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Abstract: The study investigates the effect of carbon nanotubes on chloride penetration in
nano-modified mortars and reports on the physical, electrical, and mechanical performance of
the material. Mortars were artificially corroded and their surface electrical surface conductivity
as well as flexural and compressive strength were measured. The influence of variable nanotube
concentration in accelerated corrosion damage was evaluated. Nanotube concentration was found
to significantly affect the permeability of the mortars; improvements in flexural and compressive
response of mortars exposed to salt spray fog, compared to virgin specimens, were rationalized
upon decreases in the apparent porosity of the materials due to filling of the pores with sodium
chloride. Electrical resistivity was found to increase up to two orders of magnitude with respect to
the surface value; above the percolation threshold, the property impressively increased up to five
orders of magnitude.

Keywords: chloride diffusion; cement mortars; carbon nanotubes; mechanical properties;
electrical properties

1. Introduction

Reinforced cement-based structures are expected to remain intact for long periods of time
with minimum service requirements. This demands the development and usage of long-lasting
building materials. Lately, there is increasing attention towards incorporating nanoparticles in
building materials for improvement of their mechanical and electrical performance as well as
endowment of multi-functionality to the structure [1-3]. Relevant studies have explored the use,
in cement-based materials, of such nano-reinforcements such as nano-CaCQOj; [4], nano-SiO; [5], as well
as carbon-nanofibers (CNFs) [2], graphene nano-platelets [6,7] and carbon-nanotubes (CNTs) [8,9].
It has been reported that homogeneously-dispersed nano-particles can fill inherent voids in cement
structures, hence lowering the porosity and increasing their strength and durability [10]. On the other
hand, poor design and supervision, unsuitable construction, insufficient materials selection and harsh
environments can severely downgrade cement structures [11-13].

One of the major durability issues that the construction industry is facing globally is the materials’
structural degradation [14-17]. This may lead to reductions in strength, reinforcement corrosion,
as well as aesthetics issues, which would require early repair or replacement of the structure [18].
Corrosion, attacking mainly reinforcements via the pores in the material bulk, is primarily due to
carbonation and chloride attack [12,19-22]. Dry environments favor corrosion because of carbonation
and carbon oxide excess [23]. On the other hand, localized corrosion in different types of cement-based
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structures exposed to marine environments may lead to premature structure failure due to chloride
ingress through the net of the material pores or via ion incorporation in the mixture [12,24,25].

In concrete, the corrosion process is completed in two stages: In the initial corrosion initiation
stage, chlorides penetrate the concrete without causing damage to the material. In the second stage,
termed corrosion propagation stage, corrosion elements accumulate until the material’s ultimate
failure [12]. For concrete structures in marine environments, the service life is the sum of the durations
of the two stages, while durability and serviceability of the structures depend greatly on the duration
of the initiation stage [12]. A variety of methods are currently available in the literature for prevention
of deterioration due to chloride penetration, as are models for prediction of the time of corrosion
initiation and total service life [19-24,26]. In order to better assess the phenomenon, knowledge of the
different driving forces responsible for the penetration of chloride ions in concrete is indispensable.
Possible such driving forces include absorption during wetting and drying cycles [27] and application
of hydrostatic pressure, by means of an hydraulic head on the surface of the concrete [18]. However,
the most common way in which chloride ions get in contact with concrete reinforcement is diffusion,
i.e. the movement of chloride ions under a concentration gradient via a continuous liquid phase [28].
The penetration rate depends on the quality of the concrete, its chloride binding capacity, hydration
degree, duration of exposure to chlorides, water to cement ratio, temperature and curing time, as well
as the presence of supplementary cementing materials [12,18,24,28,29]. A sufficient understanding of
these factors and their relationships could provide a good base for the limitation of degradation of
cement-based structures.

The degree of resistance of concrete to chloride ion penetration is characterized by the coefficient
of diffusion in Fick’s corresponding second law [30]. Its calculation requires exposure of the concrete
sample to known concentrations of chloride solutions for specific durations followed by measurement
of chlorides’ concentration at successively larger depths. The values of chloride diffusion coefficient
usually vary from 10~!3 m? /s to 1071% m?/s [31] in relation to the concrete properties such as w/cm
ratio, the type and proportion of mineral admixtures and cement, the material’s compaction and
curing state, chloride exposure conditions, as well as the presence of cracks [32]. Currently available
experimental methods for the determination of concrete’s resistance to chloride ion penetration include
the rapid chloride permeability test (RCPT) as shown by Marta Kosior—Kazberuk [33], the rapid
chloride test (RCT) method, and the rapid chloride migration test (RMT) [10,34-39]. Probably the
most straightforward way of measuring chloride penetration is to immerse the specimens under
investigation in salty solutions with different concentrations for specific periods of time depending on
the needs of the experiment [40-42]. Ming Jin et al. suggested the measurement of electrical resistivity
as a non-destructive method for monitoring chloride ion penetration in concrete structures by means
of the electrical properties of graphene-modified cement composites [6].

While considerable research efforts have dealt with concrete behavior with respect to chloride
penetration [10,16,38,39,43] and the effect of sodium chloride in mortars [42,44], there is currently a
clear lack of knowledge on the effect of carbon nanotube (CNT) presence on chloride penetration
in state-of-the-art nano-modified mortars intended for future exploitation in real constructions.
The main purpose of the present study is to address the effect of chloride penetration in carbon
nanotube-modified cementitious materials subjected to marine environments. For that reason, two
different methods, namely the rapid chloride test method (RCT) and the rapid chloride permeability
test method (RCPT) were used for the degradation of the specimens, while the mechanical and electrical
behavior of the corroded materials was investigated.

2. Experimental Procedures

2.1. Materials and Specimens

Five cement mixtures of varying carbon nanotube concentrations, namely 0.2%, 0.4%,
0.6%, and 0.8% by weight of cement, were prepared according to standard protocol
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“BS EN 196-1:2005” [45] pertaining to the determination of physical, mechanical, and electrical
properties as well as chloride content in cement. A reference mixture without nano-inclusions was also
prepared for comparison purposes. All mixtures contained ordinary Portland cement, regular tap water
and natural sand. Long multi-wall carbon nanotubes (MWCNT), synthesized via catalytic chemical
vapor deposition were used as nano-reinforcements. The tubes, commercially available by Shenzhen
Nanotech Port Co. Ltd. (Shenzhen, China), had nominal purity higher than 97% and amorphous
carbon content which is less than 3%. Nominal tube diameter ranged from 20 to 40 nm, while their
length ranged from 5 to 15 pm. Viscocrete Ultra 300 (Sika AG, Baar, Switzerland), which is a native
water-based concrete additive comprised of polycarboxylate polymers, doubled as a superplastisizer
and nanotube dispersing agent. Superplastisizer selection was based on its high CNT dispersion
efficiency [8,46], excellent resistance to mechanical and chemical attack, as well as its ability to inhibit
air entrapment inside the specimens. A second superplastisizer, Viscocrete Ultra 600 (Sika AG, Baar,
Switzerland) was added in all fresh mortars, in amounts of approximately 1.5 g, to aid air content
stability and workability, hence eliminating contributions of these phenomena to the overall behavior
and enabling attribution of findings exclusively to nanotube concentration. In all cases, water to
cement ratio was maintained at 0.5.

The experimental procedure for the preparation of nano-reinforced cement mixtures, at tube
loadings of 0.2%, 0.4%, 0.6%, and 0.8 wt. % of cement, adopted the three following successive steps.
Initially, the superplasticizer and nanotubes were mixed at a ratio of 1.5:1 under magnetic stirring,
in regular tap water. Given the fact that for a single mix, BS EN 196-1 requires usage of 1350 g of sand,
450 g of cement, and 225 g of water, the relevant water/CNT ratios were 250 at 0.2% CNT concentration
and 125%, 83.5%, and 62.5% at 0.4%, at 0.6%, and 0.8% CNT concentration, respectively. Accordingly,
the sand/cement ratio was constant at 3:1. The resultant aqueous suspensions of MWCNTs were
ultrasonicated for 90 min at room temperature with a Hielscher UP400S device (Hielscher Ultrasonics
GmbH, Teltow, Germany) equipped with a cylindrical 22 mm diameter sonotrode delivering a power
throughput of 4500 J/min at a frequency of 24 kHz. The selected combination of ultrasonication
duration and energy rate was established as optimum for the suspension homogeneity achievement
without tube aspect ratio impairment [47]. The ultrasonicated suspensions were mixed with ordinary
Portland cement type “I 42.5N” and natural sand using a laboratory rotary mixer, in low and high
speeds sequentially for a total of 4 min, according to standard test method BS EN 196-1:2005 [45].
Immediately after mixing, the workability and air content of the fresh mortars were measured.
The remaining fresh mixture was poured into oiled metallic molds with internal dimensions of
40 x 40 x 160 mm for flexural and compressive test specimen production and 150 x 150 x 150 mm
for chloride penetration and electrical conductivity measurement specimen, where they were left for
24 h before demolding. The specimens were subsequently placed into a 100% humidity room for
28 days before being transferred into a laboratory corrosive environment.

2.2. Properties in Fresh Conditions

Fresh mortar consistency was determined following flow table tests, carried out according to
European Standard BS EN 1015-3:1999 [48]. Consistency is a measure of the fluidity and/or wetness of
the fresh mortar and is indicative of the deformability of the fresh mortar when subjected to certain
types of stresses [48]. The mortar was introduced into the mold carefully in two layers while excess
mortar was removed. Subsequently, the mold was slowly raised, and the mortar was spread out on the
flow table disc by jolting the table 15 times, approximately one per second. This causes the mortar to
spread further, in a roughly circular shape. The flow diameter is the average of the maximum diameter
of the pool of fresh mortar and the diameter at right angles. This average diameter value constitute the
flowability of the mixture after subtraction of the mold diameter, 100 mm [48]. Mixture air content
was determined after European Standard BS EN 1015-7:1999 [49]. Therein, using an air entrainment
meter for mortars (TESTING Bluhm & Feuerherdt GmbH—Berlin, Germany), filling capacity of 1 L,
water was introduced on top of the mortar surface and forced into the mortar by means of applied
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air-pressure hence displacing air from within the pores. The corresponding drop in water level reflects
the volume of air displaced from the mortar with the direct reading of the air content in percentage.

2.3. Chloride Penetration

The resistance to chloride penetration of the modified mortars with different CNT loadings
was qualitatively evaluated using two effective methods, namely RCPT and RCT, suitable for
concrete characterization. The specimens used in these tests were the cores of 150 x 150 x 150 mm?
cubic samples.

2.3.1. RCPT Method

Rapid chloride ion penetrability test (RCPT) was conducted according to ASTM
C1202-97 [50] using the PROOVE'it® system (Germann Instruments—Copenhagen, Denmark).
It monitors the amount of electrical current passed through a 50 mm thick, 100 mm in diameter
specimen, which was positioned in a measuring cell and supplied with a direct current (DC) electric
current of 60 V for 6 h; the relevant apparatus is illustrated in Figure 1. In each side of the specimen
rested a fluid reservoir. One reservoir was filled with 3% NaCl and was connected to the negative
terminal, while the other was filled with 0.3 mol/dm? solution of NaOH and was connected to the
positive terminal of the power supply.

60V DC
POWER SUPPLY

Figure 1. Experimental set up for the rapid chloride permeability test method.

The total charge, in Cb, passing through the specimen is representative of its resistance to chloride
ion penetration. The chloride ion penetrability is evaluated qualitatively according to Table 1.

Table 1. Chloride ion penetrability based on charge passed.

Charge Passed [Cb] Chloride Ion Penetrability
>4000 high
2000 - 4000 moderate
1000 - 2000 low
100 = 1000 very low
<100 negligible

During the test, the solution temperature was monitored and maintained in the range of 20
to 25 °C, as higher temperatures aid acceleration of chloride ion transport, hence resulting in
non-representative data.

2.3.2. RCT Method

Evaluation of the chloride penetration features of nano-modified mortars was also carried out
by exposing specimens to salt spray environments according to ASTM B117 [51] specifications.
As laboratory conditions are much more aggressive than natural ones, to accelerate the phenomenon,
severe corrosion states in short times were anticipated. Compared to other laboratory-grade
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accelerated corrosion tests, the salt spray test was considered more representative of the natural
coastal environment [52]. Therein, after removal from the 100% humidity room, nano-modified
mortars were surface dried and then naturally dried in the laboratory environment. Subsequently,
they were sealed with insulating exterior paint on four sides, including the top side of the mold and
two opposite open sides permitted chloride diffusion through a predefined path. Coated samples were
placed in a VSC 450 salt spray corrosion test chamber (V6tsch Industrietechnik, Balingen, Germany)
(Figure 2a) for 100 days, with a sealed side resting at the bottom of the chamber (Figure 2b).

(b)

Figure 2. (a) Salt spray chamber and (b) sealed specimens inside the chamber.

Salt solution prepared by dissolving five parts, by mass, of sodium chloride (NaCl) into 95 parts of
deionized water, was introduced into the chamber’s solution reservoir. The utilized salt contained less
than 0.3 percent impurities to avoid impurities acting as corrosion inhibitors. Salt spray solution acidity,
measured at 25 °C, was maintained in the pH range from 6.5 to 7.2, while the temperature inside the
chamber was maintained at 35 °C [52]. After the end of the 100-day exposure period, nano-reinforced
mortars were carefully removed from the chamber and gently washed with clean tap water to remove
any surface salt deposit before being naturally dried.

The dried mortars were prepared for testing by the following methodology. Initially, a cylindrical
core of the exposed sides to the NaCl was drilled out of each cubic specimen. The diameter of the cores
was maintained within 95 mm to 105 mm while sectioning of the total length provided cylindrical
samples of an approximate height of about 65 mm, such as the ones shown in Figure 3.

Figure 3. Testing cores drilled off from mortars exposed to accelerated corrosion.

Subsequently, 1.5 g of powder ground from incrementally increasing depths inside the
nano-modified material were removed using a profile grinder (Germann Instruments—Copenhagen,
Denmark) and collected for chloride ion measurement. The grinding depth increment was kept as
low as 1 mm, to allow for high accuracy measurement; 60 successive depths were interrogated. Next,
ground powders originating from mortars with different CNT content were tested separately according
to the rapid chloride test (RCT) method. In this way, the amount of chloride calculated using the RCT
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electrode, which was initially calibrated, was related to CNT loading. Profiles of chloride content
versus the depth below the exposed surface were determined.

Assuming that diffusion is a one dimensional process, diffusion of chloride ions into the materials
is governed by Fick’s second law of diffusion (steady state diffusion) as follows:

aC(x) . 9°%C

TR M

where C represents chloride ion concentration, x is the depth from the surface of concrete, t represents
time, and D is the diffusion coefficient.

Solving Equation (1) requires knowledge of initial and boundary conditions as well as the value
of the diffusion coefficient, D. For a constant diffusion coefficient and under the assumptions that
chloride ion concentration on the material’s surface is constant (Cs = C(0,t)), the initial concentration
(Ci) is zero and the concentration at an infinite point, quite deep in relation to the surface, is also zero.
Equation (1) converts to Crank’s solution [53] as follows:

C(x,t) = Cs — (Cs — Ci)erf ( 5 \;‘Dt> )

where C(x,t) indicates the chloride ion concentration at a depth of x, measured from the surface in mm,
at an elapsed time t, measured in years, from the start of the chloride exposure

Cs is the chloride concentration (% of materials mass) at the material’s surface

Ci is the initial or background chloride concentration (% of materials mass)

D represents the chloride diffusion coefficient (mm?/ year)

Equation (2) describes the variation of chloride ion content as a function of the distance x from
the surface of the sample, after an elapsed time t since initial exposure to a constant surface chloride
concentration of Cs. The values of parameters Cs and D are determined using the least-squares curve
fitting that permits general non-linear regression analysis.

2.4. Porosimetry

The pore structure of the mortars modified with variable nanotube concentrations was analyzed by
mercury porosimetry in a PoreMaster 60 porosimeter (Quantachrome GmbH & Co. KG, Odelzhausen,
Germany). The measurements were performed on small nano-modified mortar volumes, less than
1 cm?®, extracted from specimens after mechanical testing failure.

2.5. Electrical Conductivity Measurements

Surface electrical conductivity was incrementally measured at the exposed mortar surface, after
step grinding of 10 mm of material. DC electrical conductivity was measured using a custom-built
contact electrical conductivity probe connected to an ultra-high precision digital electrometer /high
resistance meter (Keithley 6517B, Tektronix Inc., Beaverton, OR, USA) capable of measuring resistances
up to 1018 with a 10 x 1078 A current resolution. The probe, presented in detail in reference [2],
consists of a circular head comprised of 22 concentrically-arranged spring-loaded pin electrodes with
conductive rubber ends for optimal contact with the non-planar cement surfaces. The head rested on a
z-translational stage, which could be lowered and brought into contact with the specimen at constant
force by means of a lever. Conductivity, assumed exclusively attributable to nanotube presence,
is anticipated to vary with interrogation depth as a result of variable chloride ion concentration at the
instant depth.

2.6. Mechanical Performance

Mechanical characterization of corroded nano-modified mortars under the four point bending
test configuration was performed on 40 x 40 x 160 mm? specimens on an Instron 5967 testing frame
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(Instron, Norwood, MA, USA) equipped with a 30 kN loadcell according to standard test protocol
ASTM C1609 [54]. Prism halves occurring after the catastrophic bending test, were subjected to
compression testing, at a load rate of 2400 N /s, which corresponds to a stress rate of 1.5 MPa/s for the
40x40 mm? tested area, following the standard protocol EN 196-1:2005 [41].

3. Results and Discussion

3.1. Workability and Air Content of Fresh Mortars

Fresh mortar properties are the ones which determine the application range of the material.
During the course of the present study, workability as well as air content of the fresh nano-reinforced
mortars was maintained, in similar values throughout mixtures of variable nanotube concentration, by
addition of differential amounts of Viscocrete 600 superplasticizer as needed. As can be observed in
Figure 4, the workability of the mortars reinforced with different concentrations of carbon nanotubes
does not vary significantly from the starting, plain-mortar value. It must be recalled that the sole
dispersion assistive agent used in the mixture, which affects workability, was Viscocrete Ultra 300,
a native concrete additive which has proven highly effective for CNT dispersion, hence rendering
surfactant usage and chemical tube functionalization, unnecessary [8,55]. The invariance of workability
with respect to tube loading is a favorable finding, it ensures that the latter can act as the sole parameter
responsible for any documented variation in properties.
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Figure 4. Change of flowability and air content across nano-modified mortars with different
concentrations of carbon nanotubes.

Following completion of the flow table test, proper volumes of fresh mortars were used for air
content testing. Results from each mixture are plotted as a function of the tube content in Figure 4.
Here again, all specimens are observed to share similar air contents, a finding which confirms the
workability results as well as the role of Viscocrete 600 superplastisizer in the mixing procedure.
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3.2. Chloride Profile of the CNTs Nano-Modified Mortars

3.2.1. RCPT Method

The resistance to chloride penetration was initially evaluated qualitatively using the RCPT method;
results of current passing through nano-modified mortars with different CNT loadings after curing
duration of 28 days are illustrated in Figure 5. It is therein observed that throughout the whole test
duration, current was lower for plain specimens and increased with CNT concentration. The current
passing through the sample with 0.8% wt. CNTs was approximately 20% higher than in the sample
with no nano-reinforcement. The observed behavior is rationalized upon the anticipated increase in
conductivity endowed by higher concentrations of the conductive filler and compares favorably to
relevant recent findings [56,57]

360 \ | \ | \ | \ | \ | ) |
330 —
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& 300
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240 —o04
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0 60 120 180 240 300 360

Time, min

Figure 5. Current passing through nano-modified mortars with different amount of carbon
nanotubes (CNTs).

The electric charge allowed to pass through the nano-modified mortars is illustrated in Figure 6
as a function of tube concentration. Therein, negligible charge variation is observed with CNT loading,
while according to Table 1 classification, all samples appear to exhibit high chloride ion penetrability.
Furthermore, it is shown that the charge passing through the plain specimens is almost identical to
that passing through nano-modified mortars, a finding which suggests complete invariance of the
particular behavior to carbon nanotube presence. In view of these findings, three factors in the RCPT
method must not be neglected: (i) That the current passed is related to all ions in the pore solution,
not just chloride ions, (ii) that measurements are taken before steady-state migration is achieved,
and (iii) that the high voltage applied may lead to temperature increase which, in turn, may influence
the measurement [18,28].

3.2.2. RCT Method

As aforementioned, following 100 day exposure to salt spray, profile grinding at an increment of
1 mm, a total of 60 interrogations were performed. Figure 7 plots the typical chloride concentration
profiles, expressed in % mass of mortar as a function of interrogation depth.
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Figure 6. Total charge passed through specimens with different CNT loadings.
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Figure 7. Chloride profile of the nano-modified mortars at different depths.

It is observed that the profiles had an almost identical shape throughout mortars of variable
CNT concentration, with chloride content being at a maximum near the surface and decreasing with
interrogation depth. For all specimens, the first one or two measurements, corresponding to the first
two grinding steps, show less chloride ions than expected as a result of the aforementioned washout,
which was performed following the exposure procedure [58]. These initial data points were not
considered in the least-squares regression analysis for the obtainment of the best-fit values of the
parameters of Equation (2). Moreover, it is observed that after the first 50 mm below the exposed
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surface, ion content drops to less than 0.05% where nanotube presence does not make a difference to
the total recorded behavior. Most importantly, at all depths, chloride content was consistently higher
for samples with higher CNT concentrations, a finding which signifies that chloride ion concentration
is directly affected by nanotube presence. According to Figure 7, the influence is moderate for CNT
loadings of 0.2% and 0.4% wt. of cement and more intense in mortars loaded with 0.6% and 0.8%
nanotubes. Chloride concentration in mortars with 0.8% wt. cement CNTs is almost 50% higher than
that of plain mortars. It is believed that after drying the mortars that were exposed to salt spray,
chloride ions are still present in the cement matrix, although the network of pore water which initially
carried them and acted as an electrical pathway, is now removed. Resultant chloride-containing
crystals are electrically conductive and are now precipitated between networks of conducting carbon
nanotubes. This facilitates electrical current flow through the material and absorption of a considerable
amount of chloride ions. Inarguably, bigger amounts of chloride ions manage to travel effectively and
are trapped to the inner part of the structure as CNT concentration increases. The chloride diffusion
coefficient values calculated for nano-modified mortars exposed to 5% NaCl solution following the
analysis presented in Section 2.3.2 are shown in Figure 8. It is therein observed that the coefficient
increases for the first two nanotube loadings and is at a maximum at a CNT concentration of 0.4% wt.
of cement above which it drops again by approximately 30% of the maximum value, to the level of the
plain specimens or slightly lower. Joining information from Figures 7 and 8, it can be argued that higher
chloride diffusion coefficient values do not necessarily signify larger amounts of chlorides penetration
in the specimen. This is because the coefficient expresses how fast the chlorides are transported in
the material and depends on external factors such as the degree of hydration and saturation, as well
as porosity.
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Figure 8. Chloride diffusion coefficient for each nano-modified mortar.
3.3. Porosity

The pore size distributions measured by mercury porosimetry in mortars with variable carbon
nanotube contents are presented in Figure 9. It is therein observed that all mortars exhibited overall
comparable pore distribution curves with the main features being (i) the dominant peak at ca.
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6 x 1073 um, on 6 nm, which is fixed throughout variable nano-inclusion concentrations and is
inarguably attributed to intra-nanotube porosity, i.e., the over volume corresponding to the internal
open space of the cylindrical multi-walled tubes, and (ii) a pore range of non-consistent peaks up
to 0.2 um.
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Figure 9. Pore size distributions of nano-modified mortars.
The actual porosity values for each mortar with variable CNT concentration are given in Table 2.
It is observed that the total porosity drops with an increasing CNT concentration up to 0.4 wt. %,

above which it increases to values even higher than the plain case. This may be due to nanotube
entanglement issues at higher nano-inclusion concentrations.

Table 2. Porosity values for nano-modified mortars.

CNT Content % wt. of Cement Porosity (%)
0 16.22
0.2 14.64
0.4 12.68
0.6 19.28
0.8 20.57

Additionally, chloride diffusion coefficients of corroded mortars are plotted as a function of
respective mortar porosity in Figure 10. An inverse correlation between the two parameters is
therein observed, with diffusion coefficients values decreasing with total porosity. This finding
can be rationalized upon considering that more porous microstructures can block the rate of chloride
penetration inside the testing mortars.
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Figure 10. Chloride diffusion coefficient a function of mortar porosity.

Based on the above results, chloride diffusion in the processed mortars appears to be strongly
linked with CNT concentration. This is due to a combination of mechanisms, one related to the raise of
electric conductivity for CNT concentrations above the percolation threshold [2], the other associated
to the fact that CNT addition lowers porosity values in the material. Hence, CNTs affect chloride
diffusivity both directly, by affecting electrical transport properties, but also indirectly, by affecting
the microstructure.

3.4. Electrical Properties of Nano-Modified Mortars

The effect of salt spray (fog) corrosion test on the mortars’ electrical properties was investigated
by measurement of surface electrical resistivity at successive depths inside the ground mortars, with a
step of 10 mm, as shown in Figure 11. The depicted changes in electrical resistivity at successive
depths below the exposed surface are indicative of physical and chemical changes taking place into
the material [33]. Specimens with 0%, 0.2% and 0.4% nano-inclusion concentrations, demonstrate a
gradual increase in surface electrical resistivity with interrogation depth and reach, at a depth of 60 mm,
a practically common value. This indicates the absence of chloride ions at such depths, independently
of the concentration of nano-inclusions in the compositions. On the other hand, resistivity in samples
with 0.6% and 0.8% nano-inclusion concentrations commences at the surface with significantly lower
values than in the previous case, and follows a gradually increasing trend with depth, until it catches up
with the behavior of the lower CNT concentrations. This may be attributed to the electrical percolation
threshold of the nano-modified mortars wherein a conductive filler concentration of 0.6% wt. cement
CNTs is already sufficient for the creation of a conductive electrical path [2]. Electrical resistivity
appears to increase with interrogation depth below the exposed surface, which indicates that chloride
concentration decreases with depth. On the contrary, porosity is one of the main parameters affecting
the electrical resistivity in a cement-based material. The lower porosity values of specimens with 0.6%
and 0.8% wt. to cement carbon nanotubes (Table 2), may indicate that the electrical current takes the
path of least resistance inside the specific structures.
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Figure 11. Surface electrical resistivity with respect to the depth below the exposed surface for all the
nano-modified cement mortar.

3.5. Mechanical Performance of Nano-Modified Mortars

The effect of carbon nanotube concentration on the flexural and compressive strengths of the
nano-modified mortars, both before and after exposure to salt spray conditions for a duration
of 100 days, is presented in Figure 12. Virgin samples exhibited negligible fluctuation of the
compressive strength with respect to CNT content, while flexural strength showed a small increase
up to 0.4% CNT loadings. These findings compare favorably with previous research dedicated to the
mechanical properties of CNT-modified mortars [8]. It is observed that exposure to sea fog resulted in
improved flexural and mechanical properties for all specimens, irrespective of nanotube concentration.
Concerning flexural strength, the property appears to increase by approximately 10%, commonly
for mortars with CNT concentrations up to 0.4 wt. %, as a result of exposure to NaCl. The highest
increase with respect to unexposed specimens is 22% and is noted for mortars with 0.8 wt. % nanotube
content. These results are not incompatible with the porosimetry findings, wherein the inner pores of
the specimens are filled with salt from the water solution that mortars are subjected to. Because of
the lower porosity of the specimens with 0.6% and 0.8%, the percent increase of flexural strength of
the specimens up to 0.4% nanotube concentration is greater. On the other hand, compressive strength
appears to increase after the exposure to salt spray conditions for all the investigated ranges of carbon
nanotube loadings and is generally constant at about 10%.
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Figure 12. Mechanical properties of the nano-modified mortars before and after the exposure to the
salt spray chamber.

4. Conclusions

The effect of carbon nanotube concentration on chloride penetration in nano-modified mortars

was investigated, and their physical, electrical, and mechanical performance were assessed. Mortar
workability and air content in fresh conditions were kept constant among variable nanofiller
concentrations, thus as to not influence the ion penetration inside the nano-modified specimens,
and allow for rationalization of the findings by means of variable nanotube loading, exclusively.
The main conclusions can be summarized as follows:

1.

Using the rapid chloride permeability test method (RCPT) for plain and nano-reinforced mortars,
all mortars were observed to exhibit high ion permeability. It must not be neglected that the
RCPT-measurable permeability reflects not only chloride ions, but the total of ions contained to
the mixture.

Nano-inclusions were found to affect the permeability of the mortars since the absorbed ion
chlorides increased with nanotube concentration. Diffusion coefficient (Da) did not follow the
same trend; it increased up to 0.4 wt. % of nanofiller content and decreased for higher contents of
0.6% and 0.8%. Porosimetry findings are compatible with the observed behavior.

The flexural and compressive properties of mortars exposed to salt spray fog present improved
values compared to the virgin specimens. The observed improvement was rationalized upon
sodium chloride filling the pores, which resulted in a decrease in apparent porosity and an
increase in material strength.

Electrical resistivity, measured incrementally every 10 mm below the surface of the specimen,
presented notable variations as a result of the specimens’ subjection to NaCl solution. For mortars
with 0, 0.2, and 0.4 wt. % CNTs, resistivity increased up to two orders of magnitude with
interrogation depth. On the other hand, mortars with percolated conductive nanofiller networks
at CNT concentrations of 0.6 and 0.8 wt. % CNTs, exhibited increases in electrical resistivity up to
five orders of magnitude with respect to the surface value.
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