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Abstract

This study investigates the synergistic effect of functionalized carbon nanotubes (CNTs),
graphene nanoplatelets (GNPs), and carbon fibers (CFs) on the mechanical performance
of cement-based composites through a multivariate optimization approach. All carbon
allotropes were covalently functionalized via acid treatment to enhance dispersion and
interfacial bonding with the cement matrix. A face-centered central composite design
(FCCD) combined with response surface methodology (RSM) was employed to systemati-
cally evaluate the influence of the three reinforcements, each varied between 0.033 wt.%
and 0.067 wt.%, with a total carbon content not exceeding 0.2 wt.% of cement. The statisti-
cal analysis revealed a negligible correlation between reinforcement content and flexural
strength (explained variance ≈ 1%), whereas fracture energy and compressive strength
showed stronger dependencies, with explained variances of 25% and 66%, respectively.
The maximum experimental fracture energy reached 18.1 J, corresponding to an increase of
nearly 800% compared to plain cement, obtained at the highest combined reinforcement
content. Compressive strength improved up to 48 MPa (≈32% higher than the reference),
with the model predicting potential enhancements up to 40% under optimized composi-
tions. The regression analysis highlighted the dominant role of quadratic and interaction
terms, indicating that mechanical performance is governed more by synergistic effects
than by the linear contribution of individual components. These findings demonstrate that
controlled co-dispersion of multiple functionalized carbon allotropes enables significant
enhancement of cement mechanical properties at very low total carbon contents, providing
a cost-effective strategy for the design of high-performance cementitious composites.

Keywords: carbon nanotubes; graphene nanoplatelets; carbon fibers; multivariate optimization;
response surface methodology; synergistic effect; cement-based composites

1. Introduction
Cement-based materials are essential for the construction industry, providing the

foundation for creating vital infrastructure [1,2]. Their pervasiveness in the construction
sector highlights the need for continuous research aimed at improving their properties and
performance. Despite their versatility and robustness, traditional cement materials exhibit
significant challenges in terms of durability in harsh environmental conditions. Addressing
this issue is crucial for developing safer and longer-lasting construction materials. Moreover,
increasing the duration and performance of structures based on cementitious materials also
has a very positive impact on their overall environmental impact [3].
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Cementitious matrix composites, which incorporate various reinforcements such as
fibers and nanomaterials, have emerged as a promising solution to improve strength, safety
and durability [4–8]. Over the past two decades, it has been known that carbon-based
nanomaterials also have great potential for self-monitoring cement-based structures [9,10].
As stressed by Chung [11], these materials could enhance the ability of cementitious
structures to autonomously monitor deformation and damage, foreshadowing advanced
applications in the construction field. Recent updates on nanomaterials in cementitious
systems have emphasized the importance of surface chemistry, particle size, and interfacial
interactions in determining performance enhancement [12].

Although it is clear that the use of carbon allotropes—and nanomaterials in general—in
cement composites can offer multiple benefits, it cannot be overlooked that the integra-
tion of carbon-based nanomaterials, such as CNTs and GNPs, into cementitious matrices
presents significant difficulties [13]. Carbon-based materials like CNTs tend to agglomerate,
leading to non-uniform dispersion within the cement matrix. Such inhomogeneous distri-
bution can reduce their effectiveness in enhancing the mechanical properties and durability
of the composite. Additionally, the hydrophobic nature of carbon-based materials hinders
their compatibility with the hydrophilic cement matrix, resulting in poor interfacial adhe-
sion. This weak bonding can adversely affect load transfer and the overall cohesion of the
composite material [14,15].

As a general rule, it can be affirmed that carbon allotropes can increase the strength,
toughness, and electrical conductivity of cement-based materials only if they are surface-
modified and properly dispersed. Previous works from some of the authors on cement
containing functionalized carbon allotropes confirm this hypothesis [16–18], as do some
other literature papers that strongly suggest that functionalization of carbon allotropes
is an important factor to guarantee a proper dispersion and a strong bond with cement
paste [19]. There are various methods for the functionalization of CNTs and GNPs, broadly
categorized into covalent and non-covalent functionalization. Covalent methods, such as
chemical and electrochemical functionalization, introduce functional groups by modifying
the lattice structure of carbon materials, thus providing more stable and durable bonds. In
contrast, non-covalent methods preserve the original molecular structure of the nanotubes
and graphene (sp2 hybridization of the carbon atoms), adding functional groups with less
robust bonds. Some authors suggest that electrochemical and photochemical function-
alization offer more accurate control compared to chemical methods [20,21]. Advanced
dispersants and surfactant architectures have been developed to improve CNT stabiliza-
tion in aqueous media, thereby facilitating their effective incorporation into cementitious
matrices [22]. In the case of CFs, as mentioned by Shiba et al. [23], the functionalization
methods differ mainly in their impact on the fiber surface and in the stability of the bonds
created. Similarly to what happens with CNTs and GNPs, chemical and electrochemical
oxidation introduces functional groups such as –COOH and –OH, improving adhesion
with a potential polar environment; however, it can cause structural defects. In contrast,
plasma treatments and coatings with metal oxides (e.g., SiO2, TiO2) better preserve the
integrity of the fibers, offering greater stability and protection against oxidation and thermal
degradation. However, coatings are more expensive and complex to produce.

In order to guarantee both the dispersion in aqueous media and the bonding with
cement paste, several functionalization and dispersing strategies were proposed in the
literature [22–28]. Kang et al. [25] demonstrated that cement-composites samples contain-
ing acid-treated Multi Walled Carbon Nano Tubes (MWCNTs) showed a 30% increase in
compression strength compared to control samples, along with a reduction in porosity.
Wang et al. [26] showed that adding graphene nanoplatelets (GNPs) to cement, previously
dispersed in an aqueous solution using a dispersing agent (methylcellulose) and ultrasoni-
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cation, increased the compression strength of samples by 3–8% compared to cement without
GNPs. This improvement was particularly noticeable in the short-term samples (7 days),
with an increase in flexural strength ranging from 15% to 24%. With respect to CFs, Zhao
et al. [29] demonstrated a positive effect even without functionalization. In fact, adding
0.6% carbon fibers by volume raises the compression strength from 35 MPa to 43 MPa
representing a 22% increase compared to the sample without CFs. Furthermore, with CF
content of 1.5% by volume, there was a 29% increase in splitting tensile strength. Other
authors used functionalized carbon fibers, for instance Han et al. [27] reported gains in
flexural strength for both 3 mm and 6 mm long fibers, after subjecting them to hydrophilic
surface modification. For samples containing 0.8% of 3 mm long carbon fibers, flexural
strength increased by up to 18% and with 6 mm fibers 22%. Compression strength saw
an improvement of around 20% for both 3 mm and 6 mm fibers, after 28 days of curing.
In an interesting study conducted by Li et al. [30], it was observed that an optimal ultra-
sonic dispersion of CNFs significantly enhanced the mechanical performance of UHPC,
increasing the maximum flexural stress by up to 7.3% and the maximum flexural strain by
up to 63%, due to a stronger CNF–CSH interface and a denser microstructure. Another
study, by Mansouri Sarvandani et al. [19], highlighted that adding 0.1–0.2% by weight of
acid functionalized multi-walled carbon nanotubes (MWCNTs-COOH) to cement mortars
showed significant improvements in compression and flexural strength in both calcareous
and sulfate-rich curing environments.

One of the most effective methods for covalent functionalization involves treating
carbon materials with acid solutions, such as nitric acid or a mixture of nitric and sulfuric
acid. This process introduces functional groups on their surface, altering the hybridization
of a small percentage of carbon atoms from sp2 to sp3 through the addition of carboxyl or
hydroxyl groups [16,31]. The resulting functional groups provide an improved compati-
bility with the cement matrix, promoting better dispersion in water and better chemical
interaction. Although a large body of the literature has focused on individual carbon
nanomaterials—particularly graphene oxide—the combined and multivariate optimization
of different carbon allotropes within the same cement matrix remains comparatively less
explored [32–35].

Despite these advancements in functionalization and dispersion of carbon-based
materials in cement and concrete, the literature lacks systematic studies that explore the
optimal simultaneous incorporation of all these carbon-based materials in cement-based
composites. The present study addresses this gap by employing a multivariate approach
for the experimental planning through design of experiments (DoE). For the purpose of
the present study, a face-centered central composite design (FCCD) was considered to
systematically investigate the effects of different concentrations of CNTs, GNPs, and CFs on
the mechanical properties of cement composites. The FCCD design is a variant of the CCD
(central composite design). FCCD is particularly useful in studies involving experimental
optimization [36]. Its most notable features include the requirement of three levels for
each factor (or independent variable), enabling the estimation of quadratic terms. This
is essential for providing a comprehensive and accurate description of phenomena and
for evaluating relative maxima in response outputs. Moreover, since the experimental
effort required to prepare specimens and conduct testing is demanding in terms of both
materials and time, FCCD aligns perfectly with the needs of research as it allows for re-
ducing the number of experiments compared to a one-variable-at-a-time approach. This
experimental approach not only allows for identifying and understanding the interactions
between independent variables but also determines the optimal conditions for maximiz-
ing the desired responses [37]. Through response surface analysis [38], this study also
provides deeper insights into the dynamics of the studied system, contributing to process
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efficiency improvement and the development of higher-performing and more durable
construction materials.

2. Materials and Methods
2.1. Materials

Multi-walled carbon nanotubes (CNTs), Nanocyl7000, produced through Chemical
Vapor Deposition (CVD), were purchased from Nanocyl (Sambreville, Belgium). The pro-
ducer declares an average diameter around 9.5 nm, an average length of 1.5 µm, a purity of
90%, and a surface area of 250–300 m2/g. Graphene nanoplatelets (GNPs) grade 4 were
purchased from Cheaptubes (Grafton, VT, USA). These nanoplatelets consist of small stacks
of graphene sheets, each with an overall thickness of approximately 3–10 nanometers. The
producer declares an average X and Y dimension > 2 µm, an average thickness between 8
and 15 nm, a purity of 97% and a specific surface area of 500–700 m2/g.

The carbon fibers (CFs) used in this research were purchased from Toho-Tenax (Tokyo,
Japan); they are 6 mm in length and 7 µm in diameter, with a tensile strength of 4 GPa and
Young’s modulus of 225 GPa. The cement used to produce the samples was Portland cement
52.5 R produced by Buzzi-Unicem (Casale Monferrato, Italy). For the functionalization of
carbon-based materials, 98% sulfuric acid (H2SO4), 65% nitric acid (HNO3), 30% hydrogen
peroxide (H2O2), and 97% sodium hydroxide (NaOH) were used; all the chemical reagents
were supplied by Merck.

2.2. Functionalization of Carbon Materials

Functionalization of the surface of the carbon materials was achieved through acid
treatment, with tailored procedures for each carbon allotrope. The chemical functionaliza-
tion proposed in this study involved the use of strong acids to create defects that readily
accommodate functional groups such as carboxylic (–COOH) and/or hydroxyl (–OH)
groups [39]. To ensure comparability with previous studies [15–17], the same experimental
conditions were applied. For CNTs, functionalization was performed by placing 1 g in
a sonication bath (Sonica 2400MH series, Milano, Italy) containing 80 mL of sulfonitric
acid (a mixture of 3 parts H2SO4 98% and 1 part HNO3 65%) for 90 min. Similarly, 1 g of
GNPs was functionalized in a sonication bath with 80 mL of sulfonitric acid for 60 min. For
CFs, the functionalization process involved the sonication of a mixture of 1 g of CF and
80 mL of Piranha solution (3 parts H2SO4 98% and 1 part H2O2 30%) for 5 min. After the
acid treatment, all carbon-based materials underwent a neutralization step with a basic
solution containing NaOH. Each material was filtered using a fritted glass funnel and
washed several times with deionized water to ensure complete elimination of residuals.
Finally, the functionalized materials were dried in an oven at 100 ◦C overnight.

2.3. Characterization of Functionalized Carbon Materials

Thermogravimetric analysis (TGA) was performed using a Mettler Toledo MT-1600
(Greifensee, Switzerland) instrument. Samples of pristine and functionalized carbon ma-
terials were heated from 25 ◦C to 900 ◦C with a constant heating rate of 10 ◦C/min in a
50 mL/min air flow.

The morphology of the samples was examined by means of a FESEM Zeiss Merlin
(Oberkochen, Germany).

2.4. Experimental Section

The procedure to prepare cement samples consists of the re-dispersion of carbon
materials in water with an ultrasonic tip (VibraCellTM, Newtown, CT, USA) for 15 min at
100 W power. The slurry of carbon materials and water was then stirred mechanically for
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several minutes while cement powder was slowly added. The cement paste, prepared at a
water-to-cement (w/c) ratio of 0.45 and containing different percentages of reinforcement,
was then poured into suitable molds, kept for 24 h at 100% relative humidity, removed
from the molds, and further cured immersed in tap water for a total curing time of 7 days.
The carbon materials were added in a percentage varying from 0.033% to 0.066% by weight
of cement; as shown in Table 1, the total carbon volume fraction ranged approximately
between 0.15% and 0.30% with respect to the cement phase. These numbers were chosen in
order to be able to compare the results with previously published research. Rectangular
prismatic (parallelepiped) molds (Figure 1a) of 20 × 20 × 80 mm size were used for
the cement composites, which were then mechanically tested to obtain flexural strength,
fracture energy and compression strength.

Table 1. Experimental variables and corresponding levels used in the face-centered central composite
design (FCCD) for optimizing the contents of functionalized carbon nanotubes (CNTs), graphene
nanoplatelets (GNPs), and carbon fibers (CFs) in cement-based composites.

Levels

Variable ID Variable Name −1 0 1

x1 CNTs (%) 0.033% 0.05% 0.066%
x2 GNPs (%) 0.033% 0.05% 0.066%
x3 CFs (%) 0.033% 0.05% 0.066%

a b c 

Figure 1. Mold used for the preparation of samples (a) and notched specimens ready for testing (b,c).

2.5. Mechanical Test and Characterization of the Sample

Adopting the operational methods previously described in a prior study [40], a single-
column Zwick-Line z050 (Genova, Italy) with a load cell of 1 kN was used for the flexural
tests. The bending strength and the fracture energy were measured following the standard
JCI-001-2003 [41]. A three-point bending test was performed with a span of 65 mm in crack
mouth opening displacement (CMOD) mode. The samples were prepared with a 6 mm
deep and 2 mm wide notch in the middle of the sample (Figure 1b,c). An extensometer
was placed on the two sides of the notch, and the CMOD was controlled at a fixed rate
of 0.005 mm/min (Figure 2a). Compression tests were then performed in load control on
one of the two halves produced by the flexural test, using the same machine with a 50 kN
load cell (Figure 2b). The tests were conducted with a speed of 600 N/s with a preload
of 20 N. Both the flexural and the compression test results were an average of at least
four specimens.

The microstructure of the samples was examined by means of a Field Emission Scan-
ning Electron Microscope (FESEM Zeiss Merlin (Oberkochen, Germany)). Both fracture
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surfaces and cut specimens polished up to a 4000-grit paper were observed after metalliza-
tion with platinum.

  

a b 

Figure 2. Experimental setup for flexural tests in CMOD (a) and for compression tests (b).

2.6. Statistical Model

This approach focused on three quantitative factors: the quantity of functionalized CNTs,
GNPs, and CFs (percentage with respect to cement weight). These variables were investigated
to determine their impact on mechanical performance (i.e., flexural strength, fracture energy
and compression strength), with each variable tested at three levels (+1, 0, −1) to explore
potential quadratic effects on the different responses. The levels are detailed in Table 1.

The levels were determined during the experimental design phase to ensure that the
total amount of carbon-based material in the specimens never exceeded 0.2% by weight
relative to the cement powder used in the mix design. For the statistical analysis of the
data, CAT (Chemometric Agile Tool) software version 1.0 (2025) was employed.

The postulated full quadratic model includes a constant b0, three linear terms b1 b2 b3,
three interactions terms b12 b13 b23, and three quadratic terms b11 b22 b33, as follows:

y = b0 + b1x1 + b2x2 + b3x3 + b12x1x2 + b13x1x3 + b23x2x3 + b11x2
1 + b22x2

2 + b33x2
3 (1)

The experiments were selected using a face-centered central composite design (FCCD),
requiring 15 experiments with the central point performed in triplicate to assess experi-
mental variability. In total, 17 experiments were conducted to estimate 10 coefficients, with
7 degrees of freedom (d.o.f.). The experiments were performed in a randomized order
to avoid any systematic effects [42]. To evaluate sampling and analytical variability, the
mechanical properties were assessed on four subsamples for each condition.

3. Results
3.1. Thermogravimetric Analysis

The TGA analysis (Figure 3) shows a clear difference between the weight loss curves
of pristine (orange lines) and functionalized materials (blue lines). Lower thermal stability
in air was observed for all the functionalized carbons, with degradation starting at lower
temperatures compared to the pristine samples. The reduction in degradation temperature
is particularly evident in the case of CFs (Figure 3a) and CNTs (Figure 3b). Acid oxidation
introduces oxygen-containing functional groups (e.g., –COOH and –OH) onto the carbon
surface, locally disrupting the conjugated sp2 lattice and generating structural defects. The
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presence of these oxygenated moieties reduces thermal stability for two main reasons:
(i) the functional groups themselves are thermally labile and decompose at relatively low
temperatures (typically between 150 and 400 ◦C), and (ii) the defect sites increase the reactivity
of the carbon framework toward oxidative degradation. Consequently, the onset of mass loss
shifts to lower temperatures after functionalization. Such behavior is widely reported for
oxidized CNTs, graphene-based materials, and carbon fibers [20,21,43,44]. In particular, the
degradation curve of oxidized carbon fibers (Figure 3a, blue line) begins at around 450 ◦C,
compared to approximately 600 ◦C for pristine fibers, confirming the increased susceptibility
to oxidation induced by surface treatment. A similar trend is observed for CNTs (Figure 3b),
where an initial weight loss below 100 ◦C corresponds to adsorbed moisture, followed by
a gradual mass loss between 100 ◦C and 400 ◦C attributed to the decomposition of surface
oxygenated groups. The main oxidation step also occurs at a lower temperature compared to
pristine CNTs, whose highly graphitic structure ensures higher thermal resistance. Oxidized
GNPs (Figure 3c) display a comparable trend, with a slight but measurable anticipation of the
degradation onset, consistent with the introduction of surface defects.

 

Figure 3. TGA curves of CFs (a), CNTs (b) and GNPs (c) in both the pristine and functionalized states.

Therefore, the reduction in oxidation temperature observed in functionalized samples
should not be considered anomalous; rather, it represents indirect evidence of successful
covalent functionalization and defect formation in the carbon structure

3.2. FESEM Characterization of Carbon Materials

Figure 4 shows representative FESEM images of pristine (a, c, e) and oxidized (b, d, f)
carbon nanotubes, carbon fibers, and graphene nanoplatelets, respectively. No significant
morphological differences are observed between pristine and functionalized materials at
the investigated magnifications. The overall structural integrity of CNTs, CFs, and GNPs is
preserved after the oxidative treatment, with no evidence of severe fragmentation, surface
peeling, or dimensional alteration.

This behavior is consistent with the adopted functionalization procedure, which
is known to introduce oxygen-containing groups mainly at the surface and defect sites
without substantially modifying the bulk morphology of the carbon framework. Similar
observations have already been reported in our previous works [16–18], where a detailed
physicochemical characterization (including Raman spectroscopy, TGA, and surface analy-
sis) confirmed that the oxidation process affects predominantly the surface chemistry rather
than the structural morphology of the carbon materials.
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For completeness, the full characterization of the functionalized carbon allotropes can
be found in the above-cited references.

 

Figure 4. FESEM images from pristine (a) and oxidized (b) CNTs; pristine (c) and oxidized (d) CFs;
and pristine (e) and oxidized (f) GNPs.

3.3. Mechanical Results

Table 2 reports the average values of flexural strength, fracture energy, and compres-
sion strength for all the tested samples. Based on the results of the performed experiments,
it was possible to estimate both experimental and subsampling variability, which are
also reported in terms of standard deviations. Experimental variability represents the
reproducibility of single tests, whereas subsampling variability represents the internal
heterogeneity of the specimens.

The data reported in Table 2 are shown in graphic form in Figure 5, where the com-
parison of flexural strength, fracture energy, and compression strength for samples C1 to
C17 and the reference sample can be observed. Regarding flexural strength (Figure 5a),
samples C17 and the reference exhibit the highest values, around 3.4 MPa, while most of
the other samples have lower strength values, between 1.8 and 3.3 MPa. The error bars in
this graph indicate the standard deviation of each set of samples. Regarding fracture energy
(Figure 5b), all the tested samples have higher values than the reference. Notwithstanding
the significant experimental variability, sample C8 stands out with the highest value, 18.1 J,
with an increment of almost eight times, followed by C10, with a five-fold fracture energy
increment. These results are consistent with a previous study where the fracture energy of
cement samples composite containing 0.1% of functionalized carbon fibers was analyzed.
In the present study, the fracture energy increases with the amount of functionalized CFs.
Finally, in the compression strength results (Figure 5c), sample C6 reaches the highest
compression strength, 48.1 MPa, followed by C7 and C10. The reference sample again
displays the lowest value, with 36.3 MPa. The experimental variability in this case is smaller
if compared to the other tests. The model was computed starting from the results shown in
Table 2, allowing the observation of the response surface. This enabled the observation of
the points within the experimental domain where the relative maxima for flexural strength,
fracture energy, and compression strength were achieved.
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Figure 5. Bar charts showing the results of the mechanical tests for the flexural strength ((a) in blue),
fracture energy ((b) in orange), and compression strength ((c) in green), with the reference values for
each test (in red); the standard deviation is reported (N = 4).
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Table 2. Experimental matrix together with mechanical testing results are reported in the standard
order; average values for flexural strength, fracture energy and compression strength are reported.

#

Experimental Matrix Mechanical Results

x1 x2 x3 y1 y2 y3
CNTs GNPs CFs Flexural Strength Fracture Energy Compression Strength

(MPa) (J) (MPa)

R - - - 3.40 2.30 36.3

1 −1 −1 −1 2.88 5.81 43.6
2 1 −1 −1 2.73 13.2 42.6
3 −1 −1 1 2.45 7.35 40.9
4 1 −1 1 2.45 6.67 38.6
5 −1 1 −1 1.90 6.76 37.2
6 1 1 −1 2.20 4.68 48.1
7 −1 1 1 2.61 12.5 47.0
8 1 1 1 2.84 18.1 46.2
9 −1 0 0 2.06 6.94 47.0
10 1 0 0 3.14 14.0 48.0
11 0 0 −1 2.59 8.64 41.1
12 0 0 1 2.76 4.30 46.1
13 0 −1 0 2.89 6.84 37.6
14 0 1 0 2.29 4.18 36.4
15 0 0 0 2.38 5.16 39.4
16 0 0 0 2.59 11.1 41.3
17 0 0 0 3.33 6.14 43.1

Experimental variability (3 d.o.f.) 0.50 3.18 1.9
Subsampling variability (46 d.o.f.) 0.47 4.23 4.3

3.4. FESEM Characterization of the Composites

In Figure 6a an image of sample C8 is shown, where it is possible to observe CNTs
(yellow arrow) dispersed in a calcium silicate hydrate (C-S-H) matrix. The presence of
CNTs well dispersed in a C-S-H matrix suggests that there is a good interaction between
cement and functionalized CNTs. Figure 6b shows a carbon fiber with calcite (the larger
particles) and calcium silicate hydrate (C-S-H) grafted on its surface. The presence of polar
phases adhered to the surface of the carbon fiber is confirmation that the functionalization
process facilitates the interaction between the fibers and the cement matrix.

 

Figure 6. FESEM images showing carbon nanotubes embedded in the C-S-H gel (a) and a carbon
fiber with C-S-H and calcite deposits (b).
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3.5. Model

The modeling analysis performed on the results of flexural strength revealed that the
explained variance (EV) for flexural strength is less than 1%. This very low EV indicates
that variations in flexural strength are not significantly correlated with the amount of
functionalized carbon allotropes added to the mixture. While this does not diminish the
rigor of the experimental work, it suggests that the flexural strength results lack sufficient
statistical significance to support meaningful conclusions. Therefore, we have chosen to
exclude flexural strength from further discussion and focus on the mechanical properties
that exhibit a stronger dependency on the carbon allotrope content.

Using the experimental results, a multiple linear regression (MLR) was carried out.
Model coefficients are reported hereunder and in Figure 7; stars represent the statistical
significance (p-value: * = 0.05, ** = 0.01).

y2 = 6.71 + 1.73x1 + 0.63x2 + 1.53x3 − 0.39x1x2 − 0.04x1x3 + 3.00x2x3(∗) + 4.72x2
1 − 0.26x2

2 − 2.04x2
3

 
Figure 7. Coefficients of the multivariate analysis with error bars for fracture energy (a) and compres-
sion strength (b); stars represent the statistical significance.

Explained variance: 25%; residual SD: 3.45

y3 = 41.97 + 0.78x1 + 1.14x2 + 0.35x3 + 1.66x1x2 − 1.63x1x3 + 1.80x2x3 + 4.75x2
1(∗)− 5.73x2

2(∗∗) + 2.22x2
3

Explained variance: 66%; residual SD: 2.29
The model for fracture energy shows a relatively low explained variance (25%), mainly

due to the high standard deviations observed among specimens, which limit the model’s
predictive capability. In contrast, the model for compression strength achieves an explained
variance of 66%, indicating that compression strength represents a more predictable and
consistent response compared to fracture energy.

The contour plots shown in Figure 8 are 2D graphical representations of the model
prediction, where lines (contours) connect points of equal response values, illustrating
how the output varies. To interpret them, it is necessary to identify the isoresponse lines
corresponding to specific response levels and observe how these lines shift along the axes,
thereby indicating which factor combinations yield higher or lower values.
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a b 

d c 

Figure 8. Contour plots for the responses of fracture energy (a,b) and compression strength (c,d).

Another method of representation of these results is the response surface (RS), depicted
in Figure 9. All these graphical representations give the same information but require that
one of the variables be fixed. In the case of Figure 8, the results are plotted for four cases:
two fracture energy (y2) and two compression strength (y3) cases, where the fixed variable
is either x1 (CNT content), x2 (GNP content), or x3 (CF content). Thus, for instance, in
Figure 8a the plane x2-x3 is shown, with the isolines providing the information of the effect
of the two variables on fracture energy predictions. Since the interaction between carbon
fibers and graphene nanoplatelets is the most significant term for fracture energy, fixing
CNTs allows a clearer visualization of this effect and of the location of the maximum on
the contour plot. In Figure 8b the GNP concentration is fixed in order to show the CNT
quadratic term, which is the second most statistically relevant. For compression strength,
since the quadratic terms of both CNTs and GNPs are the most relevant, the shape of the
surface can be most clearly represented when fixing CF (Figure 8c). Also, in Figure 8d, the
curve for fixed GNP concentration is represented, showing the CNT-positive curvature
indicated by the quadratic term. In Supplementary Information (Figures S1–S3), all the
contour plot curves are presented.

In Figure 9, all the response surfaces are shown for the compression strength (y3)
case. The curvature terms are evident, but also the linear and interaction terms can be
inferred even if they are not statistically significant. In any case, these curves can be
used to improve the knowledge and understanding of the behavior of the samples. In
Supplementary Information (Figures S4 and S5), the equivalent figures for flexural strength
and fracture energy are presented. Moreover, nine animations are uploaded that provide a
clear graphical understanding of the behavior of the material.
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Figure 9. Response surfaces corresponding to experimental data for compression strength.

4. Discussion
The construction of a model and the subsequent generation of both contour plots

(Figure 8) and response surfaces (Figure 9) allow coupling a precise statistical analysis with
a facilitated graphical observation of experimental results.

In this paper, starting from a carefully designed set of experiments, we used a statistical
model to draw conclusions on the effect of the simultaneous presence of CNTs, GNPs and
CFs inside a cementitious matrix. The model gave the following information.

The explained variance of experimental results. This suggested that no statistical
significance was present in flexural strength results (only 1% explained variance), and
thus the variation in the results of these tests must be considered very carefully, and no
certain conclusion can be drawn. This behavior suggests that flexural strength is not the
most sensitive parameter for capturing the synergistic effects of the combined carbon
reinforcements at such low volume fractions. Regarding fracture energy, the explained
variance is not very high (25%), suggesting that some information on the synergistic effects
of the different carbon materials can be obtained, but care must still be exercised in the
analysis of the results. A better situation with compression strength is obtained, where the
explained variance is 66%.

The effect of a single carbon material, while evident when added singularly to a
cement matrix, becomes less straightforward when the synergy between the different
carbon phases is considered. As shown in Figure 7, only a few of the fitted parameters
are statistically significant, in particular, second-order parameters. This means that the
interaction and quadratic terms are more important than linear ones, suggesting that the
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co-dispersion of carbon materials and the physical–chemical interaction among them play
an important role in determining the final composite properties.

The maximum predicted value for every test can be computed by the model, giving the
optimal quantity of carbon material to use to guarantee the best results. However, it must
be considered that this value has the weight of the explained variance, so it is significant
only for compression strength and less so for fracture energy. In the case of fracture energy,
the best results are obtained for the maximum amount of all three carbon allotropes (0.067%
each, with a total carbon content of 0.2%). In the case of compression strength, instead, the
maximum is obtained either for 0.067% CFs, 0.033% CNTs, and 0.052% GNPs or 0.033%
CFs, 0.067% CNTs, and 0.052% GNPs.

A comparison with the literature, in particular with previous papers of the authors,
can give some further information about these results.

Speaking about fracture energy, it must be first considered that the addition of even a
small amount of carbon fibers in cement increases it greatly [17], while only nanotubes [16]
or graphene nanoplatelets [18] do not significantly increase this property. A synergistic
effect of CFs and either CNTs or GNPs was already observed by Lavagna et al. [40], with
a positive interaction with CNTs and a negative one with GNPs. In the same paper, the
effect of CFs, CNTs and GNPs seemed negative, showing no improvement with respect
to cement, but probably due to some issue in dispersion. The maximum value of fracture
energy observed with only CFs was around 10 J; with CFs and CNTs, it reached almost 17 J.

In this paper, we obtained 18.1 J, almost eight times the value for pure cement, even if
the model prediction smooths this value to around 16 J, probably due to the high experimen-
tal variability. The results are thus consistent with previously published experiments. The
interaction effect, however, shows some unexpected trends, since the CNTs*CFs interaction
coefficient, although not statistically significant, seems close to zero, and the GNPs*CFs in-
teraction coefficient is positive, contrary to what is suggested by [43]. This is most probably
due to the complex interaction between all three carbon materials that modifies the trend
typical for binary systems. Also, the cited papers [16–18,40] always contained 0.1% by
weight of cement of carbon materials, while in this paper the total content varies between
0.1% and 0.2%, and the best results are obtained with 0.2%.

In the literature, some papers declare similar fracture energy improvements. For
instance, Dalla et al. [45] obtained an improvement in fracture energy (CMOD) of 970% in
mortar specimens with 1% of GNPs added, while the maximum increase they obtained in
fracture energy with CNTs was an increase of 590% with a concentration of 0.4 wt.% of CNTs
in the mortar. The increase in carbon content can thus have a positive effect on fracture
energy results, even if at the expense of a higher material cost. In this paper, we tried to limit
the total content in order to reduce the final cost of the material. Considering that cement
has a cost around 100 €/ton and carbon materials have a cost of a few tens of euros per
kilogram, 0.1% of carbon means an increase of a few tens of percent of the cost, which is not
irrelevant at all in the construction sector; 0.4% of CNTs would double or triple the cement
cost, which seems too much even for a material with significantly improved properties.

Overall, it seems clear that fracture energy is improved with the presence of carbon
fibers, but that CNTs and GNPs have a positive synergistic effect. The complex interac-
tions among the three carbon types are probably the reason for the not straightforward
interpretation of the interaction factors.

Regarding compression strength, the interpretation of results is less clear-cut. All
the carbon materials singularly increase the strength, even if GNPs have a less clear ef-
fect [16–18,40]. In [40], the synergistic effect is not clearly seen on compression strength,
while in this work we observe a significant improvement in mechanical properties when
CFs, CNTs and GNPs are added, as shown in Figure 5. In particular, the best experimental
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result corresponds to an increase of 32% with respect to pure cement, while the model
suggests that up to a 40% increase can be reached. In a study conducted by Abedi et al. [46],
where a mortar containing a mix of 0.5% CNTs and 0.5% GNPs is investigated, the com-
pression strength increases 28% after 7 days and 36% after 28 days, similarly to this work.
Abedi et al. conclude that the incorporation of nanotubes and graphene in the cementitious
composite leads to a denser and more homogeneous structure. A similar explanation was
also given in [16,18] for the improvement of mechanical properties; in fact, while CFs are
millimeter-sized, nanomaterials like CNTs and GNPs have a maximum size in the microm-
eter range, and they provide the reinforcing effect not only through their properties but
also by improving cement phase nucleation and density. Also in this work, it is plausible
to justify the results with an analogous reasoning; moreover, the model suggests a strong
contribution to compression from CNTs and GNPs and a lower contribution from CFs,
even if the coefficients are not statistically significant. Another interesting study conducted
by Kanellopoulou et al. [47] shows that adding to the mortar a mix of CNTs treated with
strong acids and carbon microfibers (CMFs) can lead to an increase in compression strength,
with a gain of 49% in 28 days of curing; specimens that performed in this way contained
0.4% of CMFs and 0.05% of CNTs. Also in this case, the results are comparable with our
results, even if the CFs’ quantity is much higher than in this work.

From an economic perspective, considering a cement content of approximately
400 kg/m3 and a maximum carbon addition of 0.2 wt.%, the total carbon requirement
would be about 0.8 kg/m3. Assuming industrial-grade carbon fillers priced in the range
of 30–50 €/kg, the additional cost would be approximately 24–40 €/m3. Although this
increase may not be suitable for conventional mass concrete applications, it could be justi-
fied in high-performance, repair, or multifunctional structural elements where enhanced
fracture resistance and durability are critical.

5. Conclusions
This study focuses on the use of statistical methods to facilitate the analysis of the syn-

ergistic effect of carbon fibers (CFs), carbon nanotubes (CNTs) and graphene nanoplatelets
(GNPs) in a cement matrix. All the three carbon materials were added in percentages be-
tween 0.033% and 0.067%, with a total carbon content ranging from 0.1% to 0.2% by weight
of cement. Carbon materials were first functionalized to guarantee a proper dispersion in
water and subsequently in cement, as discussed in previous papers of the authors [15–17].

The research utilized a face-centered central composite design (FCCD) to systemati-
cally evaluate the effects of varying concentrations of these three reinforcements, thereby
identifying the most influential variables for each response and quantifying the experi-
mental noise associated with the analysis of each response. Results and key insights are
outlined below. The statistical analysis provides information on the reliability of results,
as shown by the explained variance. The coefficients of the multivariate analysis suggest
which interactions are the most effective and which ones are statistically significant.

The model allows for the prediction of the maximum values for the measured prop-
erties. Regarding flexural strength, the explained variance of the results is very low, 1%,
suggesting that no statistical interpretation of data is possible. The results for flexural
strength ranged between 1.9 and 3.3 MPa, but no clear indication can be given on the effect
of the three carbon materials on these properties. Regarding fracture energy, the explained
variance is 25%. This value is not very high, due to the significant experimental variance
in the results, but some conclusions can be drawn. Fracture energy reached its highest
values at the maximum concentrations of all three reinforcements, with the coefficient of the
multivariate analysis suggesting a particular positive correlation between CFs and GNPs.
The best-performing composite achieved a fracture energy of 18.1 J, almost 800% higher
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than the reference sample. Regarding compression strength, the explained variance is high,
66%. Compression strength showed notable improvements, with the model predicting the
highest value at an intermediate amount of GNPs and either high CFs and low CNTs or low
CFs and high CNTs, a result suggesting that high concentrations of both these components
could lead to difficulties in dispersion and thus in defect formation. The best-performing
composite achieved a compression strength of 48 MPa, 32% higher than the reference
sample, with the model predicting a possible increase up to 40%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcs10030141/s1, Figure S1: Contour plots for the responses of
flexural strength; Figure S2: Contour plots for the responses of fracture energy; Figure S3: Contour
plots for the responses of compression strength; Figure S4: Response surfaces relative to flexural
strength; Figure S5: Response surfaces relative to fracture energy.
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