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Abstract

Self-sensing cementitious composites (SSCCs) with carbon nanotubes (CNTs) have
attracted extensive attention because of their excellent mechanical and durability properties
combined with multifunctional benefits. However, their performance modulation, as well as
scalable manufacturing and application, are limited by the uniform dispersion of CNTs inside
them. Here, a straightforward approach to in-sifu synthesizing CNTs on cement (CNT@Cem)
toward alleviating the CNTs’ dispersion issue and enhancing their composite efficiency and
effectiveness is explored. Due to the inherently containing silicate and ferrite phases, microscale
cement particles act as effective substrate-bound catalysts, facilitating high-yield and strongly
anchored CNTs growth. The hierarchically structured CNT@Cem integrates the dual functions of
reinforcement and conduction, significantly affecting early-age hydration, mechanical, electrical,
and self-sensing properties of the final SSCCs with CNT@Cem. The CNT@Cem structure can
promote early-age hydration while slowing the later hydration rate and hindering the strength
development of the SSCCs. The addition of CNT@Cem can be effective in tailoring the electrical

microstructures to enhance the electrical conductivity and self-sensing sensitivity of the SSCCs.
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The SSCCs with CNT@Cem achieved a maximum stress sensitivity of 2.87 %/MPa with a gauge
factor of 748. They demonstrated excellent repeatability and stability, outstanding adaptability to
various applied conditions, and fast response and recovery. The developed SSCCs-engineered
smart track slab is competent in axle counting and speed detection. It opens up a new territory to
develop high-performance and versatile SSCCs-engineered smart components/structures for
long-term, wide distribution, and low-cost monitoring of high-speed rail (HSR) infrastructures.
Keywords: Self-sensing; carbon nanotube/cement; in-situ synthesis; cementitious

composites; smart high-speed rail infrastructures.

1. Introduction

Over the past decades, the massive high-speed rail (HSR) infrastructure development has
effectively alleviated the traffic burden and fostered coordinated regional economic growth. Still,
it has also raised growing safety concerns. With safety being a paramount priority in rail
transportation, tremendous efforts have been spent on infrastructure health monitoring in HSR
systems. Current sensing technologies for onboard and online monitoring of HSR systems from
vehicles to HSR infrastructures mainly involve video supervision, acoustic emission-based
techniques, ultrasonic-based techniques, electromagnetic induction techniques, and optical fiber

131 Although they are potent alternatives in addition to manual visual

sensors, among others [
inspection, most of them are expensive and of poor long-term durability and compatibility with
HSR infrastructures. The majority of them are mainly made of cementitious composites and
suffer from frequent service loads and harsh environmental conditions. In this regard, intrinsic
self-sensing cementitious composites (SSCCs) would be an appropriate supplement to the
existing sensing technologies, allowing for long-term, wide distribution, and low-cost monitoring
of HSR infrastructures.

As an emerging sensing technology, SSCCs, fabricated by adding conductive fillers into
conventional cementitious materials, can sense their own conditions and changes in the
surrounding environment by measuring the variation of electrical signals. Due to their
cementitious nature, SSCCs feature inherent host compatibility and an identical lifespan with the

construction materials. In addition, SSCCs can be directly used as a load-bearing component of

concrete infrastructures because of their superior mechanical properties and durability ], The
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past several decades have witnessed the broad engineering applications of SSCCs, such as strain
sensing [, damage detection and localization %!, structural modal identification '], temperature

12]

sensing 2, and traffic detection ['3, The SSCCs have also exhibited great potential for

[14] For example, Lee et al. developed a wireless

monitoring railway concrete infrastructures
smart railway sleeper using SSCCs. However, the SSCCs-based railway sleeper has yet to be
applied for real-time monitoring of HSR infrastructure !,

To meet the high demand for SSCCs within the HSR field, next-generation SSCCs should
have the merits of high sensitivity, excellent repeatability, extensive dynamic range, fast response
and recovery time, and scalable manufacturing. As the functional agent, conductive fillers,
mainly including carbon-based and metallic materials, determine the sensing performance of the
resulting SSCCs ['®). Nano carbons, in particular carbon nanotubes (CNTs), which possess unique
structures and combined superior mechanical and electrical properties, are regarded as one of the
most promising conductive fillers for constructing SSCCs (17221, However, a critical factor
determining the properties of SSCCs is the uniform dispersion of CNTs inside them. Due to the
high aspect ratio and specific surface energy, and the van der Waals force, CNTs agglomerate too
easily in the matrix, leading to the formation of defective sites inside the composite and

(23.241 Fyrthermore, non-uniformly distributed CNTs cannot

compromised CNTs’ filler efficiency
form stable and continuous conductive networks within the matrix, resulting in poor sensing
performance in terms of sensitivity and repeatability [**). Chemical modifications of CNTs
combined with mechanical dispersion methods are often suggested to create a satisfactory

dispersion [*4

. However, mechanical dispersion methods such as ultrasonication have low
dispersion efficiency and damage CNT structures. The re-agglomeration of CNTs in pore
solution is often found after the removal of ultrasonication !, Covalent functionalization of
CNTs via the introduction of functional groups can reduce the van der Waals interaction between
CNT bundles and generate electrostatic repulsion between the charged CNTs, thus improving the
CNTs dispersion 27l However, covalent functionalization of CNTs involving aggressive
processes may introduce structural defects and break CNTs, detrimental to the electrical and
mechanical properties of CNTs 281, Non-covalent modification of CNTs via surfactants

adsorption and polymers wrapping **! can block the connectivity and conductivity of CNTs

network, entrap air in the cement paste and impede cement hydration %!, These complicated,
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multi-step dispersion methods restrict CNT’s large-scale applications in many fields.

Recent advances in nano-synthetic and nanocomposite technologies offer new strategies
such as in-situ chemical vapor deposition (CVD), electroless deposition, microwave irradiation,
and electrostatic self-assembly for developing a new class of CNT-based hierarchical fillers through
the direct growth/graft of CNTs on microscale fillers such as carbon fibers and cement particles, to
deal with the dispersion issue of CNTs by transferring the nanoscale dispersion into the microdomain
as well as improving their composite effectiveness and efficiency *°>¢), Among these strategies,
the in-situ CVD-grown CNTs on cement particles (CNT@Cem) are more versatile, tunable,
straightforward, and scalable, enabling the synthesis and dispersion of CNTs in one step. On the
one hand, the morphology, structure, distribution, and interface of CNTs on cement particles can
be well mediated by varying CVD parameters such as carbon source, catalyst, gas composition,
feeding rate, growth temperature, and time to fulfill various applications scenarios 7). On the
other hand, this strategy can eliminate any ultrasonication and functionalization steps, retaining
the integrity of CNT structures and properties and optimizing the performance retention of CNTs
in cement matrices %, The hierarchically structured CNT@Cem composites can act both as
functional fillers and as matrix materials themselves directly involved in the hydration and
hardening processes of the SSCCs. The production of the CNT@Cem is also expected to be
integrated into the cement production process to realize the low-cost, low-carbon, and

3%, However, investigations on the synthesis of such unique

industrialized manufacturing
nanostructure are limited and have mainly concentrated on the CVD process's parametric studies
3843 Nasibulin et al. first explored the feasibility of using the CVD method to grow CNTs
directly on the surface of cement particles. They found that this method was highly efficient for
the low-temperature and high-yield synthesis of CNTsP*®. CNTs have also been successfully
grown on silica fume, fly ash, sand, and soil using the CVD method 4. Ghaharpour et al. studied
the effect of synthesis parameters on the yield and morphology of the grown CNTs and found
that the average diameter and yield of CNTs increased with reaction temperature, synthesis time,
and catalysts contents **1. No study has looked at the effect of CNT@Cem on cement hydration
and properties of the resulting cementitious composites, particularly the self-sensing properties of

SSCCs with CNT@Cem.
Because of the enormous potential applications of SSCCs with CNT@Cem in HSR
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infrastructure, herein, we report a straightforward method for scalable fabrication of next-
generation SSCCs with high conductivity and robust self-sensing performance, and extent their
application as a monitoring system integrated with an SSCCs-engineered smart track slab for
HSR train monitoring. We perform a detailed effort to synthesize hierarchically structured
CNT@Cem composite filler by growing CNTs on cement particles via the in-sitzu CVD method.
The as-synthesized CNT@Cem possesses a unique nest-like morphology with strong interfacial
bonding between the CNTs and the cement particles, which would be beneficial to the
reinforcement of mechanical properties of CNT@Cem/cement composites and avoid re-
agglomeration of CNTs in cement pastes. Crucially, the inclusion of CNT@Cem would
effectively tailor the electrical microstructures, enhancing the electrical conductivity and self-
sensing sensitivity of the SSCCs. In this paper, the SSCCs with CNT@Cem demonstrate a gauge
factor as high as 748, which outperforms most of the SSCCs reported previously. The distinctive
properties and functionalities compatible with the large-scale and sustainable manufacturing of
the SSCCs allow their potential applications for long-term, wide distribution, and low-cost

monitoring of HSR infrastructures.

2. Experimental section

2.1. Synthesis of CNT@Cem via CVD

Portland cement (PC, CEM 1 52.5, BS EN197-1:2000) and nano-Al203 (99.99%, y-phase, 20
nm, Aladdin) with a mixing ratio of 100:4 were introduced into Ni(NO3)3-9H20 isopropanol
solution. The mixture was magnetically stirred, oven-dried, and calcinated to obtain Ni-Al-
Cement (NAC) catalyst, precursor. The NAC catalysts were heated at a rate of 10 °C/min to
desired growth temperatures in a CVD system under a gas mixture of C2H2/H2/N2 for different
growth time. After this, the sample was allowed to cool down to room temperature under N2
(detailed synthesis process and chemical compositions of the catalyst precursor and CNT@Cem

are shown in Experimental Procedures and Table S1 in the Supporting Information).

2.2. Preparation of SSCCs with CNT@Cem

The raw materials used for the preparation of SSCC specimens include as-received
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CNT@Cem, raw PC (CEM I 52.5, Green Island Portland Cement Co., Ltd.), distilled water,
silica fume (920D, Shanghai Tian Kai Silicon Fume Co. Ltd.), and polycarboxylate
superplasticizer (ViscoCrete 3301E, Sika Ltd.). The mixture proportions are presented in Table
S2, in which the amounts of water, silica fume, and superplasticizer were by mass of cement,
composed of PC and CNT@Cem. The water to cement ratio of each mixture was kept constant at
0.4. First, the pre-weighed CNT@Cem powders were dry-mixed with silica fume and raw PC
using a mechanical stirrer (MXF-C, Shanghai Muxuan Industrial Co., Ltd.) at a low speed for 2
min. The polycarboxylate superplasticizer was diluted with water and then gradually added to the
dry mixture in three divided times, with 30 s of low-speed stirring followed by 2-min high-speed
stirring. The well-stirred mixtures were then cast in oiled steel molds (20 mm x 20 mm x 20 mm),
and two copper electrodes were inserted in each mixture with an interval of 10 mm. An electric
vibrator was used for mixture compaction. After 24-hour placement in an environmental chamber
(20 £0.5 °C and 98% relative humidity), all specimens were demolded and transferred into a

lime-saturated curing tank at room temperature for 27 days.

2.3. Characterization

Field emission scanning electron microscopy (FESEM, Hitachi SU8020, Japan) at an
operating voltage of 5 kV and transmission electron microscope (JEOL 2100F, Japan) at an
operating voltage of 200 kV was used to characterize the morphologies of CNT@Cem. Energy-
dispersive X-ray spectroscopy (EDX) analysis was performed to determine the elemental maps of
the CNT@Cem. The amount of CNTs deposited on CNT@Cem was determined by
thermogravimetric analysis (TGA, Mettler-Toledo TGA/DSC3+, Switzerland), in which the
sample was heated to 900 °C under air atmosphere (23% oxygen) at a rate of 10 °C/min. The
crystalline structure of CNTs was evaluated using a Raman spectroscopy (Renishaw 2000,
Britain) equipped with a 632.8 nm helium-neon laser. The phase compositions of PC and
CNT@Cem were determined by X-ray diffraction (XRD) measurement (Bruker D8 Advance,
USA) with CuKa radiation operated at 40 kV and 40 mA. XRD patterns were collected in the 260
range of 5-80° with a step width of 0.02° and a step time of 1.0 s. The mineral compositions were
analyzed using quantitative XRD (QXRD, Rietveld refinement, TOPAS). The Brunauer-Emmett-
Teller (BET, Micromeritics Tristar ASAP 2020HDS88, USA) specific surface area was measured
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by N2 adsorption measurements at about 77 K. The density of the CNT@Cem was measured
using a true density tester JWGB JW-M100A, China) at 30 °C and 0.1 kPa.

To determine the hydration phases of the SSCCs with CNT@Cem, TGA measurements with
a heating rate of 10 °C/min up to 1000°C under N2 atmosphere and XRD measurements with the
same setting for CNT@Cem were performed. Before the testing ages of 1, 7, and 28 days, the
hydration of the ground sample was stopped by solvent exchange using isopropanol and then in
acetone for the 20s. Afterward, the samples were washed with isopropanol and stored in a
vacuum desiccator until further testing. The hydration heat evolution of SSCCs with CNT@Cem
was analyzed using an eight-channel isothermal calorimeter (TAM AIR TA, USA) under an
isothermal condition of 25 °C for three days. 10 g of the pastes were mixed in a beaker using a
glass rod for 2 minutes and then immediately placed into the calorimeter. The microstructure of
the SSCCs with CNT@Cem specimens after fracture was observed using a FESEM (Tescan
MAIA3, Czech). The compressive strength of the SSCCs with CNT@Cem specimens was tested
using a hydraulic material testing system (MTS810-50kN, MTS, USA) equipped with an auto-
alignment MTS compression platen (Model 643.06) at a constant loading rate of 1.2 mm/min.
Two longitudinal strain gauges were symmetrically deployed on a pair of opposite sides of each
specimen, and a dynamic data logger (DC-204R, TML, Japan) was used for strain measurement.

As to the electrical properties of the SSCCs with CNT@Cem, the direct current (DC)
electrical resistance of the unloaded SSCCs with CNT@Cem was measured by a two-probe
method using a digital multimeter (DMM7510, Keithley Instruments Inc., USA). Each
specimen’s electrical resistance was calculated by taking the average of three data collected after
2 h to mitigate any shift due to the polarization effect.

The self-sensing properties of the SSCCs with CNT@Cem were performed under repeated
compression using the MTS810 machine. To investigate the self-sensing properties of SSCCs
with CNT@Cem, experiments were first conducted under monotonic uniaxial compression to 25
MPa at a loading rate of 1.2 mm/min. Prior to the tests, all samples were connected to the ends of
the multimeter for 2 h to minimize the polarization effect on resistance variations. The specimens
were separated from the compression platens by thin insulating plates to avoid electrical
interference. The compressive force, strain, and electrical resistance were simultaneously

collected at a sampling rate of 10 Hz during the loading process. All experiments were conducted
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at room temperature.

To devise a monitoring system integrated with an SSCCs-engineered smart track slab, the
SSCCs connected with two shielded cables were directly embedded into the track slab of a
CRTS-II slab ballastless track and then encapsulated with rapid hardening polymer-based cement
mortar (PCM-II, China Academy of Railway Science). The electrical resistance change was
converted into a voltage signal by connecting the sensor with a reference resistor (1000 Q) for
voltage sharing. The circuit was powered with a 1.5 V battery. The voltage signal was collected
using a data acquisition system consisting of a portable data acquisition card (NI USB-6009,
National Instruments Corporation, USA) and a computer with a sampling rate of 10 kHz. Note
that the tests were conducted during a maintenance window so that the trains were passed over at

a lower speed than the maximum speeds during commercial operation.

3. Results and discussion

3.1. Morphology and structure of CNT@Cem

The synthesis process of CNT@Cem, including catalyst impregnation, calcination, and
CVD growth, is schematically illustrated in Figure 1la. Briefly, PC and nano-Al2O3 was
introduced into Ni(NO3)3-9H20 isopropanol solution, followed by magnetically stirring. The
suspension was then calcinated to obtain Ni-Al-Cement (NAC) catalyst precursor for CVD
treatment. Due to the doping of the green Ni(NO3)3-9H2O catalyst, the color of cement particles
changed from grey to grey-green (Figures 1b-e). After calcination at 400 °C for 12 h, the color
became brown-black since the Ni(NO3)3-9H20 was thermally decomposed into brown-black
Ni203 (Figure 1d) 9 and then turned dark-black after CVD treatment, indicating the successful
deposition of CNTs (Figure 1e). During heat treatment, the thermal decomposition of gypsum
(CaS04-2H20) in cement particles did not affect appearance change. The SEM observations
(Figures 1e-h) revealed that Ni-catalyst nanoparticles were uniformly deposited on the surface of
cement particles, thus causing appearance variations. The chemical composition identified by
EDX analysis shows that the amount of Fe on the raw PC surface was 2.82 wt.% (Figure 1f), and
no Ni element was identified, in agreement with the X-ray fluorescence (XRF) data (Table S1).
After catalyst impregnation (Figure 1g) and calcination (Figure 1h), the high amount of Ni



234 detected confirmed the presence of catalyst particles on cement surfaces to provide templates for
235  CNT growth. Figure 1i shows a uniform and good coverage of CNTs on cement particles with
236  lengths of several micrometers under a CVD condition of C2H2/H2/N2=40/40/100 sccm, 550 °C,
237 20 min.
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Flgure 1. Synthe51s of CNT@Cem via CVD method. (a) Schematic 111ustrat10n of the
synthesis process. The appearance of (a) PC particles. (b) CNT@Cem catalyst precursor after
drying. (¢) CNT@Cem catalyst precursor after calcination. (d) the as-grown CNT@Cem.
SEM images and EDX spectra (Insets) (¢) Raw PC particles. (f) CNT@Cem catalyst
precursor after drying. (g) CNT@Cem catalyst precursor after calcination. (h) the as-grown
CNT@Cem. Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 °C, 20 min.
239

240 To validate the interfacial bond between the CNTs and the cement particles, the as-grown
241  CNT@Cem was sonicated in isopropanol using an ultrasonic cleaner (Crest, 45 kHz) for 30 min.
242 As shown in Figure 2a, the CNTs were firmly adhered to the cement surface without obvious
243 fall-offs, supported by the lack of obvious change in the isopropanol solution before and after
244  sonication (Figure 2a, inset). In contrast, the CNTs formed cross-linked networks and generated

245  a bridging effect between cement particles (Figure 2b), which would be beneficial to the
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mechanical properties of CNT@Cem/cement composites ¥, and avoid re-agglomeration of
CNTs in cement pastes [*°!. The high-magnification SEM image of the CNT@Cem demonstrated
CNT’s outer diameter mainly ranging from 25-55 nm, indicating the as-formed CNTs were
multi-walled (Figure 2¢). The High-Angle Annular Dark Field scanning TEM (HAADF-STEM)
image and the corresponding elemental mapping images demonstrated the distribution of C, Ni,
Fe, Ca, O, and Al elements on the as-grown CNT@Cem. As observed, Ni elements were
homogeneously distributed in CNTs and separated from Ca, O, Al, and Fe elements associated
with cement particles (Figure 2d), suggesting the tip-based growth mechanism of the CNTs on
cement. Further evidence was given by TEM observation that Ni-catalyst nanoparticles were
observed among the CNTs, and the CNTs were synthesized into the cement particles in situ with
a vertical growth (Figure 2¢). This is an essential feature of CNT@Cem in terms of strong
interfacial bonding between the CNTs and the cement matrix. The ring-like pattern in selected
area electron diffraction (SAED) in Figure 2e shows the (002) and (004) diffraction rings of
CNTs. Additionally, the HRTEM result shows the as-grown CNTs with Ni catalyst at the end
were multi-walled while poorly crystallized with an outer diameter of 31.5 nm, consistent with
the SEM results (Figures 2f, g). The apparent lattice fringes have a neighboring spacing of 0.34
nm corresponding to graphite’s (002) plane. The detailed structure of the Ni-catalyst
nanoparticles during the growth process demonstrates lattice fringes with a periodicity of ~0.2
nm corresponding to the (111) planes in Ni (Figure 2g). The active Ni surface provides sites for

the nucleation and growth of graphene layers of the CNTs 43491,
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100 nm 100 nm 100 nm

100 nm

Cement

FHIR R AR
Figure 2. Morphology of CNT@Cem. (a) and (b) SEM images of the as-synthesized CNT@Cem
after 30 min sonication. Inset in (a) shows the as-grown CNT@Cem before and after sonication.
(c) High-magnification SEM image of the CNT@Cem after sonication. Inset shows the diameter
distribution. (d) HAADF-STEM image and the corresponding elemental mapping images of the
CNT@Cem. (¢) TEM image of the CNT@Cem after sonication. Inset shows the selected area
electron diffraction (SAED) pattern. (f) HRTEM image of CNTs. (g) HRTEM image of Ni
nanoparticle encapsulated in CNTs. Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 °C, 20
min.

3.2. Effect of temperature on CNT@Cem growth

The effect of temperature on CNT@Cem growth under a temperature range of 450 - 850 °C
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with an interval of 100 °C was explored. As shown in Figures 3a-f, due to the high catalytic
activity of Ni species at low temperature, short and entangled CNTs were readily formed with
good coverage on the cement surface in the 450 °C sample, which is different from previous
works in which no carbon deposits were observed below 550 °C when using Fe species as
catalysts *!1. For CNT@Cem samples grown at 550 °C and 650 °C, the length of CNTs rapidly
increased and the average CNT diameter increasing with synthesis temperature is visible. Up to
750 °C, the CNT feature was no longer well-defined, forming enormous quantities of graphite or
coke. The BET surface areas of the CNT@Cem samples synthesized at different temperatures all
significantly increased concerning the raw cement after the deposition of carbon materials
(Figure 3g). The maximum BET surface area was found to be 45.69 m?/g for the 550 °C sample,
which agrees with the SEM result that the 550 °C sample had the most abundant CNTs.

The temperature-dependent CNT growth was also evidenced by XRD analysis (Figure 3h),
with the peak at 260 = 26° (indexed as C(002)) corresponding to the interplanar spacing of 0.34

nm of the CNTs visible in the case of 450 - 650 °C while vanishing for the 750 °C and 850 °C
samples. The XRD spectra also observed the phase transitions of PC and CNT@Cem samples
synthesized at different temperatures. The peak at 26 = 11.7° assigned to gypsum (CaSO4-2H20)
vanished due to its thermal decomposition after calcination and CVD process, transiting into
anhydrite (CaSOs, peak at 260 = 25.5°), which is also indicated in the Raman spectrum (Figure
3i) where the Raman band of gypsum (1010 cm™) disappeared. Moreover, the peak intensities
decreased with the increasing temperature due to the further decomposition of anhydrite at high
temperatures. The most significant change is that the peak intensity of (Fe, Ni)C solid solution
(20 = 45°) was enhanced with the increasing temperature %, The peak of C4AF was disappeared
at 850 °C, indicating the strong interactions among Ni, Fe, and C species [°!). This could be one of
the reasons for the reduced CNTs at high temperatures, as the formation of metallic carbide

causes the catalyst deactivation 327341,
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Figure 3. Effect of temperature on CNT@Cem growth. SEM images of CNT@Cem grown at
(a) 450 °C. (b) 550 °C. (c) 650 °C. (d) 750 °C and (e) 850 °C. (g) BET surface areas of raw
cement and the CNT@Cem grown at different temperatures. (h) XRD analysis of phase
evolutions of the CNT@Cem grown at different temperatures. (1) Raman spectra of raw
cement and the CNT@Cem grown at different temperatures. Growth condition:
C2H2/H2/N2=40/40/100 sccm, 20 min.

305
306 The comparable /p/Ic values of all CNT@Cem samples within the range of 0.9 - 1.1 are

307 lower than the commercial CNTs (In/Ic = 0.68) 33l indicating the formation of poorly
308  crystallized CNTs associated with a large number of defects. In the Raman spectrum of the PC,
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CsS at 828 cm!, C2S at 864 cm™!, gypsum at 1010 cm™ and CaCOs at 1086 cm™ were detected %>
371, The intensity of CaCOs at 1086 cm™ gradually attenuated with increasing temperature and
completely disappeared at 850 °C, indicating that CaCO3 was completely decomposed under this
CVD condition. The decomposition of CaCOs leads to the release of CO: as an etching agent that
results in the deactivation of the catalyst particles for CNT synthesis at such a high temperature
(3%, In addition, the C2H2 decomposition is extremely fast at high temperatures, resulting in the
total amount of carbon deposited on the catalyst exceeding the catalyst solubility, forming
encapsulating coke on the catalyst (Figure 3f). The high temperature would also facilitate the
mobility of Ni catalyst particles, thus forming too large Ni agglomerations for optimum CNT

40.581 This may be another reason for the reduced CNT synthesis at high temperatures.

growth !
Conclusively, the most acceptable temperature range for the CNT@Cem growth was 550-650 °C,

as revealed in this study.

3.3. Evolution of CNT@Cem with reaction time

Figures 4a-d show the SEM results of the CNT@Cem samples grown for different reaction
time. As shown in Figure 4a, only nano-sized carbon dots were formed on the catalyst, which
would act as seeds for sustainable CNT growth. With increasing reaction time, the density of the
CNTs and size of the CNT@Cem increased remarkably. The initially vertical growth direction of
CNTs became irregular due to different growth rates and the restriction of dense CNT coverage,
forming a nest-like morphology of CNT@Cem after 30 min (Figure 4d). TG-DTG analysis was
performed in an air atmosphere to estimate the growth rate of CNTs. As shown in Figures 4e, f,
the PC demonstrates three DTG peaks at around 120 °C, 440 °C, and 700 °C, corresponding to
the dehydration of CaSQ4-2H20, decomposition of CaSO4 and decarbonation of CaCO3 %, In
comparison, a temperature range of 480 - 550 °C attributed to the decomposition of CNTs and a
CaCOs3 decomposition peak at around 700 °C were observed in the DTG curves of the
CNT@Cem samples. The prolonged growth time caused an increase in the decomposition
temperature of CNT, indicating a higher level of crystallinity. While no peaks at around 120 °C
and 440 °C were observed in the CNT@Cem samples as the gypsum and anhydrite were
decomposed after the CVD process, which was validated by the XRD (Figure 3h) and Raman

characterizations (Figure 31).
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Figure 4. SEM images of CNT@Cem grown for (a) 5 min. (b) 10 min. (c) 20 min. (d) 30 min.
(e) TG analysis. (f) DTG analysis of CNT@Cem grown for different reaction time. (g) Mass
losses derived from TG curves, BET surface areas, and pore volumes of CNT@Cem grown as a
function of reaction time. Growth condition: C2H2/H2/N2=40/40/100 sccm, 550 °C.

Figure 4g presents the mass loss accounting for the CNT decomposition of each sample.
Using linear regression, a mass loss rate of 0.76 wt.%/min was obtained. The BET surface areas
and pore volumes of the CNT@Cem samples showed a similar trend as the TG-DTG results. The
30-min sample has a BET surface area as high as 78.89 m%/g (30 times higher than the raw
cement of 2.7 m%g) and pore volume of 0.086 cm?/g (28 times higher than the raw cement of
0.003 cm®/g) due to the decoration of CNT forests. In fact, CNT growth under certain CVD
conditions is unable to proceed indefinitely. Slowing or even cessation of CNT growth after a

certain amount of time has been previously reported in CNT grown on other substrates such as

¢ [60 [61

silica powder [, alkaline earth carbonate [®!], and quartz plates [*! due to catalyst encapsulation
or deactivation. The fact that CNTs grow continuously for 30 min in this study indicates that the

nickel catalyst particles remain catalytically active on this long reaction time.

3.4. Properties of CNT@wCem engineered SSCCs

As discussed above, the nest-like CNT@Cem has dense and long CNTs covalently anchored

to cement particles and has distinctive characteristics with raw cement such as enhanced specific
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surface area and reduced gypsum and CaCOs contents. The replacement of cement by
CNT@Cem is expected to affect the properties of CNT@Cem/cement composites and endows
functionality. To investigate the utilization of the as-synthesized CNT@Cem hierarchical fillers
in tailoring SSCC performance, a batch of CNT@Cem was afterward prepared using 100 mM
Ni(NO3)3-9H20 isopropanol solutions as catalyst precursors with a CVD regime of
C2H2/H2/N2=40/40/100 sccm at 550 °C for 30 min, based on a criterion of growing CNTs with
high density and long length. Then, the SSCC specimens, including as-received CNT@Cem, raw
PC, water, silica fume, and polycarboxylate superplasticizer, were prepared according to the

mixture proportions presented in Table S2.
3.4.1. Hydration

The hydration heat evolution of the SSCCs with different contents of CNT@Cem for a
period of up to 60 hours is shown in Figure 5. The addition of CNT@Cem did not cause a
significant change in the hydration process of the SSCC blends, which can be divided into five
stages, i.e., initial period (I), induction period (II), acceleration period (III), deceleration or
retardation period (IV) and steady period (V) (Figure 5a) [®. Due to superficial reactions of
tricalcium aluminate (C3A), the initial period occurred within just a few minutes. No apparent
difference between the control (labeled as CNT@Cem-0) and the SSCCs with CNT@Cem was
observed in such a short period. For the induction period, in comparison with the control, the
addition of CNT@Cem shortened the induction period. It brought forward the onset of the
acceleration period, which is consistent with the observations made by Makar et al. [** and Li et
al. [%], The end of the acceleration period was also significantly hastened. Figure 5b shows that
the age at peak heat flow indicated the final set decreased with increasing CNT@Cem content.
The maximum peak shift was observed in the CNT@Cem-20 composite as 6.21 h, which is
50.12 % earlier compared with the control (12.45 h). As the acceleration period is mainly
determined by the hydration of tricalcium silicate (C3S), the observed change in hydration
behaviors is attributed to the interaction between CNTs and C3S hydration products (e.g., C-S-H
gel and calcium hydroxide (CH)) (4. The existence of CNTs on cement surfaces would provide
nucleation sites for C-S-H and CH formation so that an increase of CNT@Cem significantly
accelerated the SSCC hydration process [©>67. Moreover, the reduced gypsum content in SSCCs

would slow down the formation of ettringite that precipitates at the cement particle surface at an
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early age, thus promoting the SSCC early-age hydration [63].

Figure 5c shows the total cumulative heat curves of the SSCCs with different contents of
CNT@Cem up to 60 h. Except for the CNT@Cem-5 sample, the CNT@Cem samples basically
have higher heats of hydration at the initial stages, falling below the control after 2.5 days. The
slight increase in the heat of hydration at 2.5 days for the CNT@Cem-5 sample was found as 4 J
g’!. However, the cumulative heat release obviously reduced with increasing CNT@Cem content
(Figure 5d). This is to be expected since the presence of CNTs on cement restricts the space
available for hydration products growth. On the one hand, the CNTs can strongly wrap around
cement surface and take up the nucleation sites, thus inhibiting the longitudinal growth of
hydration products *. On the other hand, although the more nucleation sites can accelerate the
hydration reactions at first, the extremely large specific surface area of CNTs would trap water
molecules via electrostatic forces, in turn lowering the amount of water required to dissolve the
anhydrous grains and complete the hydration in long-term evolution [%86°1, Therefore, the heat of
hydration at later ages decreased due to the replacement of cement by CNT@Cem.

The TG-DTG results (Figure S1) for the SSCCs with CNT@Cem at ages of 1, 7, and 28
days agreed well with the thermal calorimetry that the CNT@Cem can promote the early-age
hydration of cement while restricting the hydration rate at later ages, as evidenced by the overall
mass loss of the control being much lower than the values measured for the CNT@Cem samples.
As the curing age increased, the overall mass loss in the control caught up at 7 days and even
overtook the CNT@Cem composites at 28 days. The peak intensity of C3S in the XRD spectrum
of the control (Figure 5¢) was more remarkable than that of the CNT@Cem samples, indicating
the lower hydration degree of the control at 1 day. The intensities of the main diffraction peaks of
CH in the CNT@Cem composites increased with increasing curing ages while mirrored in the
control, which is exactly consistent with the TG-DTG results. Similarly, the strongest peak
intensity of CH in the CNT@Cem-5 sample followed the TG-DTG analysis that the CNT@Cem-
5 had the largest mass loss due to the decomposition of CH. In addition, the CH formed in
CNT@Cem composites had a preferred orientation to the (001) crystal plane, which always takes

e [, Except for the control, the mass loss

place in the porous zone where free space is availabl
associated with the decomposition of CH also increased with increasing hydration age, indicating

the sustained formation of CH. The decrease of CH in control may be attributed to the
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carbonation of CH into CaCO3 and the consumption in “secondary pozzolanic reactions” with
silica fume 1°”), as evidenced by increasing C-S-H and CaCO3 peak areas in DTG curves. The CH
content in the CNT@Cem composites was higher than that in control regardless of curing age,
suggesting an improved formation of CH with the addition of CNT@Cem.

Both the XRD and TG-DTG results revealed that the CNT@Cem could increase the
formation of CH at late ages, in contrast to previous studies that the addition of CNTs can reduce
the size and crystal orientation of CH "'l or even have no effect on the formation of CH (%], This
phenomenon may be attributed to the nest-like CNT@Cem with a large surface area and a porous
structure that would act as a “barrier” to prevent water from getting into the CNT@Cem
hierarchical structure to reacting with the innermost cement. The structure in the vicinity of the
CNT@Cem surface may be similar to the interfacial transition zone (ITZ) around aggregate,
where preferentially oriented CH crystals are formed 2. As evidenced by SEM observations
(Figure S2), many unhydrated CNT@Cem particles existed in the composites after 28 days of
curing, surrounded by abundant hexagonal plate-like CH phases can be found. Because the dense
CNT forest on cement particles prevented water from reacting with the carpeted cement clinker,
voids and CNTs not wrapped by hydration products were formed, which may have a negative
impact on the final strength of the SSCCs. On the other hand, the incorporation of CNT@Cem
provided CNTs reinforced C-S-H, CNT pull-out, and CNT bridging effects that would, in turn,
enhance the mechanical properties of the SSCCs.
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Figure 5. Calorimetric measurements of the SSCCs with CNT@Cem. (a) Heat flow.
(b) Peak heat flow age. (c) Cumulative heat evolution. (d) The heat of hydration at 60
h. (e) XRD analysis of the SSCCs with CNT@Cem at 1, 7, and 28 days.



433
434
435

436
437
438
439
440
441
442
443
444
445
446
447
448
449
450

451

20

As shown in Figure 6, the compressive strength of the CNT@Cem-5 sample after 28 days
was the highest. The increasing amount of CNT@Cem led to a decrease in the compressive stress

at first-cracking (Figure 6a) despite a minor increase observed for the CNT@Cem-5 sample.

Specifically, compared with the CNT@Cem-0 sample, the compressive strength increased by 3.1
MPa/3.9% for the CNT@Cem-5 sample and decreased by 12.8 MPa/16%, 24.1 MPa/30%, and
44.2 MPa/55% for CNT@Cem-10, CNT@Cem-15, and CNT@Cem-20 samples, respectively.
Moreover, the addition of CNT@Cem negatively impacted Young’s modulus (Figure 6b).
However, it was observed from the compressive stress/strain curves that the addition of
CNT@Cem led to a strain-hardening portion after the first peak due to the crack-bridging effect
of CNTs 1. The effect was more pronounced with the increasing CNT@Cem content. The
decrease in the compressive strength of the SSCCs with the increasing amount of CNT@Cem
may be attributed to three main mechanisms: (1) The increasing CNT@Cem incorporation in
cement paste indicates a higher amount of water absorbed by CNTs, thus hampering cement paste
hydration 74; (2) The nest-like morphology of CNT@Cem leads to the excessive formation of
highly oriented CH crystals around while reduces the amount of C-S-H gel, thereby less
formation of hydration products that contribute to the strength of the composites [>7%); and (3)
The presence of voids and CNTs uncoated with hydration products may also be important factors

for the compromised compressive strength of SSCCs with high contents of CNT@Cem.

1 50
a 100 — CNT@Cem-0 b 100
— CNT@Cem-5 E 829
i — CNT@Cem-10 179.8 L0 &
80 CNT@Cem-15| = 80 37.4 40 L
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Figure 6. Effect of CNT@Cem on compressive properties of SSCCs with CNT@Cem after 28
days. (a) Relationship between compressive stress and strain. (b) Compressive strength and
Young’s modulus.



452

453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481

21

3.4.2. Electrically conductive and self-sensing properties

Due to the excellent conductive nature of CNTs, CNT@Cem is envisioned as an effective
filler to enhance the electrical conductivity of the SSCCs, hence achieving self-sensing properties.
Figure 7a shows the DC electrical resistances of the SSCCs with CNT@Cem as a function of
filler content. A continuous decrease in the DC electrical resistance of SSCCs was observed with
the increase of CNT@Cem content. As indicated in the log-log plot (Figure 7a, inset), the
electrical resistance of the composites perfectly followed the principle of the percolation model.
Percolation in the composites occurred when the filler content was near 5 wt.% (the pure CNT
content is estimated to be 1.02 £ 0.06 wt.%), above which a rapid decrease in the DC electrical
resistance took place from values of 2.94 x 10° Q at 5 wt.% to 2.41 x 10* Q at 10 wt.%. The
percolation zone was almost the same as the SSCCs with commercial CNTs 3478 and much
lower than the CNT/NCB fillers **”1 and multi-layered graphene . Such an applausive
percolation behavior was evidence of homogeneous dispersion of CNTs in the cementitious
composites. An increase in CNT@Cem content above 10 wt.% produced a more gradual decrease
in electrical resistance, with values of 2.76 x 10° Q at 15 wt.% and 660 Q at 20 wt.%. At
CNT@Cem content as high as 25 wt.%, the electrical resistance can be as low as 350 Q, which is
approximately three orders of magnitude less than the control. At this time, the conductivity of
the SSCCs is dominated by the CNT network of many connected paths through the cement
matrix 4,

The relationship between compressive strain and the fractional change in electrical
resistance (F'CR) of the composites is presented in Figure 7b. The FCR of the control sample was
nearly unaffected by the compression, indicating its poor strain/stress sensitivity. The
CNT@Cem addition evidently enlarged the FCR, and such enhancement became more prominent
as the CNT@Cem content increased, indicating a much higher sensitivity. The stress sensitivity
was slightly increased from 0.11 %/MPa for CNT@Cem-0 to 0.29 %/MPa for CNT@Cem-5
(Figure 7c). When the CNT@Cem content increased to 10 wt.%, i.e., the percolation threshold, a
remarkable increase in stress sensitivity was obtained as 1.82 %/MPa, which is 18 times higher
than the control. This is consistent with the fact that the SSCCs with a filler content near the
percolation threshold undergo an abrupt change of electrical resistance upon deformation, i.e., a

high sensitivity . Further increase of CNT@Cem content continuously increased the stress
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sensitivity, achieving a maximum of 2.87 %/MPa for the CNT@Cem-25 sample. To obtain the
gauge factor (I[FCR|/e, where ¢ is compressive strain), the linear parts of the plots (Figure 7b,
within 300 pe) were applied for the linear fitting. As shown in Figure 7c, the gauge factor of the
control was determined as 21.5 and increased to 748 for the CNT@Cem-25 sample. The results
indicated the extremely high sensitivity of the SSCCs with CNT@Cem under low levels of
deformation. The gauge factor of the SSCCs with CNT@Cem-25 outperformed most of the
SSCCs with commercial CNTs 17780 a5 well as other reported conductive fillers including CB
(81 CF 29 multi-layer graphene 8], CNT/TiO2 82, CNT/NCB [*% %] and stainless steel wire 54,
as demonstrated in Figure 7d.

In general, three mechanisms explaining the self-sensing behavior of the SSCCs with CNTs
have been proposed ['®): (1) the change of intrinsic resistance of CNTs; (2) the change of contact
resistance between CNTs due to the formation/breakage of CNT-CNT junctions; and (3) the
change of tunnelling resistance due to the variations in the distance between adjacent CNTs. For
the CNT@Cem-5 sample where filler content is below the percolation threshold, tunnelling
conduction plays a key role in electrical conductivity, hence the decrease in tunnelling resistance
under compression dominates the sensing mechanism. However, because of the strong bonding
between the CNTs and the matrix and its high Young’s modulus (Figure 6b), the sensitivity of
the CNT@Cem-5 sample is not significantly enhanced compared to the control. When the
CNT@Cem content reaches the percolation threshold, the abundant conductive paths formed by
CNT@Cem increase the number of CNT-CNT junctions and the possibility of tunnelling
conduction. In addition, the nest-like CNT@Cem could further increase the formation of CNT-
CNT junctions against the commercial CNTs and other conductive fillers. Therefore, the
breakages/formations of CNT junctions and variations in tunnelling resistance upon deformation
are more likely. Furthermore, different from other single-scale fillers, the intrinsic resistance of
the hierarchically structured CNT@Cem as a whole would change, resulting in the ultrahigh
sensitivity of the SSCCs. The change of intrinsic resistance of CNT@Cem may further improve
the sensitivity of the SSCCs with filler content being much higher than the percolation threshold,
i.e., the CNT@Cem-25 contains an additional capacitance effect. The increase in capacitance

effect has been proved a positive factor in terms of sensitivity [53-36],
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Furthermore, the stability and repeatability of the SSCCs with CNT@Cem were evaluated
under 10 cycles of repetitive compression with an amplitude of 10 MPa and a loading rate of 0.1
Hz (Figure S3). Under cyclic compression, the FCR of all SSCCs steadily increased upon
compression and then symmetrically decreased during unloading in each cycle. At the same time,
the FCR of the control still demonstrated a sustained decay over time due to the remaining
polarization influence. The SSCCs with CNT@Cem all exhibited excellent repeatability in
response to the cyclic compression, as evidenced by the constant maximum FCR value in each
cycle. In addition, the stress sensitivity of each sample increased with increasing CNT@Cem
content and reached the maximum at 25 wt.%, which is consistent with the results of monotonic
compression. The excellent self-sensing performance indicates the uniform dispersion of CNTs in
the composites [1>?>87]. To further investigate the repeatability of self-sensing behavior, the
CNT@Cem-25 sample taken as representative was dynamically compressed at different
frequencies (0.05, 0.1, 0.2, 0.5, and 1 Hz at 12.5 MPa, Figure 8a) and different stress amplitudes
(2.5, 5, 7.5, 10 and 12.5 MPa at 0.1 Hz, Figure 8b). The CNT@Cem-25 sample demonstrated
stable and consistent cyclic responses and outstanding adaptability to various applied conditions.
Figure 8c shows the stability of the CNT@Cem-25 sample evaluated by 1000 cyclic
compression with an amplitude of 10 MPa and a frequency of 0.1 Hz. It can be observed that the
response became almost constant after only several cycles, indicating excellent stability of the
self-sensing property of the CNT@Cem-25 sample. To further describe the stability, the peak
value at 0 MPa and 10 MPa for each cycle was counted and statistically analyzed using a box plot
at a 95% confidence level (Figure 8d). The responses to loading (10 MPa) and unloading (0
MPa) showed no statistically significant changes during the 1000 cycles. Only 2 outliers (outside
1.5 times the interquartile range) and 4 outliers were observed with respect to loading and
unloading, respectively. This indicated that the CNT@Cem-25 sample has exceptionally high
quality in terms of stability and repeatability. In addition, good durability of the sensing

performance was observed over a long period of 13 months (Figure S4).
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Figure 7. (a) Electrical resistance of the SSCCs with CNT@Cem as a function of CNT@Cem
content. Inset shows log-log plot. (b) FCR versus Strain for SSCCs with CNT@Cem under
monotonic compression with an amplitude of 25 MPa. (¢) Gauge factor and stress sensitivity of
SSCCs with different CNT@Cem contents. (d) Comparison of the gauge factor of the SSCCs
with CNT@Cem-25 with the reported SSCCs with different conductive fillers [17:20:3477-84],

Figure 8¢ shows the electrical resistance response of the CNT@Cem-25 sample to the
constant loadings from 0 MPa to 25 MPa for a period of 2 min. It is noticed that the resistance
instantaneously decreased when the compression was applied and was unchanged when the
compression remained constant. The response time of the CNT@Cem-25 sample upon
compression was estimated as less than 0.2 s if excluding the loading time (about 4.3 s) (Figure
8e, inset). In addition, the recovery time was less than 0.59 s by releasing a 25 MPa compression.
Note that there was only a slight difference between the resistance after release (238 Q) and the

initial resistance (241 Q), which could be understood by the plastic deformation of the sample in
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compression. It can be concluded that the CNT@Cem, as a new type of functional filler, has a
great potential in the fabrication of SSCCs with the advantages of tailored design, scalable
manufacturing, high cost-efficiency, ultra-high sensitivity, excellent robustness, ultra-fast
response, and recovery, which significantly expands the practical applications in the fields of

SHM and traffic detection.
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3.5. Feasibility verification to develop SSCCs-engineered smart high-speed rail infrastructures

Benefiting from the excellent self-sensing performance and favorable compatibility with
HSR concrete track slabs, SSCCs with CNT@Cem could be potentially applied as smart
components/structures for HSR monitoring. Here, we devised a monitoring system integrated
with an SSCCs-engineered smart track slab using SSCCs with 10 wt.% CNT@Cem and
presented preliminary study research for monitoring railway footprints of high-speed trains. The
devised smart monitoring system was implemented on a real HSR line (Shanghai-Hangzhou
High-speed Railway, K005, China), as shown in Figure 9a. There are two types of high-speed
trains, including CRH380A and CRH380BL, in service in the test line. Table S3 lists the
principal differences between the two trains.

Figures 9b, ¢ show the typical traces obtained at the 8-car and 16-car high-speed train
passages, respectively. Each bogie passing through the SSCCs-engineered smart track slab was
clearly identified as a sharp peak of voltage change in the trace. It is easy to obtain the train type
circulating in the network by counting the number of successive sharp peaks. The SSCCs-
engineered smart track slab has been employed as an axle counter for thousands of train passages
and has never observed any faults. However, the individual wheel in each bogie was unable to be
identified from the peak since the wheelbase is short, and the SSCCs-engineered smart track slab
was constantly compressed during the bogie passing. In addition, the voltage change of the train
passage was not very significant because the sensor was installed aside from the rail, on the
shoulder of the track slab, and between two sleepers along the rail direction. The maximum
dynamic compressive stress (lower than 1 MPa) at such a position should be several times lower
than that under the fastener in contact with the rail, according to the theoretical and finite element
analyses on the dynamic response of vehicle-track coupling system 83 Further improvement
will be achieved by considering the optimal layout of SSCCs in high-speed rail infrastructures.

After identifying the train type and given that the distances between bogie centers are known
for each type of train, the instantaneous and average train speed can be simply obtained. In
addition, by comparing the first car’s instantaneous speed and the last car’s instantaneous speed,
the acceleration of the whole train can be distinguished. Table 1 gives the train speeds calculated
using the two traces in Figure 9. It can be seen that the average speeds of the two trains stand

exactly between the first car’s instantaneous speed and the last car’s instantaneous speed. The
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train, CRH380A, entered the instrumented sector decelerating but left the sector accelerating,
which is the opposite of the train, CRH380BL. Also, we can find that the peak amplitude
corresponding to each bogie was different due to the different weight of each car, indicating that
the SSCCs-engineered smart track slab can be used for train dynamic load estimation. In this
way, excessive load that causes degradation in the trains and the railway infrastructure would be
refrained. However, customized design, installation, and calibration of the SSCCs-engineered

smart track slab are still needed for its precise measurement of trainload in the future application.

Table 1. Average and instantaneous speeds of the two trains.

Instantaneous speed

Average speed Instantaneous speed

Train type (km/h) of the first car of last car (km/h) Sign of acceleration
(km/h)
CRH380A 34.67 34.99 33.16 -
CRH380BL 43.33 41.58 44.52 +
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Figure 9. SSCCs-engineered smart track slab for high-speed rail monitoring. (a) Schematic of
test site and setup. (b) Representative response to an 8-car high-speed train passage. (¢)
Representative response to a 16-car high-speed train passage.

4. Conclusions

The paper has reported a fabrication method for next-generation SSCCs comprising a

hierarchically structured functional filler, which can alleviate the CNT's dispersion problem and
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enable scalable manufacturing of SSCCs with outstanding self-sensing performance. The
hierarchically structured CNT@Cem composite filler was in-sitzu CVD synthesized by directly
growing CNTs on cement particles. The as-synthesized nest-like CNT@Cem structure processed
enhanced specific surface area and reduced gypsum content, thus providing abundant nucleation
sites for cement products formation and accelerating early-age hydration of the SSCCs. In
addition, the CNT@Cem led to the excessive formation of highly oriented CH crystals around
while reducing the amount of C-S-H gel, thus less formation of hydration products that contribute
to the strength of the SSCCs with CNT@Cem. The addition of CNT@Cem can effectively tailor
the electrical microstructures, thus enhancing the electrical conductivity of the SSCCs. The nest-
like CNT@Cem significantly enhanced the sensitivity of the SSCCs. Increasing CNT@Cem
content can continuously improve the sensitivity, achieving a maximum stress sensitivity of 2.87
%/MPa and the gauge factor of 748 for the CNT@Cem-25 sample. The CNT@Cem also
demonstrated excellent repeatability and stability, outstanding adaptability to various applied
conditions, fast response and recovery, showing great potential for practical applications in long-
term and real-time HSR infrastructure monitoring. Future work will focus on the performance
modulation of SSCCs with CNT@Cem synthesized under different CVD regimes and catalysts to
identify how the hierarchical structures’ morphologies (i.e., length, diameter, and density)
produced affect the resultant SSCC’s performance. The underlying growth mechanism will be
further verified by the in-sifu growing of CNTs on individual cement components such as cement
clinker, gypsum, C3S, and C3A. Besides cement particles, supplementary cementitious materials
such as fly ash, silica fume, and fine and coarse aggregates would be promising alternatives for
CNT growth support. More efforts are needed to integrate and optimize the synthesis process of
CNTs on these supplementary cementitious materials with the traditional cement manufacturing
of processes to realize mass production, energy saving, and cost reduction. In addition, the
evaluation of CNT@Cem cost as well as SSCCs’ and their smart HSR infrastructures’ life cycle

cost should be considered emphatically.
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