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Graphene nanoplatelet (GNP) is a cheap impermeable carbon-based nanoplatelet with large surface-to-volume
ratio and has been exploited in polymer materials to improve their transport resistance. Experimental investiga-
tion on the transport properties under chloride andwater exposurewas carried out on concrete containing up to
2.5% of GNP at 0.5% increment. The pore structure was inferred using mercury intrusion porosimetry and signif-
icant reduction in pore sizes was measured. Concrete with 1.5% of GNP showed the greatest reduction in trans-
port; water penetration depth, chloride diffusion, and migration coefficients were reduced by 80%, 80%, and
37%, respectively. The barrier effects of GNP were characterized and it was found that more than 50% of the
improvement in transport resistance can be attributed to tortuosity while the rest to pore refinement. However,
further improvement did not take place at GNP content higher than 1.5% due to limitation in dispersing the
nanoplatelet clusters.
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1. Introduction

Civil infrastructures are often exposed to harsh environments and
severe loading conditions. For structures in aggressive environments,
durability is one of themost important properties of concrete since it se-
verely affects the service life and maintenance cost of these structures.
The durability of concrete is strongly influenced by its transport proper-
ties to the harmful agents such as water, carbon dioxide (CO2), chloride,
etc. [1]. Existing durability enhancement methods mainly include
(a) loweringwater–cement ratiowith the aid ofwater-reducing admix-
tures, (b) adding supplementary cementitious materials, and (c) using
chemical admixtures such as corrosion inhibitors.

Recently, there have been increasing interests in using nano-
particles for building materials to achieve better mechanical perfor-
mance and multi-functionality [2,3]. Previous studies have explored
the use of nano-SiO2 [4–11], nano-TiO2 [11–13], nano-CaCO3 [14,15],
carbon-nanotube (CNT) [16–25], and carbon-nanofiber (CNF) [24–25]
in cement-basedmaterials. At the same time, there are somepioneering
studies on the use of graphene oxide (GO) to reinforce the cement
pastes for better mechanical properties [26–30] and durability perfor-
mances [31]. GO is synthesized from natural graphite using modified
Hummers method that normally involves several steps and different
techniques [26–31]. Although obvious enhancement in the flexural
toughness of cement paste has been reported, the limitations of low
67791635.
production- and low cost-effectiveness of GO are factors that limit
its wide application, particularly in the cost-sensitive construction
industry.

There is another promising form of nano-scale carbon-basedmateri-
al, the graphene nano-platelet (GNP), which has been reported to have
goodmechanical properties, barrier properties against liquids diffusion,
and low cost. GNP has been widely studied in polymer nanocomposites
[32–34] but yet to be explored in cement nanocomposites until recently
[35–41]. In comparison with the 0-D shape of nano-SiO2, nano-TiO2,
nano-CaCO3 or the 1-D shape of CNT/CNF, GNP is a 2-D nano-filler,
which consists of graphene layers with thickness less than 100 nm
and diameter of severalmicrometers as shown by the scanning electron
microscope (SEM) images in Fig. 1(a). The reported influences of nano-
particles on the various properties of cement-based composites in terms
of their representative morphologies are summarized in Table 1.

It has been reported that nano-particles can fill the voids in cement
paste matrix, leading to lower porosity, higher strength, and better
durability. However, it should be noted that all the beneficial influences
caused by nano-particles may not realize unless being uniformly
dispersed in the matrix. Otherwise, nano-particles can form agglomer-
ates and weak pockets, leading to stress concentration which compro-
mises the properties of the nanocomposites [40]. Up to date, research
on using 2-D nano-particles to improve the durability of cementitious
composites is still limited. There is a large gap in the study of the dura-
bility of cement-based material with 2-D nano-particles, which had
been demonstrated to significantly reduce the permeability of polymer
matrix [33,34]. Furthermore, very few studies have been conducted
to investigate the properties of concrete reinforced with GNP. Du et al.
[35] first reported on the use of GNP in cement mortar and studied
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Fig. 1. SEM images of (a) as-received GNP (×10 k mag.), (b) fractured surface of GC-0.5
concrete (×3.5 k mag.), (c) close-up view (×15 k mag.), and (d) clustering of GNP in
GC-2.5 concrete (×3.5 k mag.)
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the effect of GNP on the transport properties. Peyvandi et al. [36] report-
ed on the reduced water sorptivity and increased acid resistance of con-
crete pipes with a fixed GNP content. However, the special dry-cast
technique employed in the study leaves a question on whether the
same performance can be achieved for wet-cast concrete which is
much more commonly used in the industry. In a recent work done
by Du and Pang [40], the microstructure and transport properties of ce-
ment mortar with GNP addition of 2.5%, 5.0%, and 7.5% were studied.
Significant improvement in transport resistance was measured for all
mortar mixes with the largest improvement reported for the smallest
dosage of GNP at 2.5%. The results seem to suggest that a dosage of
GNP less than 2.5% could derive better performance but this has not
been explored.

The objective of this study is to investigate the influences of GNP, for
up to 2.5%, on the transport properties of concrete. The pore structure
of concrete greatly governs the transport properties of concrete and
is probed in this study usingmercury intrusion porosimetry (MIP) to in-
vestigate the effect of this 2-D nanoplatelet. The chloride ion and water
penetration have serious implications on the corrosion of steel rein-
forcement in concrete, and thus motivated the determination of the
water permeability, chloride diffusion and migration coefficients after
the addition of GNP. The pore structure and tortuosity are characterized,
and comparisons between the reduction in transport properties inmor-
tar and in concrete are made to evaluate the contributions of pore re-
finement and tortuosity toward barrier effects. While the focus of this
paper is to examine the effect of GNP on the transport properties, the
mechanical properties are also characterized to ascertain no adverse
effects owing to the GNP.

2. Test program

2.1. Selection of GNP product

There are a variety of GNP products available onmarket, with differ-
ent sizes, physical properties, andmanufacturingmethods. Based on the
findings from reported literature [31,35,36,40,41], all GNP products are
expected to enhance the cement composites resistance against water
and aggressive liquids. First, the inherent impermeable nature enables
graphene-based materials to be barriers to prevent ions diffusion.
Second, the nanoscale thickness of GNP could accelerate cement hydra-
tion and thus densify themicrostructures. Third, the layeredmorpholo-
gy of GNP could block the interconnected pores, thus refining the pore
systems. Therefore, it is plausible that GNP could increase the resistance
of cement againstwater and chloride ions penetration. To verify it, three
different GNP products were added into cement mortar and the water
sorptivity was measured to characterize the resistance against ion pen-
etration. The physical properties of GNPs are listed in Table 2. Mix pro-
portion of the cement mortar is 0.485: 1: 2.75 for water: cement: sand.
Initialwater sorptivitywasmeasured formortar specimens at the age of
28 days, according to ASTM C 1585 [42]. More information can be found
in [40]. Three specimens were tested for each mortar mix and the aver-
age values with the error ranges were displayed in Fig. 2. The water
sorption was dramatically reduced by 27% to 50% and the effect is
more pronounced with an increase in GNP aspect ratio. Peyvandi et al.
[36], Peyvandi and Soroushian [41], and Mohammed et al. [31] all
reported that the sorption rate of waterwould be hindered by the inclu-
sion of GNP in the cement composites. The performance of the cement
composite is dependent on the physical properties of the GNP. In this
study, GNP A3775 with a representative aspect ratio in the order of
102 was adopted. This is also consistent with the previous work [40]
where the benefits of GNP inmortar were realized. The same GNP is se-
lected to investigate its benefits in concrete, which is the most widely
used construction material.

2.2. Materials

CEM I 52.5 N cement was used in this study, with chemical compo-
sition shown in Table 3. Natural sand and coarse aggregate with maxi-
mum size of 4.75 and 19 mm, respectively, were used. Fig. 3 shows
the particle size distribution (PSD) curves for both fine and coarse
aggregates, as well as cement. PSD of coarse and fine aggregates were
determined by standard sieve analysis. Laser scattering particle size
analyzer, Malvern Mastersizer was used to determine PSD of cement.
PSD of GNP was measured before and after sonication by dynamic



Table 1
Influences of carbon nano-particles on properties of cement-based materials in terms of their representative morphologies.

Nano-SiO2/TiO2 CNT/CNF GO/GNP

Morphology Sphere (0-D) Cylinder (1-D) Platelet (2-D)
Typical size 7–40 nm in diameter 10–100 nm in outer diameter 0.3–100 nm in thickness
Pore-structure Reduce the porosity because of nano-filler

effect and pozzolanic reaction of nano-SiO2 [5–9]
Decrease the porosity and refine the
pore structure [17–19]

Platelets provide larger surface area for nucleation
of hydration products and refine the pore structure [40].

Mechanical
strength

Accelerate cement hydration and increase
early-age strength [5]

Increase flexural strength and elastic
modulus of paste [18,25]

Increase compressive strength of cement mortar [40];
increase elastic modulus and flexural toughness of
paste [26,27,30].

Shrinkage N.A. Decrease autogenous shrinkage [18] N.A.
Durability Decrease water penetration [7]; reduce the calcium

leaching rate in paste [4]; increase the resistance
against chloride ingress [9,10]

N.A. Increase the resistance of mortar to water and chloride
penetration due to the refined microstructure and
impermeable barrier effect [35,36,40,41]

Multi-functionality Self-cleaning and de-polluting based on photocatalytic
activity of nano-TiO2 [11,12]

Stress and strain sensing capability
of paste [16,20,21,23,24].
Increase the electromagnetic
wave-shielding of mortar [22].

Damage sensing of mortar with GNP [37–39].
Piezoresistivity-based strain sensing of mortar with
GNP [37,38].
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light scattering (DLS) on Malvern Zetasizer Nano ZS. The principles of
DLS assume the particles to be spherical. For non-spherical particle,
DLS will give the effective diameter of a sphere that has the same aver-
age translational diffusion coefficient as the particle being measured.
Even though DLS does no measure the actual size, it provides informa-
tion for comparing the size of particles between samples [43–45]. The
oven-dry unit weight and water absorption capacity of coarse aggre-
gates were 1650 kg/m3 and 0.8%, respectively. The SSD-specific gravity
and water absorption capacity for natural sand were 2.65 and 1%, re-
spectively. GNP was exfoliated from surface-enhanced expanded
graphite flake (Grade A 3775, Asbury Graphite Mills, Inc). Its physical
properties are summarized in Table 2. Themix proportion for the select-
ed reference concrete is shown in Table 4. GNPwas added at contents of
0.5, 1.0, 1.5, 2.0, and 2.5% by weight of cement.
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2.3. Specimens

Prior tomixing of concrete ingredients, GNPwasfirst ultra-sonicated
with the aid of water and a naphthalene sulfonate-based surfactant
(Darex Super 20, WR Grace Pte Ltd). This dispersant can disperse the
agglomerates and stabilize the exfoliatedGNPparticles [40]. The amount
of surfactant is also listed in Table 4 for each concrete mix. GNP and
surfactant were dissolved in water and manually stirred 1 min. A high-
power ultra-sonication horn was used to disperse this aqueous suspen-
sion for 2 h. During the sonication, a water bath was provided to cool
down the horn. After the sonication, this suspension was added to the
mixture of cement and aggregates and mixed in a pan mixer for 3 min.
Particle size distribution for GNP was also measured before and after
sonication and shown in Fig. 3. The added superplasticizer was found
to be sufficient to achieve the desired workability of 100 mm in this
study. The concrete was poured into steel molds and compacted on a
vibration table. After casting, all the specimens were covered with a
plastic sheet to preventwater loss anddemolded after 24 h. The concrete
specimens were cured in a fog room for 27 days before testing.
Table 2
Physical properties of GNPs.

GNP
product

Densitya,
ρ (g/cm3)

Surface areaa,
A (m2/g)

Diametera,
D (μm)

Thicknessb,
t (nm)

Aspect
ratio, λ

Purity,
%

A 3775 2.26 23.7 8.0 37 215 98.0
M 850 2.26 13 3.6 71 50 99.5
TC 307 2.16 352 2.6 3 1000 99.9

a Provided by product datasheet from Asbury Graphite Mills, USA.
b Estimated from the surface area and density as t = 2/Aρ.
2.4. Test methods

Compressive and splitting tensile strength, static and dynamic
elastic moduli of concrete were tested according to ASTM C 39 [46], C
496 [47], C 215 [48], and C 469 [49], respectively. Rapid chloride pene-
tration test (RCPT), chloride diffusion coefficient, andwater penetration
depthwere determined followingASTMC1202 [50], NTBUILD443 [51],
and BS EN 12390-8 [52], respectively. For each concrete mix, six
Φ100 × 200 mm cylinders were prepared for compressive and splitting
tensile strengths as well as elastic modulus test. Three Φ100 × 50 mm
cylinder discs were prepared for RCPT. ThreeΦ100 × 100mm cylinders
were immersed in a salt solution (185 g NaCl per liter) for 14, 56, and
90 days. At the immersion age of 14 and 56 days, one cylinder was
taken out, axially split, and sprayed with 0.1 M silver nitrate solution
on the fractured surface to determine the chloride ion penetration
depth. One cylinder was used to determine the chloride content profile
after 90 days of immersion at depths of 5, 15, 25, 35, and 45 mm. The
total chloride content (acid soluble) was measured according to BS
1881-124 [53]. Two Φ100 × 200 mm cylinders were applied with a
water pressure of 0.75 MPa on one end while the other surfaces were
coated with epoxy. After subjecting the cylinders to 14 days of water
pressure, they were split to measure the average water penetration
front depth. Two 75×75×285mmconcrete prismswere used to deter-
mine the permeable void content at 28 days according to ASTM C 642
[54].

The pore structure of GNP-infused concrete at 28 days was probed
using mercury intrusion porosimetry (MIP). After the compressive
strength test, cubic chunks of concrete around 5 mm in dimension
were chosen as samples for MIP. Samples devoid of large aggregates
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Fig. 2.Water sorptivity of cement mortar containing different GNPs at 2.5% dosage.



Table 3
Chemical composition of OPC.

Chemical composition %

SiO2 20.8
Al2O3 4.6
Fe2O3 2.8
CaO 65.4
MgO 1.3
SO3 2.2
Na2O 0.31
K2O 0.44

Table 4
Mix proportions of concrete (kg/m3) and slump (mm).

Mix Water Cement GNP
A3775

Sand Coarse
aggregate

Darex Super
20

Slump

NC 185 390 0.00 890 890 1.0 90
GC0.5 185 390 1.95 890 890 1.2 100
GC1.0 185 390 3.90 890 890 2.4 90
GC1.5 185 390 5.85 890 890 3.6 95
GC2.0 185 390 7.80 890 890 4.8 100
GC2.5 185 390 9.75 890 890 6.0 85

0.09L/
g

(a)
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were extracted to ensure adequate quantity of mortar. Each MIP run
requires a few cubic chunks to fill the bulb of the penetrometer; the
cubic chunks were randomly sampled from different parts of the speci-
men to better represent the average properties [55]. TwoMIP runswere
carried out for each concrete mix to ensure the repeatability of the re-
sults. Due to the existence of fine aggregates and the accompanying
ITZ in the samples, the interface pore structure would also be reflected
byMIP results [56]. According to Laskar et al. [57], the pore size distribu-
tion determined from samples extracted away from coarse aggregates is
representative of the results if the coarse aggregates were included in
the MIP samples.

3. Results and discussion

3.1. Pore size distribution

The pore structure of concrete with GNP has been characterized
using MIP by extracting a small sample of the cement mortar from the
concrete that is devoid of coarse aggregates. The curves for the cumula-
tive pore volume and differential distribution are shown in Fig. 4(a) and
(b), respectively. With the addition of GNP, the peaks of the differential
distribution curves shift toward smaller pore size, indicating a drop in
the critical pore diameter. This refinement of the pore structure is attrib-
uted to the addition of GNP and similar effect in cementmortar has been
demonstrated by Du and Pang [40].

The total porosity determined from the MIP test is shown in Table 5
and it should be noted that this value is not representative of the total
porosity in the concrete; the presence of the interfacial transition zone
(ITZ) between the cement paste and the aggregates affects the porosity
but this was unaccounted for in theMIP results. Bymeasuring the mass
of saturated surface dry specimenmSSD, mass of oven-dry specimenmOD

and mass of immersed specimenmI, the permeable void content vp can
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Fig. 3. Grading curves for coarse and fine aggregates, as well as cement and GNP.
be determined which theoretically accounts for all the water accessible
voids in the concrete:

vp ¼ mSSD−mOD

mSSD−mI
ð1Þ

Thepermeable pore content for concretewith differentGNP concen-
trations is shown in Table 5 and there was only marginal change of less
than 5% when GNP was added to the concrete.

The average air void diameter, average, median, and critical pore
diameters determined from MIP are shown in Table 5. With 1.0% or
less of GNP added, the average air void diameter varied less than 10%
but shrank significantly by more than 40% when 1.5% of GNP was
added. When the amount of GNP increased further, the average air
void diameter started to increase but remained smaller than the average
air void diameter for the reference concrete by more than 10%. The
average pore diameter also decreased when GNP is added except for
the anomaly of an increase when 2.0% of GNP was added. The smallest
average pore diameter was recorded for concrete with 1.5% GNP
where the average pore diameter decreased by more than 20% as com-
pared to that of the reference concrete. The same trendwas observed for
the median pore diameter where the smallest median pore diameter
was recorded for concrete with 1.5% of GNP; the decrease in median
pore diameter was more than 40% as compared to that measured in
the reference concrete.

The effect of GNP on the pore structure was obvious in the critical
pore diameter which shrank by at least 20% even by adding 0.5% of
GNP. The changes in the critical pore diameter in concrete after addition
of GNPwere consistentwith the results for cementmortar [40]. The crit-
ical pore size indicates the mean size of pore entryways that allows
maximum percolation throughout the pore system [58] and greatly
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Table 5
Pore structure of GNP infused concrete.

GNP content, % Total porosity, % Permeable void
content, %

Average air void
diameter, μm

Average pore
diameter, nm

Median pore
diameter, nm

Critical pore
diameter, nm

Fraction of
macro-pores, %

0 18.4 ± 1.7 12.0 ± 0.1 59.2 ± 1.1 17.3 ± 0.9 47.8 ± 1.3 73.8 ± 0.2 45.4 ± 1.1
0.5 16.2 ± 1.9 12.1 ± 0.0 56.3 ± 2.1 15.0 ± 0.1 36.4 ± 2.5 59.9 ± 0.2 38.2 ± 0.8
1.0 18.1 ± 1.1 11.8 ± 0.0 53.5 ± 0.9 14.6 ± 0.0 35.4 ± 1.1 59.8 ± 0.2 36.2 ± 1.4
1.5 15.8 ± 1.1 12.2 ± 0.1 34.3 ± 2.2 13.8 ± 1.0 27.2 ± 5.9 59.7 ± 0.1 31.3 ± 3.7
2.0 20.2 ± 2.6 11.9 ± 0.2 43.5 ± 2.3 18.8 ± 1.3 43.6 ± 2.5 47.7 ± 0.1 39.6 ± 1.8
2.5 16.5 ± 0.3 11.4 ± 0.4 51.7 ± 3.0 15.6 ± 1.0 37.2 ± 7.9 51.7 ± 4.1 36.0 ± 7.2
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influences the transport properties of harmful fluids and gases to
cement-based material [59]. It should be noted that 20% reduction in
pore size does not linearly translate into a 20% reduction in permeability
of cement materials. Instead, it could account for up to 80% reduction in
permeability [60]. According to Mindess et al. [58], it is the macropores
that can affect the transport properties of cementmaterials. The fraction
of macropores (with diameter from 50 to 10,000 nm) for each concrete
mix is also listed in Table 5. Concrete with 1.5% of GNP exhibited the
lowest fraction of macropores which was 30% less than that of the
reference concrete and this optimum amount of GNP with the largest
effect on the fraction of macropores was consistent with the results
for average and median pore diameters.

The pore structure characteristic has shown that GNP can refine the
microstructure of concrete with themost significant refinement report-
ed for 1.5% of GNP A3775. This refinement effect can be attributed to
(a) the nano-filler effect which can fill and divide coarser voids into
finer voids (as illustrated in Fig. 1(b) and 1(c)); and (b) providingnucle-
ation sites for promotion of cement hydration [30] which can lead to a
more homogenous microstructure when the GNP are well dispersed.
However, this effect was diminished with 2.0% or more of GNP A3775
in concrete. This is due to the reduced dispersion efficiency of the soni-
cation of GNP in a viscous suspension when the GNP concentration is
high. The GNP agglomerated (shown in Fig. 1(d)) and formed porous
zones when the GNP suspension is mixed with the concrete and this
negated the benefits of introducing GNP into concrete.
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Fig. 5.Mechanical properties of concrete with GNP.
3.2. Mechanical properties

The strength andmodulus of concrete with different content of GNP
are shown in Fig. 5(a) and (b), respectively. As reflected in Table 6, the
null hypothesis of GNP having no effect on the mean of the mechanical
properties is not rejected at 5% significance level except for the anomaly
reported for the compressive strength of concretewith 1.5% of GNP. This
shows that the nano-scale GNP does not benefit or adversely affect the
strength and modulus of the concrete.

The compressive strength of concrete is primarily governed by the
porosity of concrete and since the porosity did not vary much after
introducing GNP, no significant change in the compressive strength
was observed. The invariance of the flexural strength and the elastic
modulus with respect to GNP content can be explained by the size of
the GNP in comparison with the particle sizes in the concrete matrix.
The GNPs are larger than the calcium silicate hydrate (C–S–H) particles
but a few times smaller than the ITZ between the coarse aggregates and
the cement matrix, which is normally 20–40 μm in thickness. While
the size and aspect ratio of the GNP (as shown in Fig. 1(b)) can offer a
strengthening effect on the cement paste, its size is not large enough
to significantly affect the microstructure in the ITZ, or to redistribute
stresses over the ITZ to mitigate the weak zones in the microstructure,
or to provide adequate anchorage to bridge over the microcracks that
exist between the aggregates. The null effect of GNP on the mechanical
properties of concrete with coarse aggregates is consistent with earlier
studies of GNP on cement with fine aggregates [40].
3.3. Resistance to chloride penetration

After 6 h of RCPT testing, the concrete samples were axially split and
sprayed with 0.1 N AgNO3 solution. The migration coefficient can be
obtained from the measured penetration depth using the following
formula [61]:

Dnssm ¼ 0:0239 273þ Tð ÞL
U−2ð Þt xd−0:0145

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
273þ Tð ÞLxd

U−2

r" #
ð2Þ

where Dnssm is the migration coefficient, ×10−12 m2/s; T is the average
temperature in the anolyte solution, °C, L is the thickness of the concrete
sample, mm; U is the applied voltage, V; xd is the average penetration
depth, mm; and t is the test duration, h.

The chloride migration coefficients for concrete containing various
GNP contents are displayed in Fig. 6(a). The addition of as little as 0.5%
GNP could reduce the chloride migration coefficient by 25% while
concrete with 1.5% GNP could reduce the chloride migration by 37% as
compared to the reference concrete. The better chloride migration resis-
tance could be attributed to the refinement in pore distribution in cement



Table 6
Evaluation of the effect of GNP on mechanical properties using p-values from t-tests.

GNP
content,
%

Compressive
strength, MPa

Splitting tensile
strength, MPa

Static elastic
modulus, GPa

Dynamic elastic
modulus, GPa

Mean p-value Mean p-value Mean p-value Mean p-value
0 45.1 – 3.32 – 29.5 – 42.2 –
0.5 44.5 0.393 3.13 0.546 29.0 0.389 41.4 0.180
1.0 45.0 0.909 3.01 0.243 29.3 0.773 41.8 0.493
1.5 43.1 0.023 – – 30.1 0.358 42.6 0.608
2.0 43.5 0.059 2.38 0.077 28.7 0.827 41.9 0.602
2.5 – – 3.35 0.890 28.6 0.178 – –
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paste which is reflected in the changes in average, median, and critical
pore diameters, and fraction of macropores. Although the influence of
refined pore structure was not significant in increasing mechanical
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Fig. 6. Test results for concrete with GNP (a) chloride migration coefficient, (b) chloride
penetration depth, and (c) chloride content profiles and best-fitted curves.
strength, it contributed to improved barrier properties. At the same
time, the added GNP can be considered as impermeable barriers inside
the cement paste, which increase the tortuosity and decrease the pore
connectivity for ingressive ions to penetrate through. However, at higher
GNP concentrations, the GNP suspension became increasingly viscous,
resulting in lower energy transfer within the suspension during sonica-
tion. The poorer dispersion resulted in clustering of the GNP, which
does not allow the full benefits of adding GNP to be realized. It is hypoth-
esized that the transport resistance can be further improved with more
GNP, provided that the GNP can be well dispersed; further attempts are
being carried out toward achieving better dispersion at higher concentra-
tions of GNP.

Fig. 6(b) shows the chloride ion penetration depth at 14 and 56 days.
The chloride ion penetration depth increased with time from 14 to
56 days and decreased with increasing GNP content of up to 1.5%, and
increased thereafter. The chloride ion penetration depth for 14 and
56 days were both reduced by about 60–70% for concrete with 1.5% of
GNP as compared to the reference concrete. This is consistent with the
effect of GNP concentration on chloridemigration coefficient. The path-
ways for chloride ion to diffuse into concrete were refined in size and
obstructed by the added GNP. Exceeding 1.5% GNP, the agglomeration
of GNP into porous clusters would result and this led to more porous
pathways for chloride ions to penetrate.

The chloride content profiles for concrete with GNP are shown in
Fig. 6(c). The diffusion of chloride ions into concrete can be described
by Crank's solution to Fick's second law:

C x; tð Þ ¼ C0 1−erf
x

2
ffiffiffiffiffiffiffiffi
Det

p
� �� �

ð3Þ

where C(x,t) is the chloride content at depth x (mm) and time t (s), C0 is
the chloride content at the surface, and erf is the error function,De is the
chloride diffusion coefficient, ×10−12 m2/s. The best-fitted curves and
the parameters for each fitted curve are displayed in Fig. 6(c) and
Table 7, respectively. The chloride diffusion coefficient decreased with
GNP content until up to 1.5% of GNP, indicating an enhanced imperme-
ability which was likely due to pore refinement and barrier effect of
GNP. At 1.5% of GNP, the chloride diffusion coefficient dropped by 80%
as compared to the reference concrete. At higher GNP content, the
dispersion will be harder, resulting in clusters which formed porous
zones and this reduced the barrier effect; this phenomenon is consistent
with the results for pore distribution and chloridemigration coefficient.

3.4. Resistance to water penetration

The effect of GNP onwater penetration depth in concrete is shown in
Fig. 7. At low GNP content of 1.0% or less, the water penetration depth
was not much affected which was supported by p-values of 0.45 and
0.14, for 0.5% and 1.0% of GNP, respectively. When GNP content in-
creased to 1.5%, the water penetration depth decreased by 80%
(shown in Fig. 8). This drastic drop at 1.5% of GNP was also observed
in the average and median pore diameters which shrank most signifi-
cantly at 1.5% of GNP. Further addition of GNP beyond 1.5% did not
further reduce the water penetration depth. A similar finding has also
been reported by Quercia et al. [10], in which the water permeability
Table 7
Parameters for the best-fitted curves of chloride content profiles.

Mix De, ×10−12 m2/s C0, wt.% R2

NC 49.7 0.43 0.981
GC0.5 38.7 0.74 0.987
GC1.0 42.6 0.53 0.963
GC1.5 10.0 0.30 0.985
GC2.0 21.5 0.51 0.975
GC2.5 31.4 0.59 0.946
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Fig. 7. Water penetration depth of GNP infused concrete.
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of concrete was abruptly reduced by the addition of 3.75% nano-silica
though the total water permeable porosity maintained almost the
same. Compared with the previous work by Ji [7] where the water
penetration depth reduced by 45% for concrete with 3.5% nano-silica
(wt.% of cement), it is noted that addition of GNP is able to reduce the
permeability of concrete more significantly with a smaller amount of
nano-particles (1.5% GNP A3775 in this study). This can be attributed
to the platelet formof theGNPwhich increased the tortuosity and refine
the pore structure, both of which increased the resistance against water
ingress as compared to the spherical nano-silica.

3.5. Mechanism of transport barrier by GNP

The experiments have shown that the pore structure in the cement
pastematrix of concrete can be refined byGNPaddition. This is reflected
in theMIP results where the average, median, and critical pore sizes are
all reduced. Besides the influence on pore structure of concrete, im-
provement in durability of concrete is reflected in the transport proper-
ties where the water penetration depth, chloride diffusion coefficient,
and chloride migration coefficient diminished when GNP was added.
This can be attributed to the refinement of capillary pore system and
the barriers formed by the impermeable GNP which led to more tortu-
ous paths for the ingress of water and chloride ions. The contribution
of the twomechanisms toward the reduction in the transport properties
can be estimated by evaluating the approximate tortuosity that the GNP
brings about.

The contribution of tortuosity in reducing the transport of water can
be evaluated by first considering the tortuosity factor τ2D of evenly
Fig. 8. Test results for water penetration depth into concrete without and with 1.5% GNP.
spaced 2-D GNP in cement matrix with their planes aligned perpendic-
ular to the direction of water ingress as expressed as follows:

τ ¼ 1þ l
2T

ð4Þ

where l is the length of the nanoplatelet and T is the thickness of the unit
cell. For other orientation of the nanoplatelet, the tortuosity factor can
be modified with the order parameter S [62,63]:

τorient ¼ 1þ l
2T

2
3

� �
Sþ 1

2

� �
ð5Þ

If the nanoplatelets are randomly distributed, S takes the value of 0
[62,63] and the tortuosity factor can be expressed as

τrand ¼ 1þ l
6T

ð6Þ

The thickness T of the unit cell depends on the dispersion distance. A
simple approximation is to assume that platelets are dispersed in 1D
(refer to Fig. 9(a))with the in-plane distance between the nanoplatelets
being zerowhile the out-of-plane distance is proportional to the volume
fraction ϕp of platelets such that the unit cell thickness T= t/ϕp where t
is the thickness of the nanoplatelet. This leads to a tortuosity factor
which is commonly used by other researchers [64,65]:

τrand;disp1D ¼ 1þ l
t

� � ϕp

6

� �
ð7Þ

If the nanoplatelets are assumed to be evenly dispersed in 3D (refer
to Fig. 9(b))with a spacing of s for both in-plane and out-of-plane direc-
tions, the tortuosity factor will be larger with an amplification factor
(1 + s/l)2. This leads to an upper bound of the tortuosity factor for
random 2D platelets.

τrand;disp3D ¼ 1þ l
t

� � ϕp

6

� �
1þ s

l

� �2
ð8Þ

The spacing s can be found by relating the volume of the nanoplatelet
to the volume of the unit cell given below:

ϕp ¼ l2t

lþ sð Þ2 t þ sð Þ
ð9Þ

Water permeability coefficient (Kw) of concrete can be estimated
from the following equation developed by Valenta [66], based on the
water penetration depth (d) under water pressure (h) for the test
period (t).

Kw ¼ d2v
2ht

ð10Þ

where v is the porosity of concrete. From Eq. (10), we can modify
the permeability of particle-unfilled concrete with the tortuosity
factor to evaluate the effect of tortuosity in particle-filled concrete:
Kw′=Kw/τrand ,disp3D2 . This theoretical estimate of the permeability
ratio K'w/Kw is compared with the experimentally measured ratio in
Fig. 10(a)whereK'w and Kw are thewater permeabilities of the concrete
with and without GNP, respectively. The tortuosity effect alone over-
estimates the decrease in water permeability for GNP at 1.0% or less as
the tortuosity model illustrated in Fig 9(b) gives an upper bound esti-
mate of the tortuosity effect. For GNP of 1.5% and above, the tortuosity
effect contributes about 50% reduction in water penetration depth for
concrete while the rest can be attributed to the pore refinement by
the GNP. The results are consistent with the water penetration depth
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reported formortarwith GNP [40]where the lowest testedGNP content
of 2.5% resulted in a significant drop in water penetration depth.

The ingress of chloride ions by diffusion is described by the solution
to Fick's second law of diffusion in Eq. (3). If the distance x travelled by
the chloride ions from the exposed surface takes into account the length
of the tortuous path such that x′=τrand ,disp3Dx, it results in an apparent
chloride diffusion coefficient D′ which can be expressed as [40]:

D0
c ¼ Dc=τ2rand;disp3D ð11Þ

This modification of Dc is based on tortuosity argument only and if
we plot Dc′/Dc, we can evaluate the relative contribution of tortuosity
in the chloride diffusion barrier. From the comparison of Dc′/Dc against
1/τrand ,disp3D2 , tortuosity alone can account for the changes in chloride
diffusion coefficients for GNP of 1.0% and below. At 1.5% of GNP, about
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half of the drop in the chloride diffusion coefficient can be explained
by the increase in tortuosity while the rest can be attributed to pore
refinement and that is consistent with the smallest pore diameter re-
ported for 1.5% of GNP. As the GNP content increased beyond 1.5%, the
pore refinement effect diminished which was expected based on the
trends for the average air void diameter and median pore diameter at
those GNP contents.

The non-steady state migration coefficient of chloride ions under
an applied potential difference can be described by Eq. (2). Similar to
the treatment of chloride diffusion coefficient, we can evaluate the
contribution of tortuosity to the non-steady state migration coefficient
by comparing Dnssm′/Dnssm against 1/τrand ,disp3D2 [40] as shown in
Fig. 10(b). We can expect tortuosity alone to contribute almost fully to
the chloride diffusion barrier for different GNP contents. At GNP content
of 2.0% and higher, the Dnssm′/Dnssm ratio raises and this is likely due to
the presence of GNP clusters.

The efficiency of GNP of blocking the transport of water and chloride
ions in cementmortarwas investigated byDu and Pang [40] recently, in
which GNPwas added at contents of 0, 2.5%, 5.0%, and 7.5% byweight of
cement. It was reported that the addition of 2.5% GNP could provide the
highest barrier efficiency due to the pore refinement and increased
tortuosity in thematrix. However, the performances of cement compos-
iteswith GNPdosage less than 2.5%were not investigated. Fig. 11 shows
a comparison of the relative water permeability and chloride ingress
before and after the addition of GNP in cement composites, collected
from previous work [40], and this study. Compared to the reference
plain cement composites, the use of GNP hinder the transport of water
and chloride ions, demonstrating the function as barriers. Also, this
barrier efficiency does not consistently increasewith higherGNP amount
while 1.5% of GNP seems to be the optimum due to the limitation of the
current processingmethod to further disperse the GNP clusters at higher
percentage.
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GNP in cement composites.



122 H. Du et al. / Cement and Concrete Research 83 (2016) 114–123
4. Conclusions

The mechanical and transport properties of concrete infused with a
low-cost 2D nano-platelet, GNP, were investigated experimentally.
The following conclusions can be obtained:

1. The porosity did not varymuchwith the addition of GNPwhich does
not change the compressive strength. The size of the GNP is signifi-
cantly smaller than the ITZ between the cement paste and aggre-
gates, rendering it ineffective to increase the flexural strength or
the modulus.

2. The addition of GNP helped in pore refinement of the cement paste;
the average,median and critical pore diameters, and the average void
diameter are all reduced due to the nano-filler and segmentation
effect of GNP on the capillary pores.

3. This is the first study to characterize the influence of 2-D nano-filler
on the durability performance of concrete. It is found that GNP
improves the resistance of concrete to chloride ion and water pene-
tration, attributed to the refined microstructure and increased tortu-
osity of concrete. 1.5% of GNP A3775 was found to be the optimum
content for current processing method to improve the durability
performance of concrete. At this optimal GNP content, the water
permeability, chloride diffusion coefficient, and chloride migration
coefficient were reduced by 80%, 80%, and 40%, respectively.

4. Despite the presence of more and larger ITZ with the introduction of
coarse aggregates into the cement matrix, the effectiveness of the
GNP in reducing the transport of the water and chloride ions does
not seem to be affected. The results support the use of GNP with the
proposed processing method as a means of enhancing the durability
of concrete.
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