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� Mortars present a refinement of pores
as a function of curing time and CNT
content.

� Refinement is due to CNTs dispersion
and deflocculating of cement by
dispersants.

� Small amounts of CNTs (up to 0.4 wt
%) are beneficial for the transport
properties.

� Dispersive agents’ role is crucial in
controlling transport of nanomodified
mortars.
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The current study investigates the dependence of transport properties of carbon nanotube (CNT)-
modified mortars on tube content, type of dispersive agent and microstructure. CNT addition was found
to result in up to 50% reduction of sorptivity, due to the refinement of pores in the mortars. No relation
was found between water absorption at equilibrium, chloride diffusion and gas permeability coefficient
with CNT content, dispersive agent type and microstructural parameters. The behavior was linked with
the presence of high amount of dispersive agents which, not only control the level of compaction, but also
chemically interact with water or methanol altering transport.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

It is well accepted that durability of cement-based infrastruc-
tures is highly dependent on their performance against aggressive
environments and service conditions while durability improve-
ment is of tremendous importance for the society. Due to their por-
ous nature, cementitious materials are prone to ingress of liquids
and gasses which may contain harmful substances (i.e. chlorides,
sulfates, carbon dioxide, etc) hence can compromise the materials’
durability. The transport of ions, liquids and gases in porous mate-
rials can be described in different ways depending on the driving
force and the nature of transport phenomena [1]. One of the main
mechanisms in which fluids are absorbed and transmitted in
cementitious materials, is capillary suction. Other mechanisms
are permeation and diffusion. In permeation, a liquid or gas moves
through a sample under a pressure gradient, while in diffusion, the
motion of free molecules or ions is due to a concentration gradient
[2–5]. The geometry and topology of the pore network (total poros-
ity, pore size distribution, pore connectivity, tortuosity, etc) play a
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key role on the transport properties and thus the durability of
cementitious materials [2–6].

During the last two decades, a lot of work has focused on inte-
grating multi-functionalities and smartness in next-generation
cement composites via the incorporation of nano-fillers or fibers
[7,8]. Among nano-inclusions, CNTs have attracted great scientific
attention due to their unique characteristics (high electronic,
magnetic and mechanical properties, high aspect ratios, etc) [7–
12]. Several studies connect the mechanical performance and
durability of CNT-modified cementitious composites with their
microstructure, suggesting a beneficial role of CNTs in terms of
reduction of porosity and pore connectivity, hydration nucleation
and pore bridging [9–15]. However, to fully exploit the outstand-
ing properties of embedded CNTs in any medium, absolute pre-
requisites are their de-bundling and separation. Unfortunately,
the high Van der Waals forces that act on the surface of CNTs,
in combination with their high specific surface area and aspect
ratios, cause their entanglement and formation of agglomerates
in the presence of most common mixing solvents [16–18]. Great
research efforts have focused on overcoming this issue suggesting
the use of various dispersion protocols and agents [19–23]. The
most common route to disperse CNTs in cementitious continuous
media is the non-covalent approach where a dispersive agent
(normally surfactant or plasticizer) is used as nanotube surface
modifier which renders the tubes’ outer walls friendly to liquid
solvents hence enabling effective homogenization, usually
achieved by ultrasonication [22–25]. However usage of dispersive
agents is not always without side-effects to the physical proper-
ties and microstructure of cementitious hosts. For example, sur-
factants are known to relate to cement hydration inhibition and
air entrapment [25,26]. Incorporation of de-foaming agents com-
bined with low concentrations of surfactants, has been suggested
as a countermeasure [26,27]. Another viable solution, use of
cement superplasticizers as dispersive agents, may also impose
restrictions due to the limitations in the amount of the superplas-
ticizer which can be applied without deterioration of the physical
properties of the cement material (workability, consistency) and
without segregation.

Although microstructure and durability are related, safe assess-
ments of the durability of CNT-modified mortars solely in terms of
their microstructure is not trivial since ‘‘pure” transport properties
(reflecting the pore structure) do not take into consideration the
fluid-paste interactions (interaction of water, chloride binding,
etc). There is thus a need of direct understanding of the effect of
CNT addition on transport properties and durability of cementi-
tious materials and this knowledge is, so far, limited [28–33].
Han et al. [28] used two different types of surfactants to disperse
0.2 wt% CNTs in mortars and investigated the transport properties
of the nanomodified cementitious materials. A decrease of water
sorptivity coefficient, water permeability coefficient, and gas per-
meability coefficient was observed after the addition of CNTs inde-
pendent to the surfactant type [28]. Wang et al. discussed the
chloride ion penetration, sulfate attack resistance and microstruc-
ture of CNT-modified pastes with up to 0.15 wt% CNTs concluding
that 0.1 wt% provided the best resistance to both chloride and sul-
fate attack [29]. Similar work was performed by Lu et al. [30] who
studied the chloride penetration of ultra-high strength concrete
with up to 0.15 wt% CNTs and found best results at 0.05 wt%. In
the same direction, Mohammed et al. [31] proved that the incorpo-
ration of graphene oxide in cement mortars improved their water
sorptivity and chloride penetration while Du and Pang’s study [32]
revealed that the addition of graphene nano-platelets can improve
the barrier properties of cement mortar by refining the pore struc-
ture. Finally, corrosion kinetics of steel reinforcement embedded in
CNT-modified cement pastes was the subject of the study of Cama-
cho et al. [33], who documented higher levels of corrosion in
aggressive environments (carbonation and chloride attacks) due
to the presence of CNTs.

Existing literature reports offer scattered information in the
sense that they either investigate a series of properties at limited
CNT contents (up to 0.2 wt%) [28–30] or a certain property (e.g.
corrosion kinetics of steel) at a wider range of contents (up to
0.5 wt%) [33]. The present is the first systematic study of the effect
of CNT addition on water absorption, gas permeability and chloride
penetration of CNT-modified cement mortars with tube contents of
0.2 to 0.8 wt%. The basis of the selected content range is to gain
information on systems below and above the electrical percolation
threshold which is normally around 0.5–0.6 wt% for this type of
material [34,35].

The selection of dispersive agent for CNT contents up to 0.8 wt%
is however a challenging task. As aforementioned, surfactant based
suspensions are linked with side-effects on the physical properties
of the cement paste even at low surfactant concentrations while
superplasticizers show limited dispersion quality at low concen-
trations and may result in deterioration of the physical properties
when their concentration exceeds a critical value (above ca. 2 wt%
of cement). The current study evaluates the transport properties of
CNT-modified mortars prepared using two anionic dispersive
agents, Sodium Dodecyl-benzene sulfonate (SDBS) a surfactant
particularly popular for CNT separation, and Viscocrete Ultra 300
(V300), a superplasticizer specific to suspensions targeted for
cement-based composites. To achieve sufficient dispersion and
limit any side-effect from the excessive use of the dispersive agents
the SDBS/CNTs ratio is set at 0.5/1, while the corresponding ratio
for V300 is 1.5/1. This selection is based on previous UV–Vis find-
ings demonstrating that SDBS is app. 5 times more efficient in dis-
persing CNTs than V300 and a ratio as low as 0.5/1 is sufficient to
separate the CNTs in aqueous media [22]. Furthermore, due to their
large surface area, nanomaterials compromise the cement worka-
bility [36]. In order to keep the workability of all mixtures con-
stant, different amounts of superplasticizer Viscocrete Ultra 600
(V600) are added during the preparation of each specimen. Thus
the V300/CNTs ratio is restricted to 1.5/1 even if its dispersion effi-
ciency is significantly lower than SDBS [22]. Since the maximum
amount of CNTs used in the current study is 0.8 wt% of cement,
applying V300/CNTs ratios higher than 1.5/1 would result in total
superplasticizer quantities (applied as dispersants and workability
modifiers) close to 2 wt% which is the upper limit in mortar com-
positions for the most commercially available superplasticizers.
Thus the idea here is not to use identical dispersion/preparation
conditions but to tailor the mix design to each dispersant in order
to facilitate the incorporation of higher amounts of CNTs maintain-
ing the physical properties of nanomodified mortars close to those
of the plain specimens.

Based on the above, sorptivity coefficients due to capillary rise,
water absorption at equilibrium, gas permeability and chloride
penetration coefficients are calculated as a function of CNT content
and dispersive agent. The obtained results are correlated with the
pore size distributions of the investigated systems, obtained by
mercury porosimetry.
2. Materials and methods

2.1. Materials, specimens preparation

Long multi-walled CNTs (‘‘ONEX MW1000C1”, Glonatech SA,
Greece), synthesized via Fluidized Bed Chemical Vapor Deposition
(FBCVD) were used in the present study. The physicochemical
properties along with the specific surface of CNTs used in the cur-
rent study are included in Table 1. CNTs were initially dispersed in
water-based suspensions by aid of SDBS, Sigma-Aldrich code



Table 1
Physicochemical properties of CNTs.

Parameter Value

Length >10 lm
Diameter range 20–45 nm
Carbon Purity >94%
Metal particles <5.9%
Specific surface area [37] >150 m2g�1

Amorphous carbon <0.1
Bulk density 0.08–0.12 gcm�3
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289957, or Viscocrete Ultra 300 (V300), supplied by Sica Hellas SA.
SDBS is an anionic surfactant with a relatively high critical micelle
concentration value of 1.5 mM [23], while V300 is a
polycarboxylate-based, chloride free, anionic polymer. In order to
achieve homogeneous CNT dispersion, an optimized sonication
protocol was followed using a Hielscher UP400S 24 kHz device
(Hielscher Ultrasonics GmbH, Teltow, Germany), at an energy
input rate of 7700 J/min based on conclusions from previous pilot
studies [22,23]. SDBS/CNTs ratio was kept at 0.5/1, while the corre-
sponding ratio for V300 was 1.5/1. CNTs were added at five con-
tents, i.e. 0.2, 0.4, 0.6 and 0.8 wt% of cement for both dispersive
agents. At the end of the sonication process, suspensions were
placed in desiccators connected with a pump and vacuum was
applied for 45 min to remove any residual air bubbles.

For the preparation of mortars, ordinary Portland cement -
ASTM type I 42.5R (see Table 2) and sand provided by TITAN
cement company S.A. were mixed according to BS EN 196-1 using
a constant w/c ratio of 0.5.

During the last minute of the mixing procedure, a certain quan-
tity of Superplasticizer Viscocrete Ultra 600 (V600), supplied by
Sica Hellas SA, was used as workability modifier. In the case of
surfactant-assisted suspensions, an anti-foaming agent, namely
Tributyl-Phosphate (TBP), was also used. The designation, mix pro-
portions, air content (BS-EN 1015-7) and workability (BS-EN 1015-
3) of the plain and CNT-modified fresh mortars are included in
Table 3. The freshmixtures were poured in steel molds with dimen-
sions of 160 � 40 � 40 mm3 and specimens were demoulded after
Table 2
Composition and properties of cement.

Value

SiO2 21%
Al2O3 5%
Fe2O3 3%
CaO 62%
MgO 2%
SO3 3%
K2O 1%
Specific surface area (Blaine) 0.42 m2g�1

Initial setting (time) 150 min

Table 3
Designation, mix proportions and properties of plain and CNT-modified fresh mortars (pre

Designation Cement (g) Water (g) Sand (g) CNTS (g) V300 (g)

Plain 450 225 1350 0 0
V0.2 450 225 1350 0.9 1.4
V0.4 450 225 1350 1.8 2.7
V0.6 450 225 1350 2.7 4.1
V0.8 450 225 1350 3.6 6.8
S0.2 450 225 1350 0.9 0
S0.4 450 225 1350 1.8 0
S0.6 450 225 1350 2.7 0
S0.8 450 225 1350 3.6 0
24 h and stored in humid environment. In order to evaluate the
effect of curing on the transport properties, two groups of speci-
mens with 7 and 28 days of curing were created.

2.2. Water absorption and diffusion

In order to define the water absorption behavior due to capillary
suction, the standard methodology described in ASTM C1585-04
was followed. To this end, 50 mm thick specimens were cut from
the cured mortars using a wet saw. For pre-conditioning, speci-
mens were placed in an environmental chamber at a temperature
of 50 ± 2 �C and Relative Humidity (RH) of 80 ± 3% for 3 days. After
that, specimens were placed inside a sealable container at 23 ± 2 �C
for 15 days. This step provided enough time for moisture to be well
distributed throughout the specimens. Afterwards, their side sur-
faces were sealed with 3–4 layers of plastic paint to ensure uniaxial
flow of the water and their initial mass was determined. Finally the
specimens were immersed in water at a depth of 3 mm using a
holding device. Three specimens at each material composition
were examined and the mass of the specimens was recorded at
pre-determined time intervals. Absorption, i, units of m, was calcu-
lated based on equation (1):

i ¼ DW
Aq

ð1Þ

where: DW = Wt-Wo, is the change in specimen mass at the time t,
in g;Wt = specimen mass at time t, in g; W0 = initial specimen mass,
in g; A = exposed area of the specimen, in m2; q = density of the
water, in g/m3.

Based on the theoretical work of Hall [38,39] the absorption, i,
is, for the one-dimensional case of water absorption, expressed
as a function of sorptivity, S and time, t [38,39] according to Eq. (2):

i ¼ Bþ St1=2 � Ct ð2Þ
where: B = constant term representing the intercept at t = 0, in m;
S = sorptivity, in m/s1/2; C = fitting coefficient, in m/s.

As discussed previously, constant Β arises from the filling of
open surface porosity on the inflow surface, while during early
stages of the capillary rise process most building materials obey
t1/2 law and then C becomes zero [38]. Deviation from this law
implies that either the capillary gradients in the sample are as
low as to be comparable with the gravitational potential (coarse
pored materials), or that the porous matrix is not inert in contact
with water [38,39].

Water absorption by total immersion (DWe) was also defined.
Specimens were first dried in an oven at 50 ± 2 �C, until a constant
mass (Md) was reached and then fully immersed in water at
23 ± 2 �C up to saturation (Ms). During this test, the change in spec-
imen mass at equilibrium was defined according to Eq. (3):

DWeð%Þ ¼ Ws �Wd

Wd
ð3Þ
fix V stands for V300, prefix S stands for SDBS in the designation of the samples).

SDBS (g) TBP (g) V600 (g) Air content (%) Workability (cm)

0 – 1.7 5.2 16.50
0 – 1.5 5.2 16.10
0 – 0.9 5.4 16.00
0 – 0.5 5.8 16.50
0 – 0.1 5.6 16.50
0.5 0.7 0.9 5.8 16.50
0.9 0.7 1.8 5.4 16.50
1.4 0.7 1.9 5.2 16.00
1.8 0.7 2.1 5.7 16.25
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where: Wd = specimen dry mass, in g; Ws = specimen mass at satu-
ration, in g; DWe = relative change in specimen massat equilibrium,
in %.

2.3. Gas permeability

While water vapor permeability is more relevant to service con-
ditions of cementitious materials, gas permeability measurements
are preferred since most gases show lower interactions with
cementitious matter compared to water [40,41]. Numerous gas
permeability test methods can be found suggesting different pre-
conditioning protocols, different permeability gases etc [42–47].
Methanol was chosen as the permeating fluid in the current study
since it shows low reactivity with cement paste, it has a relatively
low bowling temperature (65 �C), provides fast and credible results
and it is considered suitable for cementitious mortars [28,46,47].
The testing apparatus proposed by Alshamsi and Imran [46] was
adapted here. For this measurement 10 mm thick specimens were
dried in an oven at 90 �C for 3 days. Specimens were periodically
weighted to ensure that a constant mass was established within
the timeframe of drying. Pre-conditioning (drying) was performed
at a temperature below 100 �C instead of 105 �C suggested by
Alshamsi et al. and other researchers [46,48] in order to avoid
the development of micro-cracks in the test specimens. After dry-
ing, their dimensions were measured and they were placed on
glasses filled with a small amount of methanol (15 ml). The edge
of each glass was sealed with silicone at the contact point with
the specimen to avoid leakage of ethanol. Each specimen was also
sealed sideways to ensure unidirectional flow of the gas. The
weight of specimen-glass-methanol setup was measured and
recorded as initial mass. Subsequently, specimen-glass-methanol
setups were placed in a water bath at 50 ± 3 �C and their mass
was recorded at pre-determined time intervals. All measurements
were performed in a fume hood environment. The gas permeability
coefficient, k, was calculated using equation (4) which is based on
Darcy’s law [46]:

k ¼ 2g
L
A
Q

P2

P2
1 � P2

2

ð4Þ

where: k = specific gas permeability coefficient, in m2; g = dynamic
viscosity of methanol, in Ns/m2; L = length of flow, in m; A = cross-
sectional area perpendicular to the flow direction, in m2; Q = volu-
metric flow rate, in m3/s; P1 = inlet pressure, in N/m2; P2 = outlet
pressure, in N/m2.

For the calculation of g, Q, P1 and P2 equations specific to
methanol can be found elsewhere [46,47,49].

2.4. Chloride diffusion

Among the most aggressive chemical species responsible for the
corrosion of steel reinforcement in cementitious materials, are
chloride ions. The ions can penetrate via capillary absorption, per-
meation or diffusion, with the latter being the most common way
for their movement. In the present study, determination of the
apparent chloride diffusion coefficient was performed according
to standard protocol ASTM C 1556. Unmodified and representative
CNT-modified specimens (0.4 and 0.8 wt% CNTs) were exposed at a
5% NaCl solution using a salt-spray chamber for 100 days. Speci-
mens with dimensions of100x100x150 mm3 were sealed sideways
leaving two opposite sides exposed. After the salt-spray exposure,
cylindrical cores were cut from the initial specimens in half and the
depth of chloride penetration was defined after grinding at precise
depth intervals of 1 mm using Profile Grinder PF-1100 purchased
by Germann Instruments A/S, Denmark. The calculation of the
apparent chloride diffusion coefficient was based on Fick’s second
law of diffusion. The values of surface concentration and apparent
chloride diffusion coefficient were determined by fitting equation
(5) to the measured chloride-ion contents by means of a non-
linear regression analysis using the method of least squares.

C x;tð Þ¼Cs � ðCs � CiÞerf
xffiffiffiffiffiffiffiffiffiffi
4tDa

p
� �

ð5Þ

Where: C x;tð Þ = chloride ion concentration, measured at
depth � and exposure time t, in mass %; Cs = chloride ion concen-
tration at the surface, in mass %; Ci = initial chlorideion concentra-
tion, in mass %; erf = the error function described in equation (6);
x = depth below the expose surface, in m; t = exposure time, in s;
Da = apparent chloride diffusion coefficient, in m2/s.

erf zð Þ ¼ 2=
ffiffiffiffi
p

p Z z

0
expð�u2Þdu ð6Þ
2.5. Pore size characterization

Mercury intrusion curves of the plain and CNT-modified mor-
tars were obtained using a Quantachrome PoreMaster 60 Hg
Porosimeter. The same pre-conditioning protocol as in the case of
gas permeability measurements was followed here (see paragraph
2.3). A pre-weighted mass of each porous sample was placed in a
penetrometer (consisting of a sample holder communicating with
a capillary tube) which was inserted in the low pressure chamber
of porosimeter. After having evacuated the penetrometer at pres-
sure less than 50 mTorr, the penetrometer was filled with mercury,
surrounding the evacuated porous sample, by applying an initial
gas pressure of 0.1 atm. This external pressure started to increase
stepwise by pressurizing gas nitrogen on the free surface of mer-
cury left in the capillary tube of penetrometer. The volume of mer-
cury injected in the porous sample at each pressure value was
measured by detecting changes of the capacitance of the capacitor
created between the mercury column and a metallic holder sur-
rounding the penetrometer. The low pressure measurements
(low pressure intrusion curve) stopped at a maximum pressure
of 2.4 atm and then the systemwas ventilated at atmospheric pres-
sure. Afterwards, the penetrometer was removed from low pres-
sure chamber, weighted and transferred to the high pressure
chamber where the external pressure was increased gradually
from 1 atm to �3500 atm (high pressure Hg intrusion curve), and
then was decreased again to atmospheric pressure (high pressure
Hg extrusion curve). Since the low pressure Hg intrusion curve
may be affected drastically by non-random surface irregularities,
and for the sake of comparative analysis of the internal porosity
of the samples, only the high pressure Hg intrusion curves were
taken in account for the computation of porosity and pore diame-
ter distribution. The mercury penetration in a pore is governed by
the Washburn equation given by [50]:

D ¼ �4ccosh
P

ð7Þ

where: D = measured pore diameter, in m; c = 0.48 (the mercury
surface tension), in N/m; h = 40 (mercury/vacuum contact angle),
in �; P = external (capillary) pressure, in N/m2.

This manner, pore diameters over the size range 0.0036–13 lm
may be probed. Based on the foregoing relationship, the capillary
pressure can be converted into an equivalent cylindrical pore
diameter. Assuming that the pore space consists of a bundle of par-
allel cylindrical pores of equal length, the cumulative fraction of
porosity saturated with Hg at a given pore diameter was differen-
tiated to obtain the (volume based) pore diameter distribution
(PDD) for each sample. The statistics of each PDD was quantified
by their mean value, l, and standard deviation, r. In addition,
the total pore volume (Vp) was defined and the specific surface



P. Alafogianni et al. / Construction and Building Materials 197 (2019) 251–261 255
area (Sp) of the sample (the area of pores filled up to the minimum
pore diameter probed per mass unit) was calculated by integrating
the cumulative high pressure Hg intrusion curve.

3. Results

3.1. Transport properties

The effect of CNT content and dispersive agent type on water
absorption behavior due to capillary suction is illustrated in
Fig. 1 for early stages of curing (7 days) and Fig. 2 after 28 days
of curing. As seen in Fig. 1, addition of CNTs results in the reduction
of water absorption, i, due to capillary suction during the early
stages of curing. The data also reveal an interesting, yet crucial, role
of dispersive agent type on capillary suction, wherein V300 con-
taining specimens present almost the same response indepen-
dently of CNT content (Fig. 1b), while specimens prepared using
SDBS show a considerable reduction of cumulative absorption, i,
as a function of CNT content (Fig. 1a).

The beneficial role of CNTs in the reduction of capillary suction
is also evident in the water absorption data after 28 days of curing,
Fig. 2. As seen in Fig. 2a, in V300 containing specimens, the higher
the CNT content, the lower the absorption, i. Based on Fig. 2b it is
observed that i is also reduced with nanomodification when SDBS
is used as dispersive agent, however the variation of i with the CNT
content is not monotonic, since specimens with 0.2 and 0.4% CNTs
behave similarly and the same holds for those with 0.6 and 0.8%.

Further evaluation of the experimental results presented in
Figs. 1 and 2 is obtained after their fitting with equation (2), which
allows the calculation of sorptivity S, constant B and coefficient C
(see Table 4). Based on the obtained data, it appears that Eq. (2)
describes well the cumulative capillary absorption process, with
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a coefficient of determination R2 > 98% (see Table 4). The rate of
absorption, S, is substantially reduced in 7 days cured nanomodi-
fied mortars with 0.8% CNTs (up to app. 50% for both SDBS and
V300 specimens). Coefficient C is quite low and considerably
reduces after nanomodification (up to 80% in V300 and 40% in
SDBS specimens). Compared to curing duration of 7 days, 28 days
of curing is found linked to sorptivity dropping by one order of
magnitude in unmodified specimens. Specimens prepared using
SDBS surfactant present similar sorptivity values with those of
V300, independently of CNT content. Furthermore, nanomodifica-
tion results in substantial reduction of S (app. 40%), which is how-
ever slightly lower compared to the respective reduction of 7 days
cured specimens (app. 50%). Coefficient C is also one order of mag-
nitude lower after 28 days of curing and decreases with the addi-
tion of CNTs.

The response of 28-days-cured specimens after full immersion
in water is illustrated in Fig. 3 where the effect of nanotubes on rel-
ative mass change is depicted for the two dispersive agent types
used in the present study. Although this test does not follow any
standardised methodology it has been applied before as a tool to
assess the total open pore volume of cementitious materials
[51,52]. It is interesting to note that in V300-prone specimens
DWe is slightly higher after the addition of CNTs up to 0.6 wt%
and reduces at 0.8 wt% CNT. On the other hand, SDBS-containing
specimens show a reduction of DWe for all CNT contents. The
reduction ranges between 8 and 17% while the optimal perfor-
mance is noted at a CNT content of 0.2 wt%.

In order to illustrate the effect of nanomodification on the gas
permeability, the cumulative mass loss of methanol as a function
time for CNT-modified specimens is plotted in Fig. 4. Based on
the slope of the linear part of the curve, it is possible to calculate
the rate of mass loss and ultimately the specific gas permeability
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Table 4
Sorptivity (B, S and C) and permeability (k) data for plain and CNT-modified mortars prepared using different dispersive agents.

Designation 7 days of curing 28 days of curing

B 10�3 (m) S 10�6 (m/s1/2) C 10�9 (m/s) R2 B 10�3 (m) S 10�6 (m/s1/2) C 10�9 (m/s) R2 k 10�17 (m2)

Plain �0.3905 17.4 10 0.99 �0.0144 1.7 0.8 0.99 4.02
V0.2% �0.4016 9.9 2 0.98 0.0021 1.3 0.7 0.99 2.87
V0.4% �0.4194 10.7 4 0.98 �0.0036 1.1 0.5 1.00 1.82
V0.6% �0.4344 10.1 3 0.98 �0.0061 1.1 0.7 0.98 1.52
V0.8% �0.3044 9.3 2 0.99 �0.0148 1.0 0.6 0.98 2.07
S0.2% �0.1306 14.2 10 1.00 �0.0189 1.1 0.3 0.99 1.85
S0.4% �0.0048 11.4 9 1.00 0.0037 1.1 0.4 0.99 2.39
S0.6% �0.0307 11.6 9 1.00 �0.0084 1.0 0.4 0.99 6.06
S0.8% �0.0679 8.7 6 1.00 �0.0244 1.3 0.6 0.99 6.07
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Fig. 3. Relative mass change at equilibrium DWe of plain and CNT-modified mortars with different dispersive agents: a) V300 and b) SDBS after 28 days of curing.

0 7500 15000 22500
0,0

0,5

1,0

1,5

2,0

2,5

3,0

0 7500 15000 22500
0,0

0,5

1,0

1,5

2,0

2,5

3,0

W
 (g

)

W
 (g

)

Time (s)

 0.0%
 0.2%
 0.4%
 0.6%
 0.8%

Time (s)

 0.0%
 0.2%
 0.4%
 0.6%
 0.8%

a) V300 b) SDBS

Fig. 4. Cumulative mass loss of methanol DW(t) after 28 days of curing for plain and CNT- modified mortars with different dispersive agents: a) V300 and b) SDBS.
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coefficient, k, as described in section 2.3 (see Table 4). It is observed
that methanol mass loss is considerably reduced after the addition
of up to 0.6 wt% CNTs in specimens prepared using V300 as disper-
sive agent (Fig. 4a). On the other hand, SDBS-prone specimens pre-
sent a reduction of mass loss only for CNT contents up to 0.4%.
Similar observations can be made on the specific gas permeability
coefficient, k, which shows a reduction of up to 62% in V300-
containing specimens, while the respective reduction for SDBS-
containing ones is approximately 55% for CNT contents up to
0.4 wt%. Addition of higher amounts of CNTs results in up to 50%
higher k values, compared to plain specimens.

Fig. 5a illustrates the effect of CNT addition on the apparent
chloride diffusion coefficient, Da while Fig. 5b on the chloride crit-
ical depth. The latter is the penetration depth where chlorides
reach the critical value of 0.05% Cl�, below which there is no threat
on the material’s durability [53,54]. As observed, the apparent
chloride diffusion coefficient is not significantly influenced by the
addition of CNTs when V300 is used as dispersive agent, while
specimens with SDBS show an up to app. 20% reduction of Da,
which is more evident at 0.4 wt% CNTs. At the same time, the chlo-
ride critical depth remains almost unaffected with variations lying
within standard experimental error.

3.2. Porosity and pore size distribution

In order to access the microstructure of plain and CNT-modified
mortars, critical porosimetry data are presented in Table 5 while
the PDD of the tested specimens is illustrated in Fig. 6.

As observed in Table 5, Vp, porosity and l are reduced after the
introduction of CNTs, while Sp increased. When V300 is used as dis-
persive agent, porosity shows a reduction of up to 25% at 0.6 wt%
content, while l presents an up to 63% decrease at 0.2 wt% CNTs.
Highest reduction of porosity (44%) in SDBS-containing specimens
is found at 0.8 wt% CNTs while respective reduction of l (approx-
imately 56%), is found at 0.6 wt% CNTs. Furthermore, all PDD spec-
tra present several peaks in two separate areas; the first is the
region of pore sizes smaller than 30 nm, while the second
corresponds to sizes between 30 nm and 10 lm (see Fig. 6).
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Table 5
Porosimetry data for plain and CNT-modified mortars prepared using different
dispersive agents.

Designation Vp (cm3/g) Sp (m2/g) Porosity (%) l (lm) r (lm)

Plain 0.060 9.31 14.59 0.091 5.28
V0.2% 0.053 17.93 10.56 0.033 7.03
V0.4% 0.048 13.94 11.67 0.042 6.26
V0.6% 0.053 15.14 10.91 0.040 6.05
V0.8% 0.052 19.41 13.83 0.036 7.90
S0.2% 0.052 12.17 11.08 0.049 6.62
S0.4% 0.056 16.39 13.39 0.040 6.77
S0.6% 0.055 15.79 10.49 0.040 6.25
S0.8% 0.046 12.53 8.06 0.051 7.00
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CNT-modified specimens show a larger population in the first area,
and smaller population in the second one compared to plain
specimens.
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Since the fraction of small to large pores or the fraction of cap-
illary pores and their connectivity are considered more relevant
than the total pore volume for the transport properties of cemen-
titious materials [48,55–58], the results presented in Fig. 6 are fur-
ther analyzed and the fraction of porosity of plain and CNT-
modified specimens is calculated as a function of pore diameter.
Pore sizes are divided in three distinctive areas – small (gel) pores
with pore diameters between 2.5 and 10 nm, medium capillaries
with pore diameters between 10 and 50 nm and large capillary
pores with diameters between 50 and 10000 nm [55]. This division
has been made on the basis that gel pores do not influence perme-
ability, while capillary pores affect both permeability and transport
properties. The fraction of porosity in these three distinctive areas
as a function of CNT content and dispersive agent is illustrated in
Fig. 7. As observed, the fraction of gel pores increases with the
addition of higher amounts of CNTs. Maximum fraction of gel pores
(approximately 50%) is found in V300-based specimens with
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0.8 wt% CNTs while the respective fraction for SDBS specimens
(approximately 35%) is found at 0.4 wt% CNTs. The fraction of med-
ium sized capillary pores presents a great variation after the addi-
tion of CNTs, being overall higher than that of plain specimens.
Finally, a great reduction of the large-sized capillary pores is found
after the addition of CNTs from app. 73% (plain specimen) down to
38% for V300 containing specimens and 45% for those with SDBS.
The fraction of large pores varies with CNT content in V300-
based specimens, while it remains almost unaffected in SDBS ones
for up to 0.6 wt CNTs.
4. Discussion

In order to seed light into the results presented in the previous
section an attempt is made to discuss the effect of nanomodifica-
tion, with the aid of dispersants, first on the microstructure and
then on the transport properties of the prepared nanocomposites.
Furthermore effort is undertaken to investigate potential correla-
tions between transport properties and critical system parameters
(e.g. mix design, age of curing, PDD parameters). It is important to
keep in mind that the PDD data presented in Figs. 6 and 7 and
Table 5 are not absolute due to limitations of the mercury intrusion
porosimetry (MIP) methodology. These are mainly related to the
ability of MIP to provide actual pore size distribution data, next
to the fact that MIP results are greatly influenced by factors such
as contact angle, surface tension, sample-drying method, sample
preparation, etc [59–61]. Thus instead of trying to establish univer-
sal property-microstructure relations the discussion here is limited
in making comparative assessments of the pore refinements of the
investigated systems [59].
4.1. Effect of nanomodification on the microstructure

The data presented in Figs. 6 and 7 suggest a shift to finer pore
sizes and a more compact microstructure in nanomodified mortars
compared with plain specimens, as illustrated by the reduction of
l, Vp and % porosity and the respective increase of the Sp and frac-
tion of mesopores (size less than 50 nm [9]). This finding is in
agreement with previous observations and can be linked with
CNT’s ability to fill the pores between the hydration products [8–
15,36,62,63]. CNTs could also contribute to the increased fraction
of lower range pores by their porosity. Due to their shape, multi-
walled CNTs present inner hollow cavities (mainly 3–4 nm) and
aggregated pores (10 – 40 nm), formed by the interaction of iso-
lated CNTs [64] which could explain the increased fraction of
mesopores in the nanomodified mortars.

When comparing the microstructure of nanomodified mortars
prepared using the different agents it is observed that the disper-
sion of CNTs with the aid of V300 results to greater shift from large
capillary pores to gel pores compared to SDBS specimens where
capillaries move from large to medium size and lesser to gel pores
(Fig. 7). SDBS is an amphiphilic molecule consisting of a hydrophi-
lic sulfonate head-group and a hydrophobic alkylbenzene tail-
group which is responsible for its high dispersion ability [65,66].
Thus, next to the filling effect, high amount of isolated CNTs in
the nanomodified SDBS mortars could explain the shift from large
to medium sized pores. On the other hand, V300 belongs to the
family of polycarboxylate-based superplasticizers, which are
macromolecular surfactants consisting of an anionic backbone
and non-ionic side chains [67,68]. While the anionic backbone is
considered more effective in dispersing carbon-based nanoinclu-
sions in aqueous solutions, the non-ionic side chains make also a
contribution which becomes more significant at increased super-
plasticizer’s concentration [67]. As discussed in the introduction,
for the specific dispersion conditions used here, previous studies
demonstrated that SDBS is app. 5 times more efficient than V300
in dispersing CNTs in aqueous solutions [22]. This tremendous dif-
ference is nevertheless not reflected in the microstructure of the
nanomodified mortars.

Apart from the efficiency of the agents in dispersing CNTs,
another key aspect that needs to be addressed relates to the
admixtures used in the preparation of the two classes of nanomod-
ified mortars, their potential interaction with the cementitious
matrix and in turn their impact on the microstructure. SDBS is
linked with entrained air in cementitous materials, detected as
voids with sizes above 10 lm [69]. Although voids of this size
could not be observed in the porosimetry data (outside from the
measurement range), air content results, presented in Table 3, sug-
gest that the addition of the defoaming agent as well as the degas-
sing process of the suspensions regulate the entrained air leading
in similar air content values between plain and SDBS nanomodified
mortars. On the other hand, a closer look into the composition of
the V300 specimens reveals that the total quantity of
polycaboxylate-based superplasticiers (either in the form of dis-
persive agent, i.e. V300 or as workability modifier, i.e. V600) is
2–3 time higher than that used in SDBS specimens (applied only
in the form of workability modifier, i.e. V600) (see Table 3). Super-
plasticizers are known to influence the pore structure of cementi-
tious materials by changing the flocculation microstructure of
cement, altering the hydration process and filling pores and cracks
in transition zones [70,71]. It has been documented that the use of
polycarboxylate-based superplasticizers results in improved
hydration and higher amount of gel pores after 7 days of curing
and reduction of the total porosity and respective increase of the
mesopores in 28 days cured cementitious mortars [70,72]. This
explains why V300 samples present a significant reduction of the
large sized pores in favor of gel pores. Thus, the refinement of pores
in the prepared nanocomposites cannot be solely attributed to the
presence of individual CNTs and the possible filling of the pores,
and should be also linked with the presence of high amount of
plasticizer in the material, which results in the production of a
more compact material.

In terms of the effect of CNT content on the microstructure of
the nanomodified mortars it can be concluded that the addition
of 0.2 wt% is sufficient to reduce the fraction of large capillaries
by 25–30% in SDBS and V300 specimens, while higher amounts
of CNTs result in non-monotonic variation of large capillary pores,
especially in V300 specimens, confirming the existence of a cou-
pled effect between CNTs dispersion and deflocculating of cement
by dispersing agents.
4.2. Effect of nanomodification on the transport properties and
correlation with system parameters

The data presented in Figs. 1-2 and Table 4 suggest a great
reduction of i, S, C after nanomodification in both 7 and 28 days
cured specimens, but the evolution of studied properties with
CNT content, age of curing and dispersive agent type is not mono-
tonic. Attempts to relate sorptivity with the fraction of pores (pre-
sented in Fig. 7), Vp and % porosity (presented in Table 5) and all
other measures of the soprtivity experiment (i, C) show weak or
even no correlation. In the past S has been associated with the pore
size and size distribution of the material since they depend on both
the capillary pressure and effective porosity [2,73]. However, it is
not straightforward to find the appropriate measure that repre-
sents pore size in the case of a real system, since as observed in
Fig. 6, and verified in Table 5 by the high values of r, all measured
PDDs are multi-modals over a broad pore size range. Thus l may
be regarded as a measure of the position of each PDD, rather than
representative of the most frequent pore size probed.



P. Alafogianni et al. / Construction and Building Materials 197 (2019) 251–261 259
Instead of selecting an arbitrary pore size, an attempt is made to
associate the sorptivity, S, after 7 and 28 days of curing, with the
CNT content and critical PDD parameters including Sp, l, and % frac-
tion of gel pores. As observed in Fig. 8, in both 7 and 28 days cured
specimens, there is quite some scatter in the variation of Swith the
aforementioned parameters. The general trend is that S exhibits an
initial drop up to a certain value of CNT content (8a), Sp (8b) and
fraction of gel pores (8d) and then stabilizes. The cutoff point of this
drop is found at 0.2–0.4 wt% CNTs, Sp � 12 m2g�1, and fraction of
gel pores �30%. On the other hand Fig. 8c demonstrates an increas-
ing trend between S and l in both V300- and SDBS-containing spec-
imens, which was expected since l represents the shift from bigger
to smaller pores in the nano-modified mortars. Overall it can be
concluded that, in line with the observations of § 4.1, a small
amount of CNTs, as low as 0.2%, results in significant pore structure
refinement which greatly affect transport due to sorptivity.

Efforts to correlate the change in mass at equilibrium, DWe,
with experimentally assessed properties from the sorptivity test
as well as microstructural parameters (PDD) indicate no clear asso-
ciation. After full immersion it is observed in Fig. 3 that DWe is
slightly higher in nanomodified V300 specimens (apart from those
with 0.8 wt% CNTs) while SDBS containing specimens show a
minor reduction of DWe which however diminishes as the CNT
content increases. Although the original idea was to use this test
as a tool to assess the total open pore volume [51,52], due to the
high amount of admixtures (see Table 3), it seems that water trans-
port takes place also through interaction between water and reac-
tive groups of the admixtures (for instance polar groups), and not
only via capillary suction. As discussed in § 4.1 SDBS contains a
hydrophilic sulfonate head-group which may interact with water
through hydrogen bonds [69]. Polycarboxylate-based superplasti-
cizers possess also high polarity hydroxyl- and carboxyl- groups
that show affinity to water [67]. Thus nanomodification, with the
aid of dispersants, results in two competitive mechanisms here,
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i.e. reduction of water absorption due to capillary suction associ-
ated with the pore refinement of the system and increase of con-
tained water through interaction associated with the high
amount of dispersive agents, and their affinity with water. It is
important to note that water/dispersive agent interactions may
also take place during the sorptivity test which could explain some
of the discrepancies found in i and C, as a function of dispersive
agent and CNT content. However due to the partial immersion of
the samples the driving force of the transport is capillary.

Similar observations can be made when looking into the gas
permeability results and trying to associate specific gas permeabil-
ity coefficient, k, with microstructural parameters. The reduction of
permeability as a function of CNT content (up to 0.6 wt%) pre-
sented in Fig. 4 can be associated with the pore refinement in
V300 specimens in line with previous experimental and modeling
studies [74,75]. On the other hand SDBS specimens are less perme-
able for up to 0.4 wt% CNT contents while at higher CNT contents
permeability drastically increases. Since all SDBS nanomodified
mortars present a considerable pore refinement this result cannot
be associated with the pore structure of the system and should be
linked with its mix design. SDBS is a relatively small molecule and
the same holds for methanol. It is therefore speculated that the
increased amount of SDBS as CNT content increases allows metha-
nol to pass through the sites of the specimen where SDBS arrests.
Finally, in terms of chloride ions ingress, the obtained results are
not conclusive and a more systematic study is required in order
to find correlations between microstructure, electrical conductivity
and chloride diffusion coefficient.
5. Conclusions

The current study investigates two critical problems concerning
the durability of CNT-modified cement mortars. The first is the
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dependence of transport properties on CNT content and dispersive
agents and the second is the correlation of transport properties
with the microstructure of CNT-modified mortars. Two types of
agents, an anionic surfactant (SDBS) and a plasticizer-type disper-
sant (V300), assisted the dispersion of CNTs at concentration of
0.2–0.8 by percent weight of cement.Transport properties are
defined by measuring the sorptivity coefficients, water absorption,
gas permeability and chloride penetration coefficients, while
porosity and pore size distribution data are obtained frommercury
intrusion curves. Based on the obtained results the following con-
clusions can be drawn:

� The refinement of pores in the nanomodified mortars is due to a
coupled effect between CNTs dispersion and deflocculating of
cement by dispersive agents.

� Nanomodification, with the aid of dispersants, results in two
competitive mechanisms in terms of transport, i.e. a) reduction
of absorption due to capillary suction associated with the pore
refinement of the system and b) increase of absorption due to
interaction between transport media and reactive groups of
the admixtures.

Since transport properties of nanomodified mortars are system
dependent, the amount of dispersive agents (and other admix-
tures) used to facilitate nanomodification and their affinity with
transport media should be considered when designing new cemen-
titious materials. In the specific systems studied here a small
amount of CNTs, as low as 0.2–0.4 wt%, dispersed with the aid of
V300 or SDBS, is beneficial for the transport properties since it
results in reduced soprtivity and gas permeability.
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