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Abstract: This study investigates the influence of different dispersion methods of graphene nanoplatelets (GNPs) on the
fluidity, mechanical, electrical, and microstructural properties of cement pastes with ultra-low water-to-binder (w/b) ratio
of 0.18. Five dispersion strategies including ultrasonication (30 min and 60 min), mechanical stirring, and hybrid dispersion
with silica fume (5% and 10%) were evaluated. Results reveal that extended ultrasonication for 60 min slightly reduced
the initial fluidity but produced more stable time-dependent flow behavior due to the increased water adsorption on well-
dispersed GNPs. Compared to the reference paste, the paste mixture after ultrasonication treatment for 60 min achieved the
highest flexural and compressive strengths, as well as the most reduced electrical resistivity. This is possibly due to the fact
that uniform GNP dispersion promotes crack bridging, nucleation of hydration products, and microstructural densification.
Conversely, silica fume incorporation markedly improved early compressive strength through pozzolanic reactions and
particle packing but significantly increased the electrical resistivity by disrupting conductive pathways. The findings
highlight that dispersion efficiency is an important factor in maximizing the multifunctional potential of GNPs-containing
cementitious composites, offering valuable insights for designing the next-generation high-performance self-sensing
materials.
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1. Introduction to the formation of cracks that compromise the
structural integrity and increase maintenance costs

Concrete remains the foundational civil engineering [2, 3]. To overcome this challenge, nanotechnology
material of modern infrastructure due to its outstanding has emerged as a promising strategy to enhance the
compressive strength, fire resistance, and long-term  mechanical and functional performance of concrete [4,
durability [1]. However, conventional cement-based 5]. Among these, graphene nanoplatelets (GNPs) have
materials inherently exhibit quasi-brittle behavior, attracted extensive attention owing to their exceptional
limited tensile strength, and poor toughness, leading mechanical, electrical, and thermal properties [6, 7],
which offer unique opportunities to produce functional

and high-performance cementitious composites.
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devoted to optimizing graphene dispersion strategies.
Qamar et al. [10] categorized the primary approaches
into physical and surface treatments (including
covalent and non-covalent methods), while subsequent
studies [11, 12] demonstrated that the combination
of polycarboxylate superplasticizers with ultrasonic
or high-shear mixing can significantly improve the
dispersion stability. Other researchers [13-15] have
shown that prolonged ultrasonication and hybrid
dispersion techniques enhance both the distribution
of GNPs and the mechanical performance of the
cementitious composites.

Nevertheless, most existing studies have focused
on conventional cementitious systems with water-to-
binder (w/b) ratios ranging from 0.3 to 0.5, where
sufficient fluidity facilitates the effective dispersion of
nanoparticles [16]. In contrast, ultra-low w/b cement
pastes, which form the basis of ultra-high performance
concrete (UHPC), pose significant challenges due to
their high viscosity and restricted workability, which
intensify the agglomeration tendency of nanoparticles
[17, 18]. Given the growing importance of UHPC
in critical building structure and infrastructure
applications, where superior strength, durability,
and multifunctionality are required [19-21], a deep
understanding the interaction between GNPs dispersion
behavior and the microstructure of low-w/b matrix
has becomes essential. In addition, the presence of
ultra-fine solid particles in UHPC such as silica fume
may affect the effectiveness of graphene dispersion
[22, 23]. However, there is limited insight into how
dispersion strategies affect the rheological, mechanical,
and electrical properties of such dense cementitious
systems.

To address the research gap, this study prepares
cement pastes with GNPs at an ultra-low w/b of
0.18, typical for UHPC [24, 25]. Different dispersion
techniques, including mechanical stirring, ultrasonic
dispersion at varying durations, and hybrid dispersion
with silica fume, are evaluated. Their effects on
fluidity, flexural and compressive strengths, electrical
conductivity, and microstructural development are
analyzed. A comparative understanding of relationships
between GNPs dispersion and paste performance
within a dense matrix system is provided. The
insights gained hopefully offer a pathway toward the
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design of high-performance, durable, and intelligent
concrete materials for advanced structural and smart
infrastructure applications.

2. Experimental program
2.1 Materials

This study employed CEM 1 52.5 N Portland cement
from Green Island Cement Company, with the chemical
composition presented in Table 1. Few-layer graphene
nanoplatelets (GNPs) were used, characterized by a
bulk density of 0.01-0.02 g/mL, a thickness of less
than 1 nm, a median particle size (D«») of 7-12 pm,
and high purity. The physical properties of the GNPs,
as provided by the manufacturer, are summarized
in Table 2. Compared with multilayer graphene, the
utilized GNPs exhibit a lower density, a more uniform
morphology, reduced agglomeration, and improved
dispersibility. A polycarboxylate-based superplasticizer
powder (SP, Shanghai Chenqi Chemical Technology
Co., Ltd.) was used. A silica fume (SF) with SiO.
content of 96.2%, a mean particle diameter of 0.1-0.3
um, and a specific surface area of approximately 19.1
m?/g was utilized. Tap water was used for mixing.

Table 1 Chemical composition of the cement (% by

mass).
Material SiO, Fe,0, Al O, CaO MgO
Portland
20.7 32 6.3 65.6 1.2
Cement
Table 2 Physical properties of the GNPs.
. Specific
Diameter(um)| Thickness(nm) | Layers Mopolayer Purity surface
ratio (%) | (Wt%) 2
area(m’/g)
7.0-12.0 <1 1-3 >80 99 50-200

2.2 Mix proportion and sample preparation

To identify the optimal mix proportion, cement
pastes with w/b ratio of 0.18, SP dosages of 1.5% or
1.7%, and GNP contents ranging from 0% to 0.1%
were prepared. Based on the preliminary fluidity
results, the mixture containing 0.05% GNPs and 1.5%
SP demonstrated superior workability. Consequently,
this formulation was selected as the reference mixture
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for subsequent investigations.

To evaluate the effects of GNP dispersion on the
performance of cement paste with GNPs at low w/
b ratios, three dispersion methods were examined,
including ultrasonic dispersion, mechanical stirring,
and hybrid dispersion with silica fume. The overall
experimental design is illustrated in Fig. 1, and the
detailed mix proportions are presented in Table 3.
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Fig. 1 Dispersion techniques used in this study. (a)

ultrasonic dispersion, (b) mechanical stirring, and (c)
hybrid dispersion with silica fume.

Table 3 Mixture proportions of the prepared cement

pastes.
Mix Cement (g) | Water (g) GNPs (g) SP (g) SF (g)
Ref 2500.00 450 0 37.5 0
30min-Ult 2498.75 450 1.25 37.5 0
60min-Ult 2498.75 450 1.25 37.5 0
Ml | 249875 450 1.25 375 0
5%SF 2373.75 450 1.25 37.5 125
10%SF 2248.75 450 1.25 37.5 250

(1) Ultrasonic dispersion method

Ultrasonication of GNPs in water was performed
at 25°C, and two treatment durations of 30 min and
60 min were employed to examine the dispersions of
GNPs, according to [26]. After pre-mixing the cement
and SP powder for 1 min at a low speed, the GNPs
aqueous solutions were then added, followed by a 1-min
high-speed mixing for enhanced dispersion. After a
1.5-min rest period to stabilize the mixture, a final
1-min high-speed mixing step was performed to ensure
homogeneity.
(2) Mechanical stirring dispersion method

In this method, the SP and GNPs were first dispersed

in water using a high-speed hand mixer for 3 min to
achieve a uniform suspension. The resulting solution
was then combined with cement and mixed using a
planetary mixer to produce cement paste.
(3) Hybrid dispersion method with silica fume

To explore the synergistic effects between GNPs
and SF, two SF dosages of 5% and 10% by weight of
cement were selected [27]. The cement, GNPs, and SF
were initially hand-mixed to achieve even distribution.
Simultaneously, the SP was dissolved in water through
manual stirring. Afterwards, the solution was then
added, and the paste was mixed using a planetary mixer
to complete the preparation process.

2.3 Testing methods
2.3.1 Fluidity test

The fluidity of the cement pastes was evaluated using a
mini-slump test setup at ambient conditions. A hollow
aluminum cylindrical mold, with an inner diameter of
30 mm and a height of 50 mm, was used. After mixing,
fresh cement paste was immediately poured into the
mold until slightly overfilled, and the surface was
leveled. The mold was then carefully lifted vertically
to allow the paste to spread freely and uniformly. The
spread diameter of the paste was measured in two
perpendicular directions, and the average value was
recorded as the representative fluidity. Measurements
were taken every 20 minutes over a 1-h period to
evaluate the time-dependent flow behavior. Each
fluidity test was performed at least twice to ensure data
reliability.

2.3.2 Flexural strength test

The flexural strength tests were conducted on prism
specimens with dimensions of 40 mm X 40 mm X 160
mm. The fresh cement paste was poured into the molds
and allowed to set at room temperature for 24 hours
before demolding. Subsequently, the specimens were
cured in a standard curing room maintained at 25°C
and 95% relative humidity until the designated testing
ages (i.e., 3 days and 28 days).

The flexural strength was determined using a three-
point bending method at a loading rate of 0.4 mm/
min. The maximum applied load was recorded, and the
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flexural strength (fi; MPa) was calculated by:

3 3xPxL

ff_ZXth2

where P is the maximum applied load (N), L is the
support span length of the specimen (100 mm), W is
the specimen width (40 mm), and h is the height of
specimen (40 mm). The reported values represent the
mean of duplicate measurements.

2.3.3 Compressive strength test

The broken specimens from the flexural tests were
subsequently used for the evaluation of compressive
strength. Tests were performed using a uniaxial
compression testing machine under a constant
loading rate of 2.40 kN/s until specimen failure. The
final reported values of compressive strength were
determined by taking the average of two test results.

2.3.4 Electrical resistivity test

The electrical resistivity of specimens at 28 days
was quantified using the two-electrode method to
minimize contact impedance [28]. As shown in Fig.
2, a DC regulated power supply paired with two Fluke
15B multimeters were used for the current and voltage
measurements. The electrical resistivity (p, -m) was
calculated from two samples according to the following
equation:

_VxWxt

p Ixs

where V is the voltage drop between probes (V), I is
the applied current (A), W is the width of the specimen
(40 mm), t is the specimen thickness (40 mm), s is the
distance between probes (20 mm).

3. Results and discussion
3.1 Time—dependent fluidity
Fig. 3 illustrates the evolution of fluidity within

the first hour after mixing for the cement pastes
containing GNPs dispersed by different methods. It

can be observed that all mixtures exhibited satisfactory
initial workability, despite the low w/b ratio of 0.18
and the inclusion of GNPs. The initial fluidity was
comparable among most groups, with the exception
of the paste subjected to 60-min ultrasonication (i.e.,
60min-ULT mixture), which displayed noticeably lower
initial spread. This is possibly due to the enhanced
dispersion of GNPs by the extended ultrasonic energy
input, which breaks down the agglomerates more
effectively, exposing a larger specific surface area and
thereby raising the overall water demand. As GNPs
interact with both SP molecules and cement particles,
they can induce the formation of structured water
layers and limit the amount of free water available for
lubrication, leading to diminished initial flow.
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Fig. 2 Two-probe setup for electrical conductivity
testing

With the evolution of elapsed time, all cement pastes
experienced a progressive loss of fluidity, a common
behavior in low-w/b cementitious suspensions. This
reduction is primarily governed by ongoing hydration
and pozzolanic reactions, which consume free water,
promote the formation of C-S-H gel, and thus increase
the viscosity of the paste. However, the rate and extent
of this decline differed substantially among groups.
The cement paste containing 10% SF exhibited the
most pronounced decline in the fluidity. Unlike the
ultrasonically treated samples, this reduction was not
due to the improved GNP dispersion but rather to the
intrinsic characteristics of silica fume [22], i.e., ultra-
fine particle size, high specific surface area, and strong
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pozzolanic reactivity. These properties increase the
adsorption of SP molecules, reducing its dispersing
efficiency and consequently lowering workability. In
contrast, the 60min-ULT mixture exhibited a more
moderate reduction. Although the enhanced dispersion
initially elevated the water demand, the well-distributed
GNPs likely contributed to a more stable and cohesive
microstructure, slowing down the subsequent fluidity
loss. By 60 minutes, its total reduction in fluidity was
around 21%.

On the other hand, the paste prepared by mechanical
stirring showed a more linear and continuous decline
in fluidity. This behavior can be ascribed to the
insufficient GNP dispersion, resulting in agglomeration
that impedes flow, compounded by the gradual
hydration-induced stiffening. At the end of the 60-
min measurement period, the 10%SF mixture retained
the lowest flowability, showing an overall reduction
of approximately 29%. In contrast, the other cement
pastes, despite the different reduction rates, converged
to relatively similar final fluidity levels. This indicates
that the dispersion techniques adopted in this study
primarily affect the early-stage flow behavior rather
than the long-term fluidity stability.

—C1—30min-ULT
- -H- -60min-ULT
—A— Mechanical
—O— 5%SF

- @ -10%SF

Fluidity (m

70 T T T T
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Time (min)
Fig. 3 Effect of GNP dispersion methods on the
time-dependent fluidity of cement pastes

3.2 Mechanical properties

The comparisons of flexural and compressive
strengths at 3 and 28 days for the studied cement pastes
are presented in Fig. 4. Among all tested specimens,
the 60min-ULT mixture demonstrated the highest

flexural and compressive strengths at both 3 and 28
days. This enhancement can be possibly attributed
to the superior dispersion achieved through extended
ultrasonication, which enables the GNPs to function
effectively as nanoscale reinforcement and nucleation
sites for C-S-H growth. The well-distributed GNPs
facilitate denser packing, reduce pore connectivity, and
improve stress transfer at the microstructural level. The
10%SF mixture also exhibited notable improvements,
particularly in early-age compressive strength, due to
the synergistic effect of its high pozzolanic reactivity
and particle-packing capability, which accelerate
hydration and fill micro-voids within the matrix.
In addition, the influence of silica fume was more
pronounced in compressive than flexural performance.
This reflects that the contribution of silica fume is
primarily focused on the matrix densification rather
than the nanoscale crack-bridging. Overall, the results
demonstrate that both GNP dispersion quality and
pozzolanic reaction significantly impact the mechanical
performance of cement pastes.
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Fig. 4 Comparison of flexural and compressive
strengths at 3 and 28 days

The incorporation of GNPs markedly affect cement
hydration behavior, microstructural densification,
and crack-bridging through three interconnected
mechanisms [29, 30], including physical dispersion,
chemical interaction, and microstructural evolution.
The dispersion state governs the effective surface area
of GNPs available for interaction with the cement
matrix. Well-dispersed GNPs can establish a more
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uniform network within the paste, promoting load
transfer and forming potential conductive pathways.
Conversely, inadequate dispersion results in particle
agglomerations, which acts as weak zones and hinders
stress distribution. The chemical interactions of GNPs
involve nucleation and electrostatic adsorption of
ions and SP molecules on their surfaces [31]. These
interactions accelerate the precipitation of hydration
products such as C-S-H gel and influence the ionic
equilibrium in the pore solution. In addition, the
microstructural evolution includes the progressive
formation of C-S-H gel, the refinement of pore
structure, and the modification of the interfacial
transition zone (ITZ) between matrix and hydration
products. The addition of GNPs enhances the structural
compactness, reduces microcrack propagation, and
provides a bridging effect across nanoscale voids,
contributing to the higher overall strength. Collectively,
these mechanisms influence the compressive strength,
flexural behavior, and electrical resistivity, which will
be discussed in detail below.

3.2.1 Flexural strength

The flexural strength at 3 days and 28 days for the
cement pastes incorporating GNPs and prepared using
different dispersion methods are presented in Fig. 5.
At 3 days, all GNPs-containing samples exhibited
significant improvements in flexural strength compared
with the reference paste. Notably, the 60min-ULT
mixture showed the greatest enhancement, with its
flexural strength nearly doubled that of the reference
paste. This is possibly attributed to the excellent
dispersion of GNPs, which promotes effective crack-
bridging and stress-transfer mechanisms even in
the immature cement matrix [32]. The uniformly
distributed GNPs form a continuous reinforcing
network that restrains early microcrack development
and facilitates load redistribution across the matrix,
as schematically illustrated in Fig. 6. By contrast, the
15%SF and 30min-ULT mixtures displayed similar
improvements in the flexural strength, showing
an approx. 64% increase over the reference paste.
Meanwhile, the 5%SF and mechanical stirring pastes
exhibited more modest gains of 55% and 47%,
respectively.

50
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Ref  30min-ULT 60min-ULT Mechanical 5%SF  10%SF Ref  30min-ULT 60min-ULT Mechanical ~5%SF  10%SF

Fig. 5 Flexural strength of the studied cement pastes

stress ) .
stress dispersing

Fig. 6 Mechanisms of stress transmission through
GNPs in cement matrix

At 28 days, the relative improvement in flexural
strength due to GNP incorporation was slightly reduced
compared with the early-age results. Nonetheless, the
60min-ULT mixture continued to exhibit the highest
flexural strength, achieving a 65% increase over the
reference paste. This result confirms that well-dispersed
GNPs maintain strong interfacial bonding with
hydration products, sustaining efficient load transfer
and crack-bridging over time. Besides, the dispersion
achieved by prolonged ultrasonication remains effective
throughout the whole hydration process, supporting
both early and long-term reinforcement. The 10%SF
mixture also demonstrated substantial flexural strength
enhancement with approx. 50% higher than the
reference. This is possibly due to the refinement of
pore structure through pozzolanic reactions of silica
fume, although their effect is less pronounced than that
of prolonged ultrasonication.

In contrast, the samples prepared by mechanical
stirring showed minimal improvement of 20%
compared to the reference paste. The inadequate
dispersion of GNPs and silica fume likely caused
agglomeration and nonuniform particle distribution.
In this case, GNPs are entrapped within dense
clusters of silica fume particles, which isolates them
from interacting effectively with the surrounding
cementitious matrix, as schematically illustrated in
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Fig. 7. As a result, these localized agglomerates limit
the ability of GNPs to act as nucleation sites, reducing
the formation of hydration products in those regions.
The presence of these inhomogeneous “island” zones
weakens the interfacial bonding, thereby decreasing the
reinforcing effect of GNPs and ultimately limiting gains
in the mechanical properties. In addition, the reduced
improvements in the flexural strength at 28 days for
the 5%SF and 30min-ULT mixtures to a certain extent
confirm that the insufficient GNP dispersion may limit
the strength development beyond early ages.

cement cement
particles particles

GNPs SF

cement
particles

Bad dispersion of SF and GNPs

GNPs

Well dispersion of SF and GNPs

Fig. 7 Mechanism of silica fume and GNPs dispersion
in cement paste

3.2.2 Compressive strength

The compressive strength results of cement pastes
incorporating GNPs under different dispersion methods
are presented in Fig. 8. The results indicate that the
combination of GNPs and 10% silica fume achieved
the highest 3-day compressive strength, with an
approximately 100% increase relative to the reference
paste. This possibly arises from the synergistic effects
between GNPs and silica fume. The high pozzolanic
reactivity of silica fume promotes the formation of
additional C-S-H gel during the secondary hydration
reactions, thereby densifying the microstructure and
enhancing bonding strength [33]. Furthermore, its
ultrafine particle size enables a pronounced micro-
filling effect, where silica fume particles occupy voids
between cement grains and optimize the overall particle
packing [34]. This effect is particularly beneficial in
low w/b cementitious systems adopted in this study,
where limited free water maximizes the advantages
of enhanced packing density and refined pore
structure. The 60min-ULT mixture ranked the second,
achieving an 80% increase in 3-day compressive
strength, followed by the 30min-ULT cement paste
with a 67% improvement, emphasizing the role of
dispersion quality in achieving effective load-bearing

reinforcement.

[l Compressive strength

Compressive strength (Mpa)
Compressive strength (Mpa)

Ref  30min-ULT 60min-ULT Mechanical 5%SF  10%SF

04
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Fig. 8 Compressive strength of the studied cement
pastes

At 28 days, the 60min-ULT mixture surpassed all
other pastes, showing a 51% increase in compressive
strength compared with the reference sample. This is
closely related to the stability and uniformity of GNP
dispersion achieved through prolonged ultrasonication.
The well-dispersed GNPs serve as nucleation sites
for C-S-H formation, accelerating hydration kinetics
and promoting the development of a finer and denser
microstructure over time. The sustained nucleation
effect leads to a cumulative increase in the degree of
hydration, thereby improving matrix compactness and
strength after 28 days of curing. The 10%SF mixture
maintained a 40% improvement over the reference,
while the 30min-ULT and 5%SF samples showed
moderate increases of 31% and 8%, respectively.
These findings are consistent with prior research
demonstrating that well-dispersed GNPs play a
dominant role in enhancing the long-term mechanical
properties of cementitious composites [35].

The difference in compressive strength between 60-
min and 30-min treatments (approx. 20%) highlights
the critical influence of ultrasonication duration on
achieving stable dispersion of GNPs. With the increase
of ultrasonication time, the repeated formation and
collapse of microbubbles produce localized high-
pressure and high-shear zones, effectively overcoming
the van der Waals forces between graphene layers. This
is beneficial to the deagglomeration of GNPs. As a
result, GNPs are more uniformly distributed in cement
matrix, forming continuous reinforcement pathways
and thus contributing to porosity reduction and I'TZ
strengthening. In contrast, specimens prepared by
mechanical stirring exhibited the lowest compressive
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strength among all groups. The insufficient energy
fails to disrupt GNP agglomerates, resulting in non-
uniform dispersion and the formation of weak zones
where stress concentrations develop under load. Instead
of reinforcing the matrix, these agglomerates act as
defects, thereby negating the potential benefits of GNP
incorporation.

3.3 Electrical conductivity

The 28-day electrical resistivity results of cement
pastes incorporating GNPs dispersed by different
methods are presented in Fig. 9. The results clearly
demonstrate that the dispersion method strongly
influences the electrical properties of GNPs-reinforced
cement composites. The 60min-ULT mixture exhibited
the lowest electrical resistivity, with a reduction of
28.82% compared with the reference paste, followed
by the 30min-ULT and mechanical stirred groups. In
contrast, the incorporation of silica fume markedly
increased electrical resistivity, exhibiting a clear
concentration-dependent trend. The addition of 5% and
10% silica fume led to dramatic resistivity increases
of 344.7% and 641.4%, respectively. This reflects the
negative influence of silica fume on the conductive
network compared to the physical dispersion methods.
Similar observations have been reported in previous
studies [36-38], where improved GNP dispersion
promoted network percolation and reduced contact
resistance between nanosheets.

10%SF

5%SF

Mechanical

60min-ULT

30min-ULT

Ref

I Resistivity
T T T T T
0 500 1000 1500 2000 2500 3000
Resistivity (Ohm*m)

Fig. 9 Electrical resistivity of cement pastes at 28 days

The electrical conduction in cementitious materials
occurs primarily via two mechanisms [39], i.e., ionic
conduction, governed by ion transport within the
pore solution, and electronic conduction, arising from

interconnected conductive networks such as carbon-
based additives. In GNPs-modified pastes, both
mechanisms coexist, and their relative contribution
depends strongly on the dispersion of GNPs and the
resulting microstructural continuity. For well-dispersed
systems, ions migrate through the pore solution while
electrons transfer along percolated GNPs pathways
embedded within the cement matrix. Prolonged
ultrasonication enhances the uniform distribution of
GNPs, allowing them to form continuous conductive
bridges across cement matrix. This interconnected
microstructure provides efficient electron transport
routes, significantly lowering concrete resistivity.
Fluidity
)

28-days compressive strength \ 3-days flexural strength
’~ =

(—~m—30min-ULT
f={)=60min-ULT
{—A— Mechanical
—O—5%SF
—e— 10%SF

/ 28-days flexural strength

Electricity conductivity

3-days compressive strength

Fig. 10 Comprehensive performance evaluation of
different dispersion methods

By contrast, the native influence of silica fume on
the electrical resistivity can be attributed to several
factors. The micro-filling effect of silica fume refines
the pore structure and reduces pore connectivity,
hindering ionic mobility and thereby elevating the
resistivity. Its pozzolanic reaction consumes Ca(OH)
and forms additional C-S-H gel, which further
densifies the matrix. This reaction also lowers the
alkalinity and ion concentration of the pore solution,
diminishing the ionic component of conductivity.
Furthermore, silica fume particles physically separate
GNPs, interrupting the continuity of conductive
pathways. As a result, the paste system shift from a
percolating to a non-percolating state, leading to a
sharp increase in electrical resistivity. In a word, the
ultrasonic dispersion and silica fume incorporation
exert opposite effects on the electrical performance of
GNPs-containing cement composites. This arises from
the complex interactions among the dispersion quality
of GNPs, pore structure, and ionic composition of the
pore solution, which together govern the conductive
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behavior of the composites.

To evaluate the influence of different dispersion
methods, all the measured performance indicators,
including fluidity, mechanical strength, and electrical
conductivity were normalized and ranked into five
performance levels, as illustrated in Fig. 10. It can
be observed that the 60-min ultrasonication method
achieved the most balanced and superior overall
performance, indicating the optimal utilization of
GNPs and microstructural synergy. Consequently,
ultrasonically dispersed GNP composites are promising
for multifunctional applications, such as self-sensing,
structural health monitoring, and electromagnetic
shielding. By contrast, the 10%SF mixture exhibited a
strength enhancement but poor electrical conductivity
possibly due to the excessive microstructural
densification and disruption of the conductive network.
These characteristics make silica fume-modified
GNPs-containing cementitious composites ideal for
corrosion-resistant coatings, impermeable layers, and
insulating applications where mechanical properties
and durability are prioritized.

3.4 Microstructure and hydration products

Fig. 11 shows representative SEM images of
reference and 60min-ULT mixtures after the
compressive tests. The observations reveal distinct
microstructural differences among the paste samples.
In particular, no further hydration products are
observed in the cracks of the reference paste. By
contrast, the 60min-ULT paste exhibits a compact
morphology characterized by well-distributed graphene
nanoplatelets effectively bridging microcracks and
voids within the matrix. The nucleation effect of well-
dispersed GNPs provides additional nucleation sites
for the growth of hydration products, accelerating
early hydration reactions and promoting a finer
and more continuous microstructure. This bridging
mechanism serves as a critical contributor to the
enhanced mechanical performance, as GNPs impede
crack initiation and propagation while redistributing
localized stresses throughout the composite [32].
This is in good agreement with the flexural strength
in Fig. 5. The SEM observations reveal that extended
ultrasonication treatment not only breaks down

agglomerates but also promotes uniform dispersion of
GNPs, enabling a homogeneous reinforcement network
that enhances both structural integrity and electrical
resistivity.

Ret o - ;(Jmin»Ul;.. s
Fig. 11 SEM images of reference and 60min-ULT
mixtures
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Fig. 12 Phase composition determined by Quantitative-
XRD

The phase composition determined by quantitative-
XRD analysis for the reference and the silica fume
incorporation mixtures is presented in Fig. 12. The
relative proportions of unhydrated clinker phases (CsS,
C.S) and amorphous phases (primarily C-S-H) were
used as indicators of hydration progression. As can
be seen from Fig. 12, the mixtures containing silica
fume exhibited a pronounced reduction in portlandite
content accompanied by an increase in amorphous
C-S-H. This transformation results from the pozzolanic
reaction between reactive silica and calcium hydroxide,
producing additional C-S-H gels that fills capillary
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pores, refines the microstructure, and strengthens
the ITZ in the paste matrix. This directly contributes
to the improved compressive strength and reduced
permeability. The quantitative-XRD results further
substantiate the SEM microstructural findings by
revealing distinct differences in the hydration degree
and phase content among the various mixtures.

Overall, the microstructural and phase analyses
confirm that the degree of GNP dispersion directly
governs the balance between mechanical reinforcement
and electrical conductivity. Extended ultrasonication
produces a well-integrated microstructure capable of
simultaneously enhancing strength, toughness, and
conductivity, whereas the addition of silica fume
promotes the structure densification at the expense of
electrical performance.

4.Conclusion

This study examined the influence of graphene
nanoplatelets (GNPs) dispersion methods on the
flowability, mechanical, and electrical properties
of ultra-low-w/b cementitious pastes. Based on the
experimental findings, the following key conclusions
can be drawn:

(1) Ultrasonic treatment significantly enhances both
the mechanical properties and electrical conductivity
of GNPs-containing cementitious composites, with
flexural and compressive strengths increasing by
65% and 51% and resistivity reducing by nearly 29%
after 28 days, respectively. This is possibly due to the
uniform dispersion of GNPs and the formation of
continuous percolation networks within the cement
matrix.

(2) The incorporation of silica fume primarily
improves the early compressive strength while
substantially increasing the electrical resistivity up to
641%. This can be attributed to the high pozzolanic
reactivity and micro-filling effects of ultra-fine silica
fume particles, which densifies the microstructure and
disrupts the conductive pathways.

(3) Based on the findings in this study, the optimal
dispersion strategy depends on the intended balance
between mechanical properties and electrical

conductivity. Ultrasonic dispersion is recommended
when functional conductivity and sensing capability
are desired, whereas silica fume addition is preferable
for enhanced durability and chemical resistance.

Future research should further explore the multiscale
interactions between GNPs, mineral admixtures, and
hydration products to better elucidate the mechanisms
governing conductivity and mechanical enhancement
in ultra-low-w/b systems. In addition, long-term
performance under realistic environmental conditions,
such as chloride exposure and sustained loading,
warrants systematic investigation to assess the practical
applicability of GNPs-modified UHPC in smart
infrastructure.
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