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Abstract: In this study, Multiwalled Carbon Nanotubes (MWCNTs) and Marble Powder (MP) have
been utilized in reinforced concrete columns to assess their structural behavior. The nanotubes from
0.025% to 0.20% and 5% MP by weight of cement were used. The compressive strength of reinforced
concrete columns and cubes was analyzed as the main property. The incorporation of MWCNTs and
marble powder was able to increase the compressive strength of columns by 72.69% and mortar by
42.45% as compared to reference concrete. The ductility was noted to be improved by 42.04%. The
load-deformation and stress-strain behaviors were also analyzed. The Scanning Electron Microscopy
(SEM) analysis revealed the formation of a strong compact bridge (90–100 layers), Calcium Silicate
Hydrate (C-S-H) gel, evenly dispersion, and bridging effect caused by MWCNTs. The incorporation
of 0.20% MWCNTs by weight of cement was recommended to be effectively used as a reinforcing
agent in concrete.

Keywords: multi-walled carbon nanotubes (MWCNTs); reinforced concrete (RC) column;
calcium silicate hydrate (C-S-H); marble powder; cement; concrete

1. Introduction

Concrete is being widely used as a construction material that bears various types of
loading causing micro-cracking which enhances its vulnerability toward severe exposure
conditions. The brittle nature of concrete induces micro-cracking that may reduce the
service life of a structure due to higher penetration of intruding agents causing durability
concerns. However, the carbon nanotubes were developed first in 1959 and it was used
in cement-composites from the early 1990s onward [1]. Carbon nanotubes CNTs cement-
composite enhanced the cement paste matrix and reduce the micro-cracks, thus increases
the toughness of the cement paste matrix and high durability resistance. The properties
and unique characteristics of CNTs exponentially enhance the properties of concrete. The
nanoparticles act as a filler and bridges the pores at the nano level, thus improve the
concrete properties [2]. In past decades, researchers have focused on developing efficient
types of concrete to minimize the impact of severe loadings. Columns play important
role in the ductility and strength behavior of concrete structures. Thus, it was required to
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develop concrete materials which possess high energy absorption capacity to reflect more
strength, ductility, and nearly inert to high loadings [3–6].

The carbon nanotubes are considered one of the best nanomaterials with extraordinary
multi-properties. The CNTs are divided into two groups named Single-walled Carbon
Nanotubes (SWCNTs) and Multi-walled Carbon Nanotubes (MWCNTs) [7,8]. In the re-
cent past, several studies have investigated the effects on construction materials by the
addition of CNTs. An exceptional improvement was noted in the mechanical properties
of concrete by adding a small number of CNTs [9]. It was reported that adding CNTs in
epoxy mortars enhances the flexural strength, toughness, young’s modulus, and fracture
strain [10–12]. CNTs have a tensile strength up to 11–59 GPa, which is almost 90 times
greater than conventional steel. The modulus of elasticity of the carbon nanotube is about
1 terapascal (TPa) [13]. CNTs have outstanding chemical and mechanical properties, which
make them ultra-high-strength material. However, a little study has been done on CNT
strengthened cementitious composites because of their low production and high price.
Large-scale production of CNTs now promises the use of CNTs as a structural material.
Some scholars have also investigated CNT reinforced high-performance concrete. Though,
different assumptions have been found concerning the strengthening of cement matrix with
MWCNTs. CNTs are susceptible to create agglomerates and develop bundle structures.
Appropriate mixing and distribution methods are significant factors altering the behavior
of Nanocomposites, as inadequate mixing of MWCNTs leads to several imperfections in
the cement matrix and reduces the strengthening effect of the MWCNTs. There exist several
methods to disperse CNTs properly in a mix as the properties of concrete widely depend
upon the dispersion techniques. These methods include mixing of mortar directly with
CNTs in rotary mixer [14], dispersion of CNTs via ultra-sonication in presence of some
polymers [15], direct mixing [16], water suspension of CNTs via ultra-sonication [17], and
scattering via surfactants [18], scattering over the probe and acid-treated CNTs [19]. Pub-
lished literature has reported the multi-functional performance of cement paste composite
such as self-sensing [20], enhancing flexure toughness, ductility [21], microstructural crack
capturing [22], and increasing the fire performance of concrete [23].

Industrial growth and revolution lead to the consumption of natural resources with the
production of waste materials that target our environment. Researchers have been focused
on utilizing industrial waste materials for engineering purposes. MP (MP) is industrial
processing waste generated during cutting, sawing, grinding, and polishing of marble.
Because of having a low concentration of reactive silica [24], it is not highly pozzolanic
in nature as it acts as a nucleating agent to provide nucleation sites for precipitation of
CSH gel in concrete. It also fills in the micro-sized pores present in concrete due to its
microscopic nature. Therefore, MP collectively densifies the concrete microstructure by
nucleation action as well as filler effect. It is thereby suggested that the MP has been
successively used in concrete to improve its mechanical properties [25]. The utilization of
MP in concrete and mortar up to 10% as a filler material that exhibits high strength. Further,
it was observed that MP used in early ages as fill materials has a positive effect on the
properties of concrete [26]. Incorporating waste powder in polymer concrete with grain size
0.075–0150 mm exhibits higher physical and mechanical properties [27]. It was examined
that incorporating 60% marble wastes in concrete improves its mechanical properties [28].

It is evident from the literature [21] that the MWCNTs impart higher flexural rigidity
and ductility in concrete members due to having ultra-high tensile strength. Alongside
acknowledging these properties of MWCNTs cement-based composite, this research has
been focused on analyzing the actual axial behavior of reinforced concrete columns con-
taining MWCNTs along with the inclusion of MP as a filler. Therefore, the interaction of
MWCNTs in cement paste matrix and their contribution toward compressive strength has
been studied. The failure modes of scaled columns were analyzed alongside the determina-
tion of ductility and post-peak behavior of the reinforced concrete in compression, whereas
the evidence of increased axial capacity was endorsed by the findings of Scanning Electron
Microscopic (SEM) analysis of concrete microstructure containing MWCNTs.
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2. Significance of Research

In the past, sufficient research has been carried out to assess the effect of mixing
MWCNTs and MP separately in concrete but their combined effect on the structural be-
havior of columns was not studied. This study investigated the analysis of experimental
results including failure mode identification, post-peak behavior of columns, strain energy
absorption mechanism by comparing toughness in axial compression case, and microstruc-
tural analysis to study the microscopic behavior of MWCNTs in the strength development
mechanism of reinforced concrete columns. MWCNTs are considered the best nanomaterial
for improving the properties of concrete by adding a very small amount. It was expected
that MWCNTs and MP would be able to improve the axial compressive behavior of RC
columns as well as other parameters like crack patterns, failure modes, load-deflection
curves, stress-strain behavior.

3. Experimental Program
3.1. Materials
3.1.1. Cement

In this study type, I cement under the brand name of “Fauji Cement” (Fauji Cement
Company Limited, Attock, Pakistan) was used as a binder, which complies with ASTM
standard specifications C150 [29]. The cement was fresh, free from impurities and lumps. The
chemical properties of cement are given in Table 1 and physical properties are given in Table 2.

Table 1. Chemical composition of cement and MP.

Material SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

Cement 21 0.348 5.04 3.24 0.064 2.56 61.7 0.252 1.117 0.068
Marble Powder 1.83 - 0.56 0.24 - 1.08 52.34 0.01 0.17 -

Table 2. Physical properties of materials used.

Material
Fineness
(cm2/g)

Water
Absorption (%)

Specific
Gravity

Setting Time (min) Compressive Strength MPa
Initial Final 7 Days 28 Days

Cement 2915 - 2.99 97 195 24.3 36.24
Fine Aggregates - 1.22 2.73 - - -

Coarse
Aggregates - 0.44 2.83 - - -

Marble Powder 3450 0.95 2.70 - - -

3.1.2. Aggregates

Fine aggregates (F.A) were collected from Lawrencepur deposits in Pakistan. The
fineness modulus of FA was found as 2.66 which was determined as per ASTM standard
procedure C136 [30]. Coarse aggregates (C.A) were obtained from the Margalla hills deposit
which is considered one of the best sources in Pakistan. The aggregate size ranged from
9–12 mm. The properties of aggregates are given in Table 2.

3.1.3. Marble Powder

The marble powder (MP) was obtained from the local marble industry. The waste
was produced by processing marble stone which includes cutting, shaping, and polishing
collected in a settling basin. The MP was light grey in color and checked for clumps and
impurities. The utilization of MP and strength of concrete depends upon the physical and
chemical properties of MP. The chemical properties of MP are given in Table 1 and physical
properties are listed in Table 2. The MP in this research was used as filler material [25].
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3.1.4. Carbon Nano Tubes (CNTs)

The advance material used in this research was multiwalled carbon nanotubes (MWC-
NTs) which exhibit a high modulus of elasticity compared to steel. The physical and
chemical properties of MWCNTs are provided in Table 3. In this study, the scattering of
CNTs was carried out using polycarboxylate as a superplasticizer and sonicator, an electri-
cally operated device [31]. The dispersion (sonication) time of MWCNTs in the sonicator
was maintained constant at about 40 min. For the initial five minutes, a polycarboxylate-
based superplasticizer at 0.008% by weight of cement was added in water in sonication
bath which is responsible for optimum and uniform dispersion of CNTs. Then after every
8 min, an equal amount of CNTs was added to the sonication bath. After 40 min, the
sonicated water was used for concrete casting. The MWCNTs are shown in Figure 1.

Table 3. Physio-chemical properties of MWCNTs.

Physical Property Value/Specifications Chemical Properties
(Compounds) Sample % Age by Wt.

Form Powder form Al2O3 7.01
Color Black SiO2 0.53

Carbon Purity Min. 95% SO3 0.46
Number of Walls 3–15 P2O5 0.44
Outer Diameter 5–20 nm Fe2O3 0.18
Inner Diameter 2–6 nm Loss on ignition 91.18

Apparent Density 0.15–0.35 g/cm3 CaO 0.11
Flash Point 290 ◦C CO2O3 0.09

Length 20–100 µm Tm2O3 0.01
Water Insoluble K2O –

Density at 20 ◦C 0.15 g/cm3 TiO2 –
Danger of Explosion At concentration 50 g/m3 or higher Specific surface area (m2/kg) 250–300 (m2/kg)
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Figure 1. Carbon nanotubes (CNTs) (before) and (after) being added to water.

3.2. Casting of Concrete Specimen

For compression testing, six types of reinforced concrete square columns having
a size (150 mm × 150 mm × 600 mm) were cast adding MWCNTs and MP with the
cement-aggregate ratio of 1:1.5:3. Two reference samples with no CNTs and MP were also
developed for comparison purposes. It is worth mentioning that the average of three tested
samples of each column type was taken for axial compression that complies with American
Concrete Institute (ACI) 318-19 section 26.12.3.1 [32]. The w/c ratio was kept constant
as 0.45 for all the concrete mixes to maintain sufficient workability. The columns were
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equipped with four #3 (9.525 mm dia.) longitudinal bars and five #2 (6.4 mm dia.) bars as
shear stirrups.

The elevation and cross-section are shown in Figure 2. The steel grade was labeled as
grade 60 having a modulus of elasticity of 200 GPa and yield strength of 413.6 MPa. The length
of the main bars for all columns was 571.5 mm, and that of shear stirrups was 533.4 mm.
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Figure 2. Column detailing.

The concrete columns were cast and cured in a water tank for 28 days. Similar mix propor-
tioning was used in casting concrete cubes of standard size (150 mm × 150 mm × 150 mm).
The cubes were cured for 7 days and 28 days in a water bath at room temperature. For
all mixes, the ratio and size of the aggregate, cement content, and w/c ratio were kept
constant. The concentration of MWCNTs varied between 0.025 to 0.2% in RC columns
specimens, whereas the C1, C2, C3, C4, C5, and C6 mixes contain 0.025, 0.05, 0.075, 0.1,
0.15, 0.2% of MWCNTs with respect to cement weight. However, the amount of MP was
kept constant as 5% by weight of cement for all mixes except control mix C0 with no MP
content. The detail of mix proportions is presented in Table 4.

Table 4. Detail of mix proportions of RC columns.

Column
ID

Cement
(kg) F.A (kg) C.A(kg) MP (kg) CNTs (g) w/c Ratio

Slump
mm

C0 3.62 5.4 9 0 0 0.45 76
C0M5 3.62 5.4 9 0.18 0 0.45 79

C1 3.62 5.4 9 0.18 0.905 0.45 82
C2 3.62 5.4 9 0.18 1.81 0.45 88
C3 3.62 5.4 9 0.18 2.715 0.45 90
C4 3.62 5.4 9 0.18 3.62 0.45 95
C5 3.62 5.4 9 0.18 5.43 0.45 97
C6 3.62 5.4 9 0.18 7.24 0.45 99

3.3. Test Setup for Columns

The concrete columns were tested under axial compression in the compression testing
machine. The machine was properly calibrated before use. The strain gauges, Linear
Displacement Sensors (LDS) also called (LVDTs) were managed to attach at the front and
back faces of the column. The P3 recorder (data logger) was used to store this data in
4 channels for accuracy purposes and then transmitted it to another external computer.
The applied load data was stored by the Motor Control Centre (MCC) machine as shown
in Figure 3. The whole assembly setup displayed the ultimate failure load of the short RC
column and its corresponding strains (deflections) at every increment of 50 KN load.
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4. Results and Discussion
4.1. SEM

The SEM analysis for the mixes is shown in Figure 4, which shows that a compact
bridge structure is formed by adding CNTs in concrete mixes. Figure 4a showed visible
folds between 90–100 layers which confirm a compact bridge structure responsible for the
high strength of the C6 mix. These folds provide resistance to external loads which prevent
cracking. Figure 4b shows the internal structure of the control mix in which no folds are
formed and there is no bridge effect confirmed which leads to micro cracking as shown in
the highlighted area.
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Another reason for the high strength of CNT mixes is the formation of C-S-H gel which
can be confirmed from Figure 4c. The highlighted portion shows that mixes with CNTs
exhibit a high amount of C-S-H gel. The CNTs are tightly inserted between the hydrated
products in the matrix because CNTs act as a nucleating agent for C-S-H gel as reported
by [33]. SEM micrograph of C6 mix (Figure 4d) shows that CNTs were well dispersed by
sonication method before mixing of concrete constituents. Also, the CNTs were found
to develop a bridging effect within the cement paste microstructure to enhance the crack
capturing ability, thus increasing the ultimate strength of the cement paste matrix. Hence,
the ultra-strong MWCNTs appeared to cause significantly higher strength properties by
the crack bridging effect.

4.2. Compressive Strength of Concrete Cubes

The results show that the compressive strength of concrete cubes increased with in-
creasing content of MWCNTs which are shown in Figure 5. Also, compressive strength
tends to increase with curing age. For instance, the mix C1 (having 0.025% of MWCNTs
and 5% MP) has 7 days strength as 19.59 MPa while for 28 days the strength noted was
25.41 MPa, which shows a 29.70% increase in strength with curing age. The highest increase
in strength was noted for mix C6 where the strength difference is 38.36% for 7 days and
28 days curing period. The increase in strength may be attributed to the optimum nucleat-
ing action of MWCNTs to facilitate the precipitation of hydration products by surrounding
MWCNTs all around [34]. Moreover, MWCNTs interconnect the microstructure by bridging
effect, preventing the generation of micro-cracking which is depicted in SEM analysis.
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The mixes reinforced with MWCNTs show a significant increase in compressive
strength compared to that of the control mix. The 7 days strength noted for mixes C1,
C2, C3, C4, C5, and C6 were 19.59, 21.32, 23.47, 24.98, 25.41, and 28.00 MPa, respectively,
whereas the strength at 28 days of curing was 25.41, 29.50, 31.00, 32.25, 33.16 MPa and
37.90 MPa respectively. It is shown that the highest compressive strength was noted for
mix C6 for both 7 days and 28 days curing, which shows a higher trend than the control
mix by 44.47% at 7 days and 72.58% at 28 days. The variations are given in Figure 5.

Literature [35] has also suggested the increase of compressive strength of cement
paste composite with the inclusion of MWCNTs, the results indicated a 31% increase of
compressive strength with the incorporation of 3% of MWCNTs. The MP has a positive
effect on the properties of MWCNTs additive concrete. However, the strength increase
was more pronounced at 28 days curing rather than 7 days curing. This is because of
the synergic action of nucleation and filler effect in which MP provides nucleation sites
for crystallization of C-S-H gel and fill the micro-sized pores in cement paste matrix,
respectively [36]. The reactive nature of MP in the form of dolomite mineral lead to
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the formation of calcium hydroxide and increases the alkalinity, which accelerated the
hydration process by reducing the barrier of nucleation sites. It has been reported in the
literature that the MP used in small quantities from 5 to 15% has more ability to fill the voids
in concrete and improve the packing density of mixes [37]. Therefore, the compressive
strength of concrete increased due to the bridging effect of MWCNTs, filler effect, and
pronounced alkalinity due to the presence of MP.

4.3. Axial Behaviour of RC Columns

The compressive strength values of reinforced concrete columns at the curing age of
28 days are shown in Figure 6. The ultimate compressive strength of the control sample
was recorded as 22.09 MPa at the point of fracture. The C0M5 concrete column (0% CNTs
and 5% MP) showed ultimate compressive strength at 24.04 MPa which was recorded from
the stress-strain curve. This showed that the compressive strength of the C0M5 column is
greater than that of the control column by 8.11%. The reason may be explained as micro-
sized particles of MP filled the voids in concrete and behaved as a compact cement paste
matrix offering a higher load-carrying capacity of C0M5 column than reference specimen.
The ultimate compressive strength of the RC columns specimens with 0.025, 0.05, 0.075,
0.10, 0.15, and 0.20% concentration of MWCNTs was resulted as 29.38, 30.71, 30.16, 32.84,
37.11, and 39.69 MPa, respectively. This shows an increase in compressive strength of
33.00, 39.02, 50.01, 51.11, 67.99, and 79.67% for RC column specimens containing 0.025, 0.05,
0.075, 0.10, 0.15, and 0.20% MWCNTs respectively as compared to that of the reference
column, while the increase in compressive strength of the MWCNTs incorporated mixes
comparative to that of C0M5 mix was recorded as 22.21, 27.74, 25.45, 36.60, 54.36, and
65.09%, respectively.
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Figure 6. Ultimate axial compressive strength of different RC columns.

The exponential regression analysis between the percentage incorporation of MWCNTs
and ultimate compressive strength of RC columns has been shown in Figure 7. The percent-
age addition of MWCNTs in the various mentioned mixes range between 0.023 to 0.188%
weight of cement with the incremental size of 0.023%. The values of crushing strength of RC
columns containing a concentration of MWCNTs that exist between the tested percentages
can be interpolated using the following regression equation (Equation (1)) with considerable
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accuracy as the value of the regression coefficient is around 0.91. The regression coefficient
value indicates the good relation between data points and the regression curve.

Compressive Strength of RC Columns = 27.552 e1.9401(MWCNTs) (1)
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Figure 7. Strength development of RC columns upon incorporation MWCNTs.

The results show that adding MWCNTs enhances the compressive strength of RC
columns together with MP. The increasing compressive strength values are also associated
with the bridging effect of MWCNTs in concrete microstructure (SEM analysis), which may
have withstood higher cracking (tensile) stresses compared to the control specimen. The
highest strength value of 39.69 MPa was noted for sample C6 (0.20% MWCNTs and 5% MP),
which was greater than the reference specimen by 79.67%. The incorporation of 0.2% of
MWCNTs (C6 mix) in the RC column has shown an increase of 79.67% compressive strength
as compared to that of the C0M5 column. The higher concentration of MWCNTs has
provided more nucleation sites for the precipitation of hydration product, thus interlocking,
and bridging within the microstructure to increase the load-carrying capacity of the C6
RC column in pure compression [38]. However, the surface energy of MWCNTs ranges
between 27–45 mJ/m2 which is responsible for bond existence between hydration product
and MWCNTs [39]. The results of CNTs incorporating specimens strongly depend upon the
dispersion of CNTs which provides a bridging effect between C-S-H gel and MWCNTs [40].
Another possible reason could be the small size of MWCNTs and MP which filled the pores
of the concrete and behaved as compact mass and reduced capillary sorption. Therefore, the
crack bridging effect due to the inclusion of MWCNTs and filler effect due to the presence
of MP significantly improved the microstructure and enhance the load-carrying capacity.

4.4. Failure Modes

Failure of most of the RC columns with or without MWCNTs had similar behavior. The
failure of the control column having no MWCNTs showed brittle behavior and sound cracking
was observed during testing. In the early stage of load application, the column behaved
similarly to columns with MWCNTs. In the elastic-plastic region, cracks appeared at the
surface of the column which elongated to the top of the column and deep inside the column.
Local buckling of longitudinal reinforcement was also observed. As the load progressed, the
concrete cover was broken, and cracks propagated inside the column resulting in the concrete
crushing and buckling of longitudinal reinforcement as shown in Figure 8.
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Figure 8. Failure modes of control column (a) Buckling of longitudinal reinforcement (b) Crushing of column (c) Cracks
Propagates deep inside.

The maximum load-carrying capacity was observed for column C6. In the early ages
of load application, the C6 mix showed significant resistance against load, and no cracks
have appeared at the surface of the concrete. The deformation of the column was very
small compared to other columns in the elastic region. The first crack was appeared on the
left top surface of the column and propagated to the bottom up to 70% of column length.

However, no buckling of reinforcement or opening of stirrups was observed at any
stage of loading. When axial loads reached their peak values, delamination of concrete
was observed on the surface where cracks appeared, and longitudinal reinforcement was
exposed to the atmosphere. By closely observing column C6, it was noted that there were
no cracks propagated beyond shear reinforcement as shown in Figure 9, which is indicative
of the fact that the shear capacity of concrete increased significantly at 0.2% incorporation
of MWCNTs in the RC column even at fracture. Moreover, the concrete confined within
reinforcement did not undergo high deformations in the C6 column.
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The RC column having no MWCNTs and 5% MP (C0M5) showed ductile failure. The
difference between column C0M5 and C6 is that the former was crushed from both sides
and later from the left side only. The exposure of longitudinal reinforcement and shear
reinforcement was more visible in the C0M5 mix. The concrete bounded within reinforce-
ment was crushed leading to buckling of longitudinal reinforcement. The delamination of
concrete was severe from both sides as axial loads reached close to their peak values as
shown in Figure 10.
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crete cover.

The RC columns containing 0.025, 0.05, 0.075, 0.10, 0.15, and 0.20% of MWCNTs had
shown the crushing behavior with no buckling, whereas the control concrete under similar
loading conditions had shown the crushing behavior. The cracking pattern and axial
deformation are shown in Figure 11. The other parameters associated with columns during
testing such as ultimate load, load-displacement, stiffness, and toughness are given in
Table 5. The corresponding ultimate displacement, axial toughness of control (C0) and
mix with the inclusion of MP (C0M5) was observed as 1.395 mm, 693.32 KN.mm and
1.311 mm, 412.66 KN.mm, respectively which depicts the drop in ductility of RC column
specimen with the incorporation of MP despite the increased load-carrying capacity in
C0M5 mix. The loss in ductility has resulted because MP act as filler in the concrete matrix,
only enhancing its compressive strength, which has also been explained in SEM analysis.
However, the ultimate displacement and axial toughness of RC columns increased upon
the addition of MWCNTs which was due to its ultra-high tensile strength, crack capturing,
and crack bridging properties.

4.5. Load-Deformation Behaviour

The load-deformation curves for all the beams with and without MWCNTs are shown
in Figure 12. It may be noted that the stiffness of all the beams exhibited a similar trend at
the initial stage of loading. For the control specimen, an ultimate load of 497 KN was noted
for a deflection value of 1.395 mm. Beyond this stage, the stiffness tends to decrease. The
decrease in stiffness was observed for all the columns having MWCNTs which increase
linearly with increased content of MWCNTs.
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Table 5. Parameters associated with the load-deflection curve.

Specimen Ultimate Load (KN) Ultimate
Displacement (mm)

Initial Stiffness
(KN/mm)

Toughness
(KN.mm) Failure Mode

C0 497 1.395 356.27 693.32 Buckling
C0M5 541 1.311 412.66 709.25 Crushing

C1 661 1.661 397.95 1097.92 Crushing
C2 691 1.713 403.39 1183.68 Crushing
C3 746 1.811 411.93 1351.01 Crushing
C4 739 1.781 414.94 1316.16 Crushing
C5 835 1.88 444.15 1569.80 Crushing
C6 893 1.99 448.74 1777.07 Crushing
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The highest increase was noted for C6 (0.20% MWCNTs and 5% MP) column. The
maximum deflection was noted as 1.99 mm at a loading of 892 KN. The increase may be
attributed to the increasing content of MWCNTs which provided strong compact bridge
and prevented concrete from cracking and spalling. The elongated shapes of MWCNTs
together with MP as filler material provided resistance and became more efficient in the
cracking zone. The maximum load was greater than the control specimen C0 by 79.6% and
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more than the C0M5 mix by 65.06%. Therefore, the results indicated that the inclusion
of MWCNTs strengthens the concrete microstructure, thus increase the load-carrying
capacity significantly.

4.6. Ductility

The ductility of a structural member is the tendency to deform to a large strain without
fracturing under the applied load. It provides a warning before the failure of a structural
member. The ductility is the ratio of axial displacement to the 85% of ultimate load given
in Equation (2) [41].

µ = ε0.85/0.004 (2)

Where µ represents ductility and ε represents strain.
A column having greater areas under the stress-strain curve is considered a more

ductile column. The ductility for the reference mix (C0) was found to be 1.056. It was found
that ductility tends to increase by increasing MWCNTs. It was observed that the C0M5
column had the lowest ductility which means that MP had an adverse effect on ductility.
The values of ductility observed for mixes C1, C2, C3, C4, C5, and C6 were greater than
that of the reference mix by 18.37, 23.10, 30.20, 27.84, 34.94, and 42.04% respectively. The
overall trend of ductility ratio is shown in Figure 13. The ductility value was found to be
highest for mix C6. However, the lowest ductility was found for the mix C0M5 which is
less than that of the reference column by 5.8%, the drop in ductility value was observed for
C0M5 specimens due to the reason that MP had not contributed chemically to the cement
paste matrix, however, MP behaved as a filler in cement paste matrix only enhancing
compressive strength with the expense of losing ductility and attributing brittleness to
the concrete.
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Figure 13. Variations of ductility with RC column type.

The stress-strain curves for all RC columns are given in Figure 14. The previous
studies show that the addition of MWCNTs increased the ductility values of concrete at
the age of 28 days and resulted in high energy absorption. The ductility value strongly
depends upon the concentration, curing time, and dispersion of MWCNTs in the mix [42].
A significant increase in ductility ratio was noted in MWCNTs reinforced concrete which
shows an increase in the area under the stress-strain curve allowing more energy dissi-
pation in this region [35]. It is known in several literature studies that the inclusion of
short fiber in brittle material such as concrete impart ductile behavior [43], therefore the
incorporation of MWCNTs in cement composite increased the ductility of the RC column.
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Therefore, the ductility of the RC column increased due to the ultra-high tensile strength of
incorporated MWCNTs.
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Figure 14. Comparison of stress-strain curves of all RC columns.

5. Conclusion and Recommendations
5.1. Conclusions

In this study, an attempt was made to use multi-walled carbon nanotubes in reinforced
concrete columns to assess mainly its axial properties of the reinforced column. The
following conclusions can be drawn from the above study:

1. The MWCNTs incorporating columns tend to increase the axial compressive strength.
The highest strength was noted for the column (0.20% MWCNTs & 5% marble powder)
which was found more than the reference column by 79.11%.

2. By adding CNTs in the concrete increases its strength with curing age as noted in
the case of concrete cubes. It was noted that concrete cubes incorporated with 0.20%
CNTs and 5% marble powder had greater strength than reference mix by 44.47, 72.58%
at 7, and 28 days of curing, respectively.

3. The incorporation of MWCNTs in concrete enhanced its microstructure and strength
to minimize column buckling. There was no buckling of reinforcement observed in
columns cast with adding MWCNTs except for columns having 0.025% CNTs & 5%
marble powder.

4. The load-deflection curves confirm maximum stiffness for MWCNTs columns and
minimum for control columns.

5. The columns incorporated with 0.20% MWCNTs exhibit higher ductility than the
control specimen by 42.04%.

6. The columns incorporated with no MWCNTs and 5% marble powder showed duc-
tile failure.

7. The SEM analysis confirms the bridging formation of MWCNTs in the form of folds
and layers embedded in the concrete matrix.

8. The SEM analysis also confirms the embedding of MWCNTs in the C-S-H gel.

5.2. Recommendations

The incorporation of 0.20% MWCNTs and 5% marble powder as filler material by
weight of cement are recommended to be effectively used as a reinforcing agent in concrete.

At structural level, the strain sensing attribute of MWCNTs can be utilized to study the
actual performance of column in seismic event and it may open up the venues in structural
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health monitoring. However, at microstructural level, Nuclear Magnetic Resonance (NMR)
spectroscopy may be used to develop the quantitative understanding for development of
hydration phases of MWCNTs cement composite containing Marble Powder.

Author Contributions: Conceptualization, A.J.K. and L.A.Q.; Data curation, A.J.K., A.G., M.U. and
A.A.; Formal analysis, A.J.K., M.N.A.K., A.G., M.U. and U.J.; Methodology, A.J.K., A.M., Y.I.B. and
A.A.; Investigation, A.J.K., M.N.A.K., A.M. and Y.I.B.; Software, A.J.K.; Writing—Original draft, A.J.K.
and M.N.A.K.; Supervision, L.A.Q. and R.F.; Visualization, U.J. and R.F.; Writing—Review & Editing,
U.J. and R.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: The authors are thankful to concrete Laboratory officials of Civil Engineering De-
partment University of Engineering & Technology Taxila, Pakistan for helping in conducting experiments.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

C0 (0% CNTs & 0% MP), COM5 (0% CNTs & 5% MP), C1 (0.025% CNTs & 5% MP), C2 (0.050%
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