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ARTICLE INFO ABSTRACT

Keywords: This paper studied the influence of carbon nanotube (CNT) and graphite nanoplatelet (GNP) used at O to 0.3%, by
Carbon nanotube mass of binder, on composition, structure, and nano-mechanical characteristics of C-S-H of ultra-high perfor-
C-S-H

mance concrete (UHPC). Hydration kinetics, pore structure, and mechanical properties of UHPC were also
investigated. The non-proprietary UHPC was proportioned with 17% lightweight sand for internal curing. Test
results indicated that the addition of 0.3% CNT or GNP led to approximately 20 MPa increase in compressive
strengths of non-fibrous UHPC mortar and fibrous UHPC (2% steel fibers), compared to those prepared without
any nanomaterial. Such enhancement is attributed to the nucleation and filling effect of the nanomaterials that
can refine the pore structure. The increase in CNT and GNP contents from 0 to 0.3% increased the proportion of
high density and ultra-high density C-S-H from 65% to 90%. This led to a 20% greater elastic modulus of the C-S-
H. The use of CNT and GNP also favored the transformation from QO and Q1 to Q2 and Q3 (Q" represents the
connectivity of silicate tetrahedron, and larger n indicates greater connectivity). This led to 140% and 110%
increase in the mean chain length of C-S-H with the use of 0.3% CNT and GNP, respectively. Moreover, the Ca/Si
of C-S-H decreased from 2.25 to 1.75, and the Al/Si increased from 0.1 to 0.15. The increased degree of Al—Si
substitution reflects an enhanced pozzolanic reaction of the fly ash with the use of CNT and GNP.

Graphite nanoplatelet
Nano-mechanical properties
UHPC

their crack-bridging capacity [13,14].
Although the use of zero-dimensional (0-D) shape nanoparticles,

1. Introduction

In recent years, the use of carbon nanomaterials, such as carbon
nanotube (CNT) and graphite nanoplatelet (GNP) in cement-based ma-
terials has been attracting increasing interests given their outstanding
mechanical and electrical properties [1-3]. The elastic moduli of CNT
and GNP are on the order of 300 to 1000 GPa [4,5]. Molecular me-
chanical simulations indicated that the fracture strains of the nano-
materials ranged from 10% to 15%, with corresponding tensile strength
on the order of 65 to 125 GPa [4,6].

Ultra-high performance concrete (UHPC) can exhibit very high me-
chanical properties and superior durability [7-9]. UHPC is proportioned
with high content of binder materials, fine sand, steel fibers, and high-
range water-reducer (HRWR) at a very low w/b based on optimal
packing of the raw materials [10-12]. Steel fibers are used to improve
compressive and tensile (flexural) strengths as well as toughness given
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such as nano-SiO, and nano-CaCOs, is shown to increase the mechanical
properties of UHPC, relatively high content of these materials is needed
to enhance performance [15-17]. For example, the optimal contents to
improve compressive and flexural strengths of UHPC were 1.5% for
nano-SiO, and 4.8% for nano-CaCOs, which led to 15% and 20% in-
crease in compressive and flexural strengths, respectively [15]. Higher
additions of nano-SiO and nano-CaCOs of 2% and 6.4%, respectively,
resulted in reduction in mechanical properties due to difficulties in
ensuring proper dispersion [15].

On the other hand, CNT and GNP are 1-D and 2-D nanomaterials,
respectively. CNT and GNP can be regarded as nanofibers given their
length/diameter or diameter/thickness ratio on the order of 1000
[18,19]. Therefore, the use of CNT and GNP can enhance the nucleation
effect [5,20], as well crack-bridging capability on the nanoscale level
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[21-23]. This can lead to substantial improvement in mechanical
properties of UHPC at low addition rates of 0.05% to 0.5% of CNT and
GNP, by mass of binder [10,18,24,25]. For example, the addition of
0.067% CNT led to 70% increase in flexural strength of UHPC compared
to that prepared without any CNT [25]. The use of 0.3% GNP enhanced
the tensile strength and toughness of UHPC by 60% and 155%, respec-
tively, compared to those made without GNP [10]. It can be concluded
that the needed content is lower, and the improvement ratio in UHPC
performance is greater for CNT and GNP compared to nano-SiOy and
nano-CaCOs3, Such low additions of CNT and GNP can also benefit their
dispersion.

Despite the significant improvement on mechanical properties dis-
cussed above, the influence of CNT and GNP on microstructure of UHPC,
especially on the composition and structure of C-S-H under a low w/b is
not fully understood. Changes in Ca/Si, Al/Si, and chain length were
used to evaluate the evolution of composition and structure of C-S-H
[26,27]. CNT and GNP, due to their nucleation effect, can affect the
cement hydration, thus changing the Ca/Si and C-S-H chain length. For
UHPC prepared with supplementary cementitious materials (SCMs) that
have high content of Al, e.g., Class C fly ash, Al can substitute for Si given
the pozzolanic reaction between SCMs and Ca(OH),, leading to the
changes in Ca/Si and Al/Si [27,28]. However, the influence of CNT and
GNP on the extent of AI—Si substitution is still not investigated.

In addition, the nano-mechanical characteristics of C-S-H can greatly
influence compressive, flexural, and tensile properties of UHPC.
Considering their elastic moduli, C-S-H phases are characterized as low
density (LD), high density (HD), and ultra-high density (UHD) C-S-H,
while the last only appears in UHPC [29-31]. The LD, HD, and UHD C-S-
H correspond to elastic modulus values on the order of 10-25, 25-40,
and 40-60 GPa, respectively, and a higher C-S-H elastic modulus in-
dicates a greater contribution to mechanical properties of UHPC
[29,30,32]. However, the influence of CNT and GNP on the elastic
modulus of C-S-H and the proportion of each type of C-S-H is still not
studied.

The knowledge gap discussed above can constrain the wider use of
CNT and GNP in UHPC. Greater understanding of underlying mecha-
nisms of these nanomaterials is needed to develop more advanced
construction materials. The objective of this study is to elucidate the
influence of CNT and GNP on the composition, structure and nano-
mechanical characteristics of C-S-H in UHPC mortar. This includes the
changes in Ca/Si, Al/Si, chain length, and elastic modulus of C-S-H with
the use of CNT and GNP. The influence of CNT and GNP on cement
hydration, mechanical properties, and pore structure of UHPC is also
investigated. The content of CNT and GNP was increased from 0 to 0.3%,
by binder mass. The results of the study can advance the acceptance and
application of CNT and GNP as an important component of UHPC with
improved mechanical and microstructural properties.

2. Experimental program
2.1. Raw materials and mixture design

Type III Portland cement, Class C fly ash (FAC), and silica fume (SF)
were used as binder materials at ratios of 55%, 40%, and 5%, respec-
tively, by binder volume. The chemical and physical properties of binder
materials are listed in Table 1. River sand (RS, 0-4.75 mm), masonry
sand (MS, 0-2 mm), and pre-saturated lightweight sand (LWS, 0-4.75
mm) were used at ratios of 53%, 30%, and 17%, respectively, by sand
volume. The water absorption of LWS was 17.6%. The LWS was satu-
rated by mixing with water and sealed in a plastic bucket for 48 h before
use. Steel fibers with 13 mm in length and 0.2 mm in diameter were used
at 2%, by mixture volume.

The CNT and GNP were investigated at contents of 0, 0.05%, 0.1%,
0.15%, 0.2%, and 0.3%, by mass of binder. Higher nanomaterial content
was not investigated due to the difficulty in ensuring uniform dispersion
of the nanomaterial. Nanomaterial content higher than 0.3% was found
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Table 1
Chemical and physical properties of cement, SF, and FAC.
Cement SF FAC

CaO (%) 64.50 0.40 28.10
SiO; (%) 19.72 95.50 36.50
Al,03 (%) 5.10 0.70 24.80
Fey03 (%) 2.76 0.30 5.20
MgO (%) 2.30 0.50 5.00
NayO eq. (%) 0.33 0.40 -
SO3 3.25 - 2.50
Loss of ignition (%) 1.50 2.00 0.50
Apparent density (g/m%) 3.15 2.20 2.70
Blaine specific surface area (SSA) (m?/kg) 562 - 465
B.E.T. SSA (m?/g) - 18.2 -

to have a limited effect on enhancing mechanical properties due to the
agglomeration of the nanomaterial in matrix [33,34]. The material
properties of used CNT and GNP are given in Tables 2 and 3,
respectively.

Polycarboxylate-based HRWR having a solid content of 26% was
employed to secure a high fluidity. Welan gum powder (WG) was
employed to adjust the mixture viscosity to secure a self-consolidating
consistency. Air-detraining admixture (ADA) having a solid content of
5% was applied to reduce the entrapped air of mixture. HRWR and
Polyacrylic acid (PAA) with 35% wt% in water was used as surfactants to
favor the dispersion of CNT and GNP [35]. The average molecular
weight of PAA is on the order of 250,000. The mixture proportion of
UHPC mortar containing different nanomaterial contents is listed in
Table 4. The mixture proportion of the UHPC corresponds to a non-
proprietary mixture with target compressive strength of 120 MPa
under wet curing condition at 20 °C, which meets the ASTM C1856
Standard. This mixture is considered as cost-effective UHPC with high
volume of supplementary cementitious materials and conventional
concrete and masonry sands [36]. It is important to note that the
compressive strength of this mixture can easily exceed 150 MPa under
heat/steam curing conditions [36].

2.2. Mixing, casting, and curing

The uniform dispersion of nanomaterial in fresh UHPC mixtures is
essential to secure the high performance of hardened sample. The CNT
and GNP were dispersed using the same method proposed in [33]. The
CNT (or GNP), HRWR, and PAA were added into 600 mL mixing water
with a mass ratio of 1:4:0.1. The liquid suspension containing nano-
material, HRWR, and PAA was mixed for 4 h at 60 rpm followed by a 70-
min high-intensity sonification treatment. The sonification was paused
for 30 s every 60 s to avoid suspension overheating and equipment
overloading.

UHPC mixtures were prepared using a 19-L Hobart mixer at 0.20 w/
b. The WG was dispersed in the remaining HRWR by a magnetic mixer at
750 rpm for 10 min. Solid materials, including binders and sands were
premixed at 60 rpm for 2 min. Then, 90% of the liquids, including the
mixing water, pre-dispersed nanomaterial suspension, WG suspension,
and ADA were added and mixed at 120 rpm for 3 min. The remaining
liquids were then added and mixed at 120 rpm for 3 min. For UHPC
mortar, the mixing was kept at 120 rpm for an additional 4 min to
achieve an adequate mixture homogeneity. For fibrous UHPC, steel fi-
bers were added into mortar in 1 min. The mixture containing fibers
were mixed at 120 rpm for additional 3 min to secure an adequate fiber
dispersion. A total of 12 min was needed for each mixing.

For each UHPC mixture, 50-mm cube samples were prepared in one
lift for compressive strength test. The samples were cured at room
temperature with coverage of plastic wraps and wet burlaps (immedi-
ately after casting) for 1 d followed by lime-saturated water curing at 21
+ 2 °Cuntil 28 d.
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Table 2
Properties of the used CNT.
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Fiber type Length (pm) Outer diameter (nm) Inner diameter (nm) SSA (m?/g) Density (g/m>) Purity (wt%) Elastic modulus (GPa)
CNT <10 30-80 5-15 >80 2.1 >95% 1000

Table 3

Properties of the used GNP.
Fiber type Thickness (nm) Diameter (pm) Number of platelets SSA (m?/, g) Density (g/1 m®) Purity (wt%) Elastic modulus (GPa)
GNP 4-20 5-10 <20 >60 2 >99.5% 1010

Table 4

Mixture proportion of UHPC mortar prepared with various nanomaterial contents.

Cement (kg/ FAC (kg/ SF (kg/ RS (kg/ MS (kg/ LWS (kg/
m3) m? m3) m®) m?) m®)

WG (% by mass of
binder)

ADA (% by mass of
binder)

Nanomaterial contents (% by mass of
binder)

662 413 42 527 308 120

0.18 0.8 0

0.05

2.3. Testing methods

2.3.1. Fresh properties

A mini-slump cone with upper diameter, lower diameter, and height
measuring 70, 100, and 60 mm, respectively, was used to measure the
mini-slump flow of mixture, according to ASTM C230/C230M. The air
content was measured according to ASTM C138. The rheological prop-
erties of mixture were tested by the ConTec 5 rheometer. The mixture
was pre-sheared for 25 s under rotational speed of 0.5 rps. The rotational
speed then decreased from 0.5 to 0.025 rps in 10 steps. The data points
measured at the highest two rotational speeds were removed due to the
lack of equilibrium at the end of mixing. The remaining eight data points
were used to determine the flow curves which were consistently linear.
The plastic viscosity and yield stress were calculated using Bingham
model based on the obtained flow curves.

2.3.2. Hydration kinetics

The hydration kinetics of mixtures containing different nanomaterial
contents was determined through the isothermal conduction calorim-
etry (Calmetrix I-CAL 8000). Immediately after ending the mixing,
approximately 75 g mixture was sealed in a plastic vial for test. The test
continued for 48 h at a temperature of 20 + 0.1 °C.

2.3.3. Mechanical properties

The 28-d compressive strength of non-fibrous UHPC mortar and
fibrous UHPC (2% steel fiber volume) was determined based on three
50-mm cubes. The loading rate was 1.8 kN/min according to ASTM
C109.

2.3.4. Nano-mechanical characteristics

Nano-mechanical characteristics of UHPC mortar prepared with
different nanomaterial contents were determined using the Anton Paar
Nano-indentation tester with a diamond Berkovich tip. Samples
measuring 10 x 10 x 10 mm were taken out from the center of cubes.
The hydration of samples was terminated using isopropyl alcohol at 28
d. The sample was impregnated with epoxy resin, and the surface of
sample was polished successively using the 400, 600, and 1200 grit
polishing papers. The sample surface was then polished using diamond
abrasives with sizes of 9, 3, 1, and 0.25 pm [37,38]. The duration for
each grade polishing was 3 min.

Fig. 1 illustrates the 8 x 10 grid for nano-indentation test points. For
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Fig. 1. Illustration of 8 x 10 grid for nano-indentation test points.

each sample, two 8 x 10 grids (160 points in total) were tested. The
spacing of two adjacent test points of each grid was 20 pm. For each
point, the test load linearly increased at a 10 mN/min rate to a maximum
load of 5 mN. The maximum load was remained for 4 s and then linearly
decreased at a same rate (10 mN/min).

2.3.5. Backscattered electron (BSE) imaging

The sample after nano-indentation was used for the energy disper-
sion X-ray spectra (EDX) analysis using a Tescan VeGA 3 scanning
electron microscope. The accelerating voltage and work distance of the
test were 30 kV and 15 mm, respectively.

2.3.6. Mercury intrusion porosimetry

The pore structure of UHPC mortar prepared with different nano-
material contents were evaluated using the IV 9510 MIP. Samples were
kept in the isopropyl alcohol at 28 d to terminate hydration reactions
and dried at 50 °C for 24 h before test. The low and high pressures of MIP
test were 0.28 and 414 MPa, respectively.
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2.3.7. Nuclear magnetic resonance spectroscopy (NMR)

The 2°Si and /Al NMR spectra of UHPC paste made with various
nanomaterial contents were tested using the Bruker Solid-state NMR
Spectrometer (400 MHz). The spin speeds for 2°Si and 2’Al NMR tests
were 5 and 12 kHz, respectively. UHPC pastes made with different
nanomaterial contents were ground into fine powder that has a particle
size lower than 75 pm.

3. Results and discussion
3.1. Fresh properties

The fresh properties, given as mean values and coefficients of vari-
ation (COVs), of mixtures prepared with various nanomaterial contents
are shown in Table 5. In this paper, the slump flow of UHPC mixtures
prepared with different nanomaterial contents was fixed at 270 + 10
mm by adjusting HRWR content. As demonstrated in the table, the
HRWR demand decreased with the nanomaterial content increased to
0.1%. This can be due to the filling effect of nanomaterial that can result
in an enhanced packing density of cementitious particles [33]. This can
increase the fluidity of mixture, hence reducing the HRWR demand.
However, further increase in nanomaterial content to 0.3% resulted in
an increased HRWR demand. The high specific surface areas of CNT and
GNP need additional mixing water to wet their surfaces [33,39]. When
the nanomaterial content surpassed 0.1%, such effect became dominant
compared to filling effect, resulting in a higher HRWR demand to secure
a constant slump flow. Given a similar content, the HRWR demand of
UHPC mixture made with CNT was slightly higher than that made with
GNP. This can be due to the fact that CNT can absorb water molecules on
its surface [40].

Given the constant slump flow of 270 + 10 mm, the yield stress was
shown to maintain at approximately 20 Pa with the changes in nano-
material content. The plastic viscosity slightly decreased and then
increased to approximately 34 Pa-s with the use of CNT and GNP. The
decrease in plastic viscosity under a nanomaterial content of 0-0.1% is
due to the increased packing density [41]. On the other hand, with the
further increase of nanomaterial content, CNT or GNP can be absorbed
on the surface of cement particles through the intermolecular force,
which can reduce the steric hindrance and electrostatic repulsion of
HRWR [42]. This can enhance flocculated structure in mixture, thus
increasing the plastic viscosity.

The air content reduced when the nanomaterial content increased
from O to 0.1%. Further increase in nanomaterial content to 0.3%
increased the air content from 3.8% to 4.3%. This is due to the increased
plastic viscosity that entrapped more air during mixing.

3.2. Compressive strength

The 28-d compressive strength of non-fibrous UHPC mortar and
fibrous UHPC with 2% steel fibers containing various contents of CNT
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and GNP is shown in Fig. 2. For the non-fibrous UHPC mortar and
fibrous UHPC made without any nanomaterial, the 28-d compressive
strength was approximately 112 and 130 MPa, respectively. The
compressive strength was significantly increased with the use of CNT
and GNP. As the CNT and GNP contents increased to 0.3%, the 28-
d compressive strength of non-fibrous UHPC mortar and fibrous UHPC
was enhanced by approximately 20 MPa.

The improvement on mechanical properties was due to the nucle-
ation and filling effect of CNT and GNP. The nucleation effect can pro-
mote cement hydration, and the filling effect can refine the pore
structure of hardened sample, which are elaborated in Sections 3.3 and
3.4, respectively. Moreover, CNT and GNP can act as nanofibers that can
delay the initiation of microcracks and bridge microcracks, leading to
the enhancement in mechanical properties [10,21]. In addition, CNT has
a higher specific surface area compared to that of GNP [21,43]. This can
enable more nucleation sites for C-S-H. Therefore, samples prepared
with CNT showed greater compressive and tensile strength compared to
those prepared with GNP given a similar content.

3.3. Hydration kinetics

The hydration kinetics of UHPC mixtures containing different
nanomaterial contents are presented in Fig. 3. The use of nanomaterial
increased the peak heat flow and cumulative heat, compared to those of
reference mixture. To analyze the variations in hydration process of
UHPC mixtures containing different nanomaterial contents, several pa-
rameters are calculated from the hydration curves, as summarized in
Table 6. ta and tg correspond to the ending time of the induction period
and the time of peak heat flow, respectively. (dQ/dt), and (dQ/dt)g
represent the heat flow corresponding to ta and tg, respectively. Qa and
Qg represent the cumulative heat corresponding to ta and tg, respec-
tively. Qa_g indicates the cumulative heat during the acceleration
period.

As shown in the table, tp and tg were advanced when 0.1% nano-
material was added compared to those of reference sample. This is in
agreement with Section 3.1 where the HRWR demand decreased with
the nanomaterial content increasing from 0 to 0.1%. On the other hand,
further increase in nanomaterial content led to prolonged ts and tg. The
ta and tg were prolonged by 0.2 h for mixtures prepared with 0.3% CNT.
Such prolongation was 0.1 h for mixtures made with 0.3% GNP. This can
be due to the increased HRWR molecules absorbed on the surface of
cement particles, which retarded the dissolution of cement particles
[44].

With the changes of CNT and GNP content, (dQ/dt), and Qa varied
slightly. On the other hand, (dQ/dt)g, Qg, and Qa_g were enhanced by
approximately 15%, 46%, and 51%, respectively, by adding CNT from
0 to 0.3%. Such enhancements in (dQ/dt)g, Qg, and Qa_g for GNP were
12%, 36%, and 42%, respectively. The hydration rate in the acceleration
period mainly depends on the nucleation sites of C-S-H [45]. The
enhancement of nanomaterial content significantly increased the

Table 5

Fresh properties of mixtures prepared with various nanomaterial contents.
Nanomaterial content HRWR demand (%)" COV (%) Air content (%) COV (%) Yield stress (Pa) COV (%) Plastic viscosity (Pa-s) COV (%)
Ref 0.42 2.8 3.8 4.6 20.7 3.5 29.7 2.8
CNTO0.05% 0.4 4.1 3.75 5.2 20 2.4 28.9 3.6
CNTO0.1% 0.41 3.5 3.8 5.8 21.5 3.2 28.8 3.1
CNTO0.15% 0.42 5.2 3.95 4.2 21.3 3.8 29.8 4.2
CNTO0.2% 0.435 3.7 4.15 3.3 22,5 2.9 31.4 3.6
CNTO0.3% 0.45 4.3 4.3 5.1 23.2 4.0 33.6 3.3
GNPO0.05% 0.4 2.6 3.7 4.8 19.6 2.5 27.6 2.6
GNPO0.1% 0.405 3.4 3.8 6.4 20.3 3.4 28.6 3.6
GNPO0.15% 0.415 5.3 4 4.7 22.4 3.3 29.4 4.1
GNP0.2% 0.425 4.6 4.1 4.5 219 2.7 30.9 3.8
GNPO0.3% 0.445 3.4 4.2 5.4 22.7 3.8 32.8 3.4

# Active portion, by mass of binder.



H. Huang et al.

150 CNT
- 7/ GNP
=
-
= 40t
=
o
g 1ot {'é
7
'?3 120 /
-
&
E 10T /
S ot &

100 /

0 0.05 0.1 0.15 0.2 0.3
Nanomaterial content (%)
(a)

Cement and Concrete Research 154 (2022) 106713

s gg - é I ;
g 140 | +H ? _}& / ?
& 7
g 130 frf ;/, % 2 7 ?
nnne
Z 10l Z % 2 | v
: / ? o\
S 1or 2, %

2101017010

i 0 0.05 0.1 § 0.15 0.2 : 0.3
Nanomatcrial content (%)
(b)

Fig. 2. 28-d compressive strength of (a) non-fibrous UHPC mortar and (b) fibrous UHPC (2% steel fibers) prepared with different nanomaterial contents.
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Fig. 3. (a) Heat flow and (b) cumulative heat of mixtures prepared with different nanomaterial contents.

Table 6

Parameters calculated from the hydration curves of mixtures prepared with various nanomaterial contents.

Nanomaterial content ta (h) (dQ/dt), (mW/g binder) Qa (J/g binder) tg (h) (dQ/dt)g (mW/g binder) Qs (J/g binder) Qa-g (J/g binder)
Ref 3.65 0.41 21.15 12.03 2.76 62.53 41.38
CNTO0.1% 3.6 0.44 26.11 11.9 2.9 77.57 51.46
CNTO0.2% 3.71 0.46 27.17 12.06 3.04 84.05 56.88
CNTO0.3% 3.83 0.47 28.64 12.25 3.18 91.25 62.61
GNPO0.1% 3.5 0.43 20.52 11.78 2.82 68.91 48.39
GNPO0.2% 3.55 0.45 24.91 11.93 2.96 77.25 52.34
GNP0.3% 3.75 0.48 26.6 12.15 3.11 85.16 58.56

number of nucleation sites, thus resulting in the increased values of
(dQ/dt)g, Qs, and Qa_g. In addition, the (dQ/dt)g, Qg, and Qa_g values
of mixtures prepared with CNT were slightly higher than those made
with a similar GNP content, which is consistent with the mechanical
strength results. This is possibly attributed to the greater specific surface
area of CNT compared to that of GNP, which can provide more nucle-
ation sites of C-S-H [21,43].

3.4. Pore structure

Fig. 4 shows the distribution of pore size for samples made with
various nanomaterial contents. The pore size corresponding to the peak

of the curve refers to the most probable diameter. With the increase of
nanomaterial content, the most probable diameter shifted to finer pore
size. Similar results were reported in [33] where the addition of CNF was
found to refine the pore structure of UHPC mortar. Therefore, it can be
concluded that the use of CNT and GNP can result in refinement in the
pore structure of UHPC mortar. Such refined pore structure led to the
improvement in mechanical properties.

Pores in concrete can be classified as gel pores, capillary pores, and
macro-pores with diameter of <10, 10-5000, and >5000 nm, respec-
tively [46]. Fig. 5 exhibits the total porosity and the porosity of each
type of pore for samples prepared with different CNT and GNP contents.
For UHPC samples made without nanomaterial, the 28-d total porosity is
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Fig. 4. Pore size distribution of UHPC mortar made with various (a) CNT and (b) GNP contents.
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Fig. 5. Total porosity and the porosity of each type of pore for samples pre-
pared with different nanomaterial contents.

approximately 5%. Such low total porosity is attributed to the optimized
mixture proportioning and high fluidity of mixture that can reduce the
entrapped air of hardened sample. The increase of nanomaterial content
can lead to a reduction in total porosity. The total porosity was reduced
to approximately 2.5% with the use of 0.3% nanomaterial.

Moreover, the use of nanomaterial was shown to decrease the po-
rosities of capillary and gel pores. The increase of CNT content from 0 to
0.3% reduced the porosities of capillary and gel pores from 1.8% to 0.4%
and from 2.9% to 1.3%, respectively. Such values were reduced to 0.8%
and 1.2%, respectively, when 0.3% GNP was used. It is important to note
that the proportion of gel pores was increased with the use of nano-
material, given the reduced total porosity. This indicates a refinement in
the pore structure, which is consistent with results reported in Fig. 4.

One of the mechanisms on the refinement in pore size and the
decrease in porosity of UHPC mortar were associated with the trans-
formation of porous Ca(OH), to denser C-S-H gel [47]. Therefore, it can
be deduced that the use of CNT and GNP enhanced the pozzolanic
reactivity of SF and FAC, which increased the volume fraction of gel
micro-pores. Moreover, CNT and GNP can act as nanofillers, thus
decreasing the porosity of UHPC mortar [5,20,48]. It is important to
note that CNT can lead to a lower porosity compared to that of GNP
given a similar content. This is due to the fact that CNT has a greater
specific surface area, resulting in more nucleation sites for C-S-H

formation [21,43].

3.5. Nano-mechanical properties

Fig. 6 gives the typical load-depth curves of cement clinker, sand,
and C-S-H of UHPC tested by nano-indentation. Cement clinker, sand,
and C-S-H can be distinguished given the difference in achieved load-
depth curves. A lower depth corresponds to a greater elastic modulus
of phase given the constant test load. As shown in Fig. 6, the maximum
depth of C-S-H ranged from 300 to 700 nm, corresponding to elastic
modulus of from 10 to 60 GPa [29,30,32]. The indentation depths of C-S-
H phases were greater than those of cement clinker and sand. This is due
to the lower elastic moduli of C-S-H phases compared to those of clinker

and sand.
The indentation modulus can be calculated as Eq. (1) [49]:

dp \/E
dh VA,

where M is the indentation modulus; p and h are the indentation load
and depth, respectively; hpax is the maximum indentation depth; A is the
projected contact area that can be determined using the Oliver and

. &)

T2

Pharr's method [50].
The elastic modulus of tested phase is calculated by Eq. (2), given the

indentation modulus and Poisson's ratio:

——— Cement clinker - - - Sand
------ HD C-S-H
23 s
~ o
= h o i
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Fig. 6. Typical load-depth curves of cement clinker, sand, and C-S-H of UHPC

tested by nano-indentation.
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where E and v are the elastic modulus and Poisson's ratio of the tested
phase, respectively; E7 and v; are the elastic modulus and Poisson's ratio
of the indentation tip, respectively.

The distribution of C-S-H elastic modulus for samples prepared with
various nanomaterial contents are given in Fig. 7. In the figure, the
position of the first column of 8 x 10 test grid is defined as 0 pm, and the
average value of each column (8 nano-indentation points for each col-
umn) is reported. The clinker and sand that have elastic moduli greater
than 60 GPa were excluded in averaging. It is important to note that high
variations for the tested elastic moduli along different positions were
observed for a given nanomaterial content. This is dependent on the
highly variable nature of elastic modulus of C-S-H (including LD, HD,
and UHD C-S-H) in UHPC, which can vary from 10 to 60 GPa [29,30,32].
For UHPC sample prepared without nanomaterial, the elastic modulus of
C-S-H was around 28 GPa with the increase of distance relative to the
first point. The addition of nanomaterial enhanced the elastic modulus.
With additions of 0.1%, 0.2%, and 0.3% nanomaterials, the elastic
moduli increased to approximately 31, 34, and 36 GPa, respectively.

Fig. 8 shows the proportions of LD, HD, and UHD C-S-H of UHPC
samples prepared with different nanomaterial contents. The proportions
of LD, HD, and UHD C-S-H are 36%, 51%, and 13%, respectively, for
samples made without CNT and GNP. The use of nanomaterial can lead
to higher HD and UHD C-S-H fractions. For example, the HD and UHD C-
S-H proportions were enhanced to 65% and 23%, respectively, whereas
the LD C-S-H proportion was decreased to 12% when CNT content
increased from 0 to 0.3%. Such values of LD, HD, and UHD C-S-H pro-
portions are 16%, 64%, and 20%, respectively, for UHPC prepared with
0.3% GNP. The increased proportions of HD and UHD C-S-H that have
greater elastic moduli can therefore contribute to a greater mechanical
strength.

3.6. %°Si NMR

Fig. 9 shows the 2°Si NMR results of UHPGC pastes made with various
nanomaterial contents. In the spectra, Q represents the SiO4 tetrahedron
unit, and its superscript, n (n = 0, 1, 2, 3, and 4) corresponds to the
number of tetrahedron units that are connected to Q. For example, Q?
indicates that each SiO4 tetrahedron unit connects with two adjacent
Si04 tetrahedron units.

In general, the Q° at about —70 ppm represents the unhydrated
cement clinker. For hydrated cement, the spectra mainly demonstrate
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signal peaks located at approximately —79, —83, and —85 ppm, corre-
sponding to chain-end @b, bridging (Qﬁ), and paired (Qg) sites of C-S-
H, respectively [51,52]. The Q® at about —97 ppm represents the cross-
link of two C-S-H chains. The Q* at about —110 ppm represents the SF
[29]. Moreover, the Al in cement and FAC, due to its pozzolanic reac-
tion, can substitute for Si at bridging sites, resulting in the Q%(1Al) and
Q3(1Al) at about —81 and —92 ppm, respectively [53].

Generally, a greater intensity of Q? and Q® signals indicate a higher
hydration degree of cementitious materials, which can result in more C-
S-H and greater polymerization degree. As shown in the reference
spectrum of the figure, the intensity of Q° (—70 ppm) was significantly
higher than that of Q* (—83 and —85 ppm). This indicates that a great
portion of cement remains unhydrated for samples prepared without
CNT and GNP. With the use of nanomaterial, the intensity of Q°
decreased, and the intensity of Q? increased. The Q> intensity was
greater than Q° when the nanomaterial content increased to 0.3%,
indicating a significantly enhanced hydration degree with the use of
nanomaterial.

The proportion of each Q" specie can be quantitatively analyzed
through deconvolution of the achieved spectra. Fig. 10 shows an
example of deconvolution analysis of 2°Si NMR spectrum of reference
UHPC mixture. The deconvolution was conducted by fitting the
Gaussian peak profiles [54].

The 2°Si NMR spectra of samples prepared with different nano-
material contents are deconvolved and given in Table 7. As shown in the
table, the proportions of Q° and Q' decreased when the nanomaterial
content increased from 0 to 0.3%. On the other hand, the proportions of
Q? and Q® enhanced with the increase in nanomaterial content. It is
important to mention that the Q% and Q® discussed in the paper include
Q*(1AD), Q, QZ, and Q*(1Al). This indicates that the addition of CNT

and GNP can promote the transformation from Q% and Q! to Q% and Q°,
leading to an enhanced polymerization degree of C-S-H chains. Such
enhancement in polymerization degree can be due to the improved
cement hydration with the use of CNT and GNP. Moreover, as reported
in [55,56], the electronegative CNT and GNP can attract Ca®** and repel
Al(OH),, leading to the redistribution of elements. This can increase the
polymerization degree of C-S-H. The enhanced polymerization degree
can therefore increase the fractions of HD and UHD C-S-H, contributing
to the improved mechanical properties.

As shown in the table, the proportion of Q%(1Al) is obviously greater
than that of Q? for a given nanomaterial content. This is attributed to the
fact that a majority of bridging sites of C-S-H can be occupied by Al
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Fig. 7. C-S-H elastic modulus distribution for samples made with various (a) CNT and (b) GNP contents determined from nano-indentation.
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Fig. 8. Proportions of each type of C-S-H for samples prepared with various contents of (a) CNT and (b) GNP.
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Fig. 9. 2°Si NMR spectra of samples prepared with various (a) CNT and (b) GNP contents.

—— Spectrum
- — -Fit
—-—-Deconvolution

-60 =70 -80 -90 -100 -110 -120 -130
Chemical shift (ppm)

Fig. 10. Deconvolution analysis of 295i NMR spectrum (Ref).

rather than Si when supplementary cementitious materials are used at a
high content [53,57,58]. Furthermore, the proportions of Q?(1AlD) and
Q3(1AD) significantly increased with the use of CNT and GNP. This
means that CNT and GNP can favor the substitution of Si by Al. In
addition, the changes in CNT and GNP content resulted in various Al-
coordination environments, i.e., tetra-, penta-, and hexa-coordinated
Al species, noted as Al(IV), Al(V), and Al(VI), respectively, in hydra-
tion products of UHPC [59,60], which is elaborated further in Section

3.7 with A1 NMR results.

The mean chain length (MCL), defined as the average number of
aluminosilicate tetrahedra per C-S-H chain, is used to assess the poly-
merization degree of C-S-H [51]. The MCL of cross-linked C-S-H can be
calculated by Eq. (3) [61]:

4[Q" + Q* + Q*(1Al) + Q° +2Q°(1Al) ]
Ql

Fig. 11 shows the variations in MCL values with different nano-
material contents. For the reference sample prepared without nano-
material, the MCL value is approximately 13. The addition of
nanomaterial can enhance the MCL value. The use of 0.3% CNT and GNP
led to a 140% and 110% greater MCL values, respectively, compared to
that of reference sample. As concluded from Table 7, CNT and GNP can
facilitate the transformation from Q° and Q! to Q* and Q°, hence
enhancing the polymerization degree of C-S-H. On the other hand, CNT
can lead to a longer MCL compared to that of GNP, for a given content,
which is consistent with the mechanical and MIP results.

MCL =

3
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Table 7
Deconvolution of 2°Si NMR results of samples prepared with different nanomaterial contents (%).
Nanomaterial content Q° Q! Q%(1AD Q? Q,Z, Q3(1Al) Q3 ot
Ref 48.3 15.8 5.7 2.0 19.8 3.1 1.8 3.5
CNT0.1% 43.1 13.9 6.8 2.8 24.8 3.6 21 2.9
CNTO0.2% 37.6 10.7 8.1 3.9 30.9 4.3 2.3 2.2
CNTO0.3% 32.4 9.1 9.6 5.2 34.2 5.0 2.7 1.8
GNP0.1% 43.7 14.5 6.6 2.6 23.8 3.4 2.3 3.1
GNP0.2% 38.4 11.7 7.8 3.7 29.4 3.9 2.6 2.5
GNP0.3% 33.5 10.2 8.9 5.3 32.8 45 2.8 1.7
As shown in the figure, the signal intensity at chemical shift from 30
35 to 80 ppm increased with the enhancement in CNT and GNP content.
CNT A This indicates that the use of CNT and GNP can lead to an elevated
30 GNP degree of Al—Si substitution. Such increased Al—Si substitution also
necessitate more Al(V) to balance the introduced negative charges. This
25 e is well consistent with 2°Si NMR results where a higher CNT and GNP
content is found to enhance the proportions of Q*(1Al) and Q3(1Al).
20

MCL
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Fig. 11. Variations in MCL values with different nanomaterial contents.
3.7. “AINMR

The 27Al NMR results of UHPC pastes prepared with various nano-
material contents are shown in Fig. 12. Three distinct Al-coordination
environments, i.e., Al(IV), Al(V), and Al(VI), with corresponding
chemical shifts at 50-80 ppm, 30-50 ppm, and 0-20 ppm, respectively,
were observed [62,63]. The signal peak centered at 60 ppm corre-
sponded to the Al(IV) in C-S-H (Q*(1Al) and Q3(1AD) [60,62,63]. A
much lower signal between 30 and 50 ppm is associated with Al(V) in
the interlayer sites of C-S-H structures [62]. It is important to mention
that the Al—Si substitution (i.e., Q*(1Al) and Q3(1Al)) can introduce
negative charges, which are balanced by interlayer Ca®* and Al(V) [64].

Ref
R - - - CNT0.1%
7 —-—--CNT0.2%
f7a ---=--CNT0.3%

The signal centered at 10 ppm corresponded to the AI(VI) of AFm
(Aly03-Fe;03-mono) [62], and a small shoulder at chemical shift from
0 to 5 ppm is due to the formation of amorphous aluminate hydrate
(third aluminate hydrate, TAH) [59,65]. On the other hand, no signal
corresponding to ettringite at 12.5 ppm was observed. Thermodynamic
modelling carried out in [28] indicated that the ettringite can be un-
stable when fly ash was used at replacement ratio (of cement) greater
than 40%. Other minerals, such as stratlingite may form with the use of
high-volume Al-rich fly ash, depending on the reactivity and Al,O3
content of the fly ash as well as the uptake of Al in C-S-H.

3.8. BSE-EDX

As concluded from Sections 3.6 and 3.7, the addition of CNT and
GNP can increase the polymerization degree and Al(IV) substitution for
Si of C-S-H, thus influencing the composition and structure of C-S-H. The
variations in Ca/Si and Al/Si, caused by the use of the two nanomaterials
can be quantitatively evaluated through the BSE-EDX analysis.

Fig. 13 shows a typical sample used for the BSE-EDX analysis. River
sand, LWS, clinker, FAC, and C-S-H can be clearly distinguished from the
BSE image. For each sample, at least 100 EDX analysis spots that contain
atomic percentages of Ca, Si, and Al were randomly collected. River
sand, LWS, clinker, and FAC were avoided for EDX spots collection.

The variations of Ca/Si and Al/Si of samples prepared with different
nanomaterial contents are shown in Fig. 14. Regardless of CNT and GNP
content, the Ca/Si values ranged from 0.5 to 3.5. The majority of Ca/Si
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Fig. 12. 27A1 NMR spectra of samples made with various (a) CNT and (b) GNP contents.
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Fig. 13. A typical BSE-EDX sample (Ref).

values were 1.5-2.5, which is consistent with the results reported in
[29,66]. For samples made without nanomaterial, the average Ca/Si and
Al/Si values can be on the order of 2.25 and 0.1, respectively. With the
increase in CNT and GNP content, the average Ca/Si and Al/Si values
were shown to decrease and increase, respectively. When the nano-
material content increased from 0 to 0.3%, the average Ca/Si and Al/Si
were on the order of 1.75 and 0.15, respectively.

In general, a lower Ca/Si indicates a higher polymerization degree of
C-S-H accompanied with longer chains [29,67]. Due to the enhanced
cement hydration and redistribution of elements (Ca>" and Al(OH))
with the use of CNT and GNP, the polymerization degree and the MCL
increased with the nanomaterial content. This can result in a reduced
Ca/Si. Moreover, the addition of CNT and GNP can favor the AI(IV)
substitution for Si, as concluded in Section 3.7. Such Al—Si substitution
can lead to increased Al/Si [28,57,58].

The NMR and BSE-EDX results confirmed that the nano-structure and
composition of C-S-H were influenced by CNT and GNP through
increasing MCL (polymerization degree) and Al—Si substitution. The
enhanced MCL can lead to a lower Ca/Si value. In addition, the
increased Al—Si substitution increased the Al/Si of C-S-H, indicating an
enhanced pozzolanic reaction of FAC. This reduced the pH value of pore
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solution (Ca(OH), consumption), leading to the destabilization of
ettringite. In this case, stratlingite may form given the use of high-
volume Al-rich fly ash.

3.9. Evolutions in composition and structure of C-S-H

As pointed out in Section 3.8, the use of CNT and GNP can lead to a
decreased Ca/Si and an increased Al/Si. This can therefore affect the
composition and structure of C-S-H. This section aims to investigate the
evolutions in the composition and structure of C-S-H due to changes of
Ca/Si and Al/Si that are caused by the use of CNT and GNP.

It is acknowledged that the nano-structure of C-S-H is similar to that
of tobermorite. Fig. 15 shows the nano-structure of a 14 A tobermorite
that is reported in the American Mineralogist Crystal Structure Database
[68]. The silicate chains in the tobermorite are structured according to
the “dreierketten model” [32,69,70]. In this model, the silicate chains
are flanked by a Ca—O layer and a hydrous layer. Ca; and Cay refer to
the intralayer and interlayer Ca atoms, respectively. It is important to
mention that the chemical bonds between Ca and O atoms are not shown
in the figure. Each silicate tetrahedron shares two O atoms with two
adjacent silicate tetrahedrons, corresponding to Q2 species as pointed
out in Section 3.6. Generally, the silicate chains in the original tober-
morite are infinite, corresponding to a Ca/Si of 0.83.

The cement generally contains a great content of CaO. In this case, Ca
can substitute for the silicate tetrahedron (noted as Cag) during cement
hydration, breaking the idealized infinite silicate chains into finite
segments [71], as illustrated in Fig. 16. The segments are terminated by
Q! species. Such substitutions can introduce negative charges that are
balance by additional Ca (noted as Cac) and OH™. The increase in Ca
substitution for silicate tetrahedron necessitates more Cac and OH™ to
secure a balanced charge. Moreover, such increased Ca substitution can
result in a greater number of C-S-H segments that have shorter chain
length. This can lead to a reduced MCL and an enhanced Ca/Si of C-S-H.

In addition, Al in the hydration system, most of which comes from
the SCMs (e.g., FAC) can substitute for Si in C-S-H, leading to the for-
mation of aluminate tetrahedron [28]. Such Al in the aluminate tetra-
hedron corresponds to the Al(IV), as pointed out in Section 3.7. In the
case of this paper, it can be deduced that both Ca substitution for silicate
tetrahedron and Al substitution for Si occurred in the C-S-H, as illus-
trated in Fig. 17. It is important to note that A1—Si substitution will not
break up the C-S-H chain. Similarly, the Al—Si substitution necessitates
additional Cac and OH™ to keep a balanced charge.

As concluded from Section 3.8, the addition of CNT and GNP can lead
to a reduced Ca/Si and an increased Al/Si. The reduced Ca/Si indicates
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Fig. 14. Variations of Ca/Si and Al/Si of samples made with various (a) CNT and (b) GNP contents.
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Fig. 16. Illustration of Ca substitution for silicate tetrahedrons.

that more silicate tetrahedrons are connected to the C-S-H chain seg-
ments. Moreover, the substitution of Ca for silicate tetrahedron is rela-
tively decreased. This can enhance the chain lengths of C-S-H segments,
leading to an increased MCL, which is in agreement with the results
shown in Fig. 11. On the other hand, the increased Al/Si indicates an
elevated degree of Al—Si substitution. Although the Al—Si substitution
are shown to have no significant influence on the MCL of C-S-H, the
increase of such substitution can lead to more Cac and OH™ to keep
charge-balanced.

4. Conclusions

In this paper, the effect of carbon nanotube (CNT) and graphite
nanoplatelet (GNP) on composition, structure, and nano-mechanical
characteristics of C-S-H in UHPC was investigated. The non-
proprietary UHPC was proportioned with 17% lightweight sand for in-
ternal curing. The CNT and GNP content ranged from O to 0.3%, by mass

11

of binder. The hydration kinetics, mechanical properties, and pore
structure were determined. Based on the findings, the following con-
clusions can be drawn:

1. The addition of 0-0.1% CNT or GNP reduced plastic viscosity of
UHPC due to the filling effect of nanomaterials. Further increase in
nanomaterial content to 0.3% resulted in 5 Pa-s increase in plastic
viscosity.

. The addition of 0.3% CNT or GNP enhanced the peak heat flow and
cumulative heat by 15% and 35%-45%, respectively, given the
nucleation effect of the nanomaterial.

. The use of 0.3% CNT or GNP led to approximately 20 MPa increase in
compressive strengths of non-fibrous UHPC mortar and fibrous
UHPC (2% steel fibers), compared to those made without any
nanomaterial. Such enhancement is attributed to the refined pore
structure (total porosity of 2.5% vs. 5%).
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Fig. 17. Illustration of Ca substitution for silicate tetrahedrons and Al substitution for Si.

4. The mean elastic modulus of C-S-H determined from nano-
indentation increased from 28 to 34 GPa with the use of 0.3% CNT
or GNP. The proportion of high density and ultra-high density C-S-H
that have greater elastic moduli relative to that of low density C-S-H
increased from 65% and 90% with the use of 0.3% nanomaterials.

5. Q", which is used to evaluate the connectivity of SiO4 tetrahedron
units of C-S-H chain was found to transform from Q° and Q! to Q?
and Q® with the use of CNT and GNP, leading to longer mean chain
length (MCL) of the C-S-H. The MCL was increased by 140% and
110% with the use of 0.3% CNT and GNP, respectively.

6. The increase in CNT and GNP content from 0 to 0.3% resulted in a
reduced Ca/Si of C-S-H from 2.25 to 1.75. Moreover, the use of CNT
and GNP increased the Al/Si of C-S-H from 0.1 to 0.15, indicating
greater pozzolanic reactivity of the fly ash.

7. Given the greater specific surface area of CNT compared to GNP, the
use of CNT can provide more nucleation sites for C-S-H formation
compared to GNP. Therefore, samples prepared with CNT showed a
longer MCL, lower porosity, larger proportion of HD and UHD C-S-H,
higher hydration rate, and greater strength compared to those pre-
pared with similar GNP content.
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