and ductility being
observed for acid oxidized carbon nanotubes MWNT-B
compared to other CBNs. Similar gains in flexural strengths
were observed by Li et. al [38] and Konsta-Gdoutos et. al
[16] when using MWNTs as reinforcing agents, however
the weight fractions used were 16 times and 1.6 higher
than those of the current study. Similarly, a recent study
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incorporating 0.04 wt.% MWNT showed 21.7% increase in
flexural strength at 28 days of curing [59].
Fluorination followed by ethyl carboxylation for MWNT-
A showed 15% higher flexural strength compared to that
of MWNT-B (Fig. 6a). This was confirmed by XPS (X-Ray
Photoelectron Spectroscopy) data after ethyl carboxyla-
tion for MWNT-A (F-MWNT-A-COOH) had 6.1% O,, com-
pared to MWNT-B (F-MWNT-B-COOH) had only 4.4% of O,
(Supporting Data, Table S-1). However, functionalization of
carbon nanotubes via fluorination and subsequent ethyl
carboxylation, led to smaller improvements in UHPCM per-
formance. It is possible that this could be due to the lower
density of functional groups in the fluorinated samples,
although the differences in intensity of the C=0 stretch
in the FTIR (and so in carboxylate concentration) are mod-
est. Another notable observation was that when non-func-
tionalized carbon nanotubes, MWNT-A, were introduced to
UHPCM, there was no change in flexural performance and
energy absorption. Addition of non-functionalized CNT,
MWNT-B, however, lowered the flexural strength (Fig. 6a)
and energy absorption (Fig. 6b). This may be due to the
smaller outer diameter (20-40 nm) of MWNT-A which
would likely reduce the number of fine pores of the UHPC
and increase the strength. This probably reduces capillary
stress and improves early strain capacity of the nanocom-
posites [73]. This could also be due to surface area effect,
smaller diameter at a given weight fraction means larger
interfacial area and hence greater interfacial interactions.

Addition of CNF-OX showed a 14% gain in flexural
strength and this is lower compared to flexural strength
gain for addition of MWNT-B-OX (Fig. 6a). This could be
due to the lower tensile strength and elastic modulus of
nanofibers compared to those of carbon nanotubes. In
addition, lower specific surface area of CNF-OX will lower
the interfacial interactions of CNF-OX with the cement
matrix compared to MWNT-B-OX and hence have a lower
gain in flexural strength. The improvements in energy
absorption capacity and deflection were 67% (Fig. 6b)
and 150% (Fig. 6¢) respectively for addition of CNF-OX. The
gain in deflection and energy absorption capacity for CNF-
OX were higher than MWNT-A-OX. This could be due to the
relatively large length of CNF which would be expected
to improve ductility and energy absorption capacity via
nano crack bridging. Past studies also showed CNF is effec-
tive in improving the fracture properties of the cement
matrix, by controlling nano cracks of the matrix, this also
improves the early age strain capacity [42]. This could also
be due to better interfacial interactions of CNF-OX with

cement matrix compared to that of MWNT-A-OX. It is also
mentioned in the literature that CNF diameters are close in
dimensions to the thickness of the calcium silicate hydrate
in hydrated cement and expected to have different bond-
ing mechanisms [74]. A previous study on CNF reinforce-
ment in cement paste using polycarboxylate-based high
range water reducer dispersing agent resulted in 35% and
65% increases in flexural strength but the weight fractions
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are 16 times and 33 times higher than the current study
[56].

Addition of GNP has no effect on flexural strength
(Fig. 5a), this might be the results of less functionaliza-
tion, or functionalization predominantly at the edges of
the nanoplatelets giving less effective bonding to the
cement matrix. This could also be because the weight
fractions are not high enough to significantly increase
the flexural strength. In addition, the tensile strength of
GNP may affect the ultimate mechanical performance
of the nano-reinforced cement matrix, as the GNP used

Reinforcement Type

in the current study was much lower in tensile strength
compared to previous reported studies [75]. A few past
studies demonstrated increases in flexural strength using
GNP however, the weight fractions are twice that of the
current study [76, 77]. Though there is no improvement in
flexural strength and energy absorption capacity, increase
in deflection was observed with GNP (Fig. 6¢). This could
be due to GNP having some reinforcing benefits to the
matrix, which is reflected through enhanced ductility.
Increases in flexural toughness and modulus are reported
in past studies incorporating GNP in cement matrices [78].
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Fig.9 Moisture sorption rate 10.0
for UHPCM reinforced with 1. MWNT-A
carbon-based nanomateri-
als at 0.03 wt.%. Error bars 80 | 2. F-MWNT-ACOOH
shown are standard deviations 9 oL
determined from 6 replicate § o 3. MWNT-A-OX
samples c - L
2 X 60 4. MWNT-B
Qv F 1
“ o 4
38 5. F-MWNT-B COOH
o2 40 |
SE & 6. MWNT-B-OX
-~ E 1555 [
S I 7. CNF-OX
= 20 ] ) ]
oo 5] ) 8. Nanoplatelets
KA s
5 o]
0.0 L s 9. UHPCM

Various toughening mechanisms: crack deflection; crack
bridging; and cracking branching are also observed with
uniformly dispersed GNPs [79, 80]. The SEM image below
(Fig. 14) shows GNPs around micro cracks, possibly provid-
ing resistance to crack propagation.

In the past, a few attempts have been made to lower
the dosage of CBNs as reinforcing agents in cementitious
matrices: MWNT as low as 0.03 wt.% [39]; and CNF as low
as 0.025 wt.% [42]. Mohsen et al. [39] tried to determine
the optimum weight fraction of MWNT in cementitious
composites by using different weight fractions (by weight
of cement): 0.03%; 0.08%; 0.15%; 0.25%; 0.35%; and 0.5%.
The maximum flexural strength was achieved at 0.25
wt.% and no significant increase in flexural strength was
observed at 0.03 wt.%. Metaxa et al. [42] studied the rein-
forcement effects of non-functionalized CNF in cementi-
tious matrices at weight fractions ranging from 0.025 to
0.1% and reported the highest gain in flexural strength
was achieved at 0.048 wt.%.

3.3.2 Compressive strength

Though significant improvement in flexural strength
of UHPCM was observed with the introduction of acid
functionalized CNT, the corresponding effects of CNTs
on compressive strength were not statistically signifi-
cant (Fig. 7). Flexural strength of UHPCM largely accounts
for tensile mode of failure and indirect measure tensile
strength of cement composites [81]. Carbon nanotubes
are known for its superior tensile strength, MWNTSs have
a tensile strength of 63 GPa, which is approximately 50
times greater than steel [14, 82]. Generally, CNTs are not
nearly as strong under compression [83]. Because of their
hollow thin-walled structure and high aspect ratio, they
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are highly susceptible to buckling when loaded in axial
compression [84-86]. In addition, during compression
CNTs are in the compressive state because of the trans-
verse expansion and cracking and could not play a bridg-
ing role in the crack, whereas during flexure CNTs can play
a vital role in crack bridging (Fig. 11a-c), strengthening
the crack and increasing the flexural strength. Thus, addi-
tion of CNTs would not be expected to increase the com-
pressive strength of UHPCM. However, some past studies
have shown increases in compressive strength with the
introduction of CNTs but their weight fractions are much
higher, ranging from 0.5 wt.% to 2.0 wt.%. [32, 34, 38, 871.
Other studies showed decreases in compressive strength
with the addition of CNTs [55]. It is very difficult to make a
direct comparison with past findings versus the results of
this work because there are differences in: manufacturing
methods of CNTs that will significantly influence the ulti-
mate properties; dimensions of CNTs; surface treatment
methods; and cement matrices (mostly past studies cover
general purpose cement paste, mortar and concrete made
with general purpose cement).

3.3.3 Abrasion resistance

Abrasion resistance is one of the key considerations for
long term durability of concrete. Owing to their unique
properties, CBNs can be very attractive in improving abra-
sion resistance in cementitious composites [88]. Abrasion
resistance was estimated through mass loss after abrading
cement paste samples following ASTM C944. The lower
the mass loss the higher the abrasion resistance. Both acid
oxidized CNTs, MWNT-A and MWNT-B at 0.03 wt.% demon-
strated the highest abrasion resistance, and improvements
are ~45% compared to that of plain cement paste (Fig. 8).
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Improving abrasion resistance is most likely attributable to
surface effects and density of surface functional groups.
Acid oxidized MWNT-B has the higher density of COOH
functional groups and thus has better interfacial interac-
tions with cement matrix. Though GNP has higher specific
surface area, CNF have better interfacial interactions with
cement matrix due to surface functionalization. Improve-
ments in abrasion resistance can also be explained by
the crack arresting and crack thinning effect of CNTs [38]
and CNFs [42]. SEM images further confirmed micro crack
bridging of CNT and CNF vide infra, Figs. 11-13. However,
most past research on improvement of abrasion resistance
of cement composites used nanoparticles [89-91], micro
fibers [92, 93] or polymer impregnations [94].

3.3.4 Moisture absorption rate

Graphene nanoplatelets (GNPs) were introduced in non-
functionalized form into the UHPCM at 0.03 wt.% with
the primary objective of improving the moisture barrier
properties by forcing a tortuous diffusion path (Fig. 9). The
introduction of 0.03 wt.% GNP into the cement matrix low-
ered the moisture sorption rate of UHPCM by more than
50%. This is consistent with the suggestion that the layered
structure of GNP can create a tortuous path in the cement
matrix that effectively lowers the moisture penetration

Fig. 10 TEM image a and SEM
images b-c of the fractured
surface of a UHPCM with 0.03
wt.% of acid-functionalized
MWNT-B

[95]. In addition, presence of GNPs can improve the micro-
structure of the cement matrix by reducing porosity and
promoting the formation of crystalline calcium hydrox-
ide early in the aging process [96, 97].These may benefit
impermeability in GNP-reinforced cement composites. Pre-
vious studies from our group have shown that uniformly
dispersed graphite nanoplatelets can enhance barrier
qualities in cementitious matrices [5]. The findings of Du
and Pang [98] further support the current findings, from
their studies with GNP-reinforced (2.5 wt.%) cement mor-
tar exhibited significant enhancements in moisture barrier
properties. A recent study indicated that a combination
of graphene oxide (GO) and CNTs can significantly reduce
the water permeability of cementitious composites due to
simultaneous bridging effect of CNTs and the nucleation
effect of GO [99].

3.4 Microscopic characterization

A TEM image of the multi-walled carbon nanotubes,
MWNT-B after acid-oxidation followed by introduction
into UHPCM is shown in Fig. 10a. The TEM image shows
(Fig. 10a) the presence of nucleated cement hydrates
on the functionalized nanotube surfaces confirming
the strong interactions of cement hydrates with CNT
walls. SEM images (Fig. 10b-c) of the fractured surface of

5 Nucleated
Cement Hydrates

7 Nanotube Wall
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Fig. 11 SEM images showing bridging of micro-cracks by acid-
functionalized MWNT-B in UHPCM at 0.03 wt.%

UHPCM with 0.03 wt.% of acid-oxidized MWNT-B shows
the pull-out of CNTs and these CNTs are uniformly coated
with cement hydration products. This indicates the com-
patibility of COOH functionalized CNT surfaces with the
cement hydrates which benefits strong interfacial inter-
actions of CNTs with the cement matrix. This explains
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Fig. 12 SEM images of UHPCM reinforced with 0.03 wt.% CNF-OX,
showing nano-crack thinning a and nano-crack bridging by CNF b-
4

the increase in flexural strength with the introduction of
MWNT-B-OX. Debonding seems to have taken place away
from the actual interface within the matrix, which points
at the adequately strong bond developed between the
functionalized CNTs and the cementitious matrix. The
SEM images of Fig. 10b and c also provide evidence for
the uniform dispersion of acid-functionalized CNT in the
cementitious matrix.

SEM images of UHPCM reinforced with 0.03 wt.% acid
functionalized MWNTs provide strong evidence for the
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Fig. 13 SEM image of UHPCM reinforced with 0.03 wt.% CNF-OX,
showing CNF pull-out

micro-crack bridging (Fig. 11a-c)) and pull-out actions
(Fig. 10b, c) of CNTs, which are key contributions to the
flexural strength and flexural toughness of cementitious
matrices. Crack bridging and fiber pull-out has been
observed previously in CNT reinforced cement compos-
ites [10, 38, 58]. SEM images showed (Fig. 12a—c) that CNFs
bridge across nano-cracks, and control crack propagation.
Microscopic studies by Metaxa et al. also confirmed the
current observations [42]. Indications of CNF pull-out from
a damage surface after flexure test are shown Fig. 13. SEM
image of the morphology of 0.03 wt.% GNP incorporated
UHPCM is shown in Fig. 14. Unlike CNTs and CNFs for which
bridges across micro-cracks and nano-cracks were not
observed, GNPs seemed to control micro-crack propaga-
tion through effectively interacting with the micro-cracks.
Figure 14, SEM image of the failed surface of UHPCM rein-
forced with GNP, provides indications that GNP interact
with micro-cracks. Previous studies also confirm a crack
filling effect of GNPs in cement matrices [97, 100].

4 Conclusions

Carbon based nanomaterials at low weight fraction were
evaluated as reinforcement systems in ultra-high-perfor-
mance cementitious matrices (UHPCM). Emphasis was
given to forming compatible surface tethered functional
groups on the nanomaterial walls and improved disper-
sion methods in UHPCM. Surface functionalization fol-
lowed by the dispersion procedures used in the study
at nanomaterials weight fractions of 0.03% by weight of
cement gave significant improvements in properties. SEM

Fig. 14 SEM image of failed surface of UHPCM reinforced with 0.03
wt.% GNP

studies confirmed uniform dispersion of the nanomaterials
in the UHPCM with minimum agglomeration.

Flexural strength and abrasion resistance of UHPCM
were greatly increased, by 30% and 45% respectively with
the incorporation of acid functionalized MWNTs at 0.03%
by weight of cement. Enhancement of flexural strength
is important to reduce the brittleness of cement-based
materials. The improved flexural strength and energy
absorption capacity (flexural toughness) of UHPCM is
attributed to the better dispersed acid oxidized MWNTs
and enhanced interactions between MWNTs and cement
matrix which allows better load transfer. In addition to
improvements in mechanical properties, incorporation
of GNP at 0.03 wt.% reduced the moisture sorptivity of
cement by 50%. This reflects a gain in moisture barrier
qualities of UHPCM that would translate into improved
durability characteristics.
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