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Abstract
Both graphene oxide (GO) and carbon nanotubes (CNTs) are carbon-based nanomaterials. Due to their favorable dispers-
ibility in water and excellent mechanical properties, they are potential additives for use as reinforcements in cementitious 
composites. In this laboratory study, GO and CNTs were simultaneously used as additives to improve the mechanical prop-
erties (e.g., compressive strength) and durability (e.g., frost resistance, water impermeability) of cementitious composites. 
To maintain and optimize the mortar fluidity, fly ash (20% by the mass of the cementitious materials) was also added 
into the cementitious composite. Based on the laboratory test results, the compressive strength of the cementitious 
composite was maximized to 43.50 MPa with an optimal dosage of 0.08% GO, by weight of the total mixture. Addition of 
0.04% GO (by total mixture weight) and higher dosages of up to 0.08% exhibited a strengthening effect on the cement 
composites due to the simultaneous bridging effect of 0.15% CNTs and the nucleation effect of GO. Furthermore, the 
addition of GO and CNTs contributed to improving the freeze–thawing resistance and impermeability of the cementi-
tious composites. Overall, the study results indicated that the addition of GO and CNTs could potentially improve the 
mechanical properties and durability of cementitious composites, which could be very beneficial for various industrial 
applications such as concrete roads or building constructions.

Keywords Graphene oxide (GO) · Carbon nanotubes (CNTs) · Cementitious composites · Compressive strength · Freeze–
thawing resistance · Impermeability · Durability

1 Introduction

Cement-based concrete is widely used for various civil 
engineering applications (i.e., buildings, roads, etc.), 
the properties of which are predominantly determined 
through strength characterization. Other properties such 
as impermeability, freeze–thawing resistance, are partially 
dependent on and affected by the concrete strength. The 
pore structure is an important factor affecting the strength 
of the cementitious composites and one key challenge is 
often how to modify the pore structure and consequently, 
improve the strength of the cement composite [1, 2].

It is reported in the literature that the strength of cementi-
tious composites can be improved by adding high-efficient 
water-reducers to reduce the water-cement ratio, improve 
the workability of the cement-matrix composites, and 
reduce porosity [3]. These water-reducers improved the 
mechanical properties and durability of cementitious com-
posites to a certain extent by optimizing the composition 
and structure of materials from different levels. At present, 
these water-reducers are mainly used to develop the cemen-
titious composites with high compressive strength and 
good rheology by using the compact packing principle and 
mixing ratio [4]. For example, adding ultrafine and highly 
effective active mineral nanometer admixtures such as fly 
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ash, granulated blast furnace slag, and natural zeolite pow-
der reduces porosity to improve the durability of cementi-
tious composites [5].

Recently, new nanomaterials with superior physical prop-
erties have brought novelty for significantly improving the 
mechanical properties and durability of cementitious com-
posites for numerous chemical/engineering applications [6, 
7]. For example, nano-SiO2 material has been successfully 
used to inhibit the generation and propagation of micro 
cracks by filling the micro-voids of concrete, which accord-
ingly improved the bearing capacity and fracture toughness 
of concrete [8, 9]; On the other hand, nano-sized  CaCO3 has 
shown potential to accelerate the hydration reactions of 
 C3A and  C3S through seeding effects, which inherently pro-
motes the formation of C–S–H and accordingly enhanced 
the mechanical properties of concrete [10].

Additionally, as a nanoscale “super fiber” reinforced 
material, the introduction of carbon nanotubes (CNTs) also 
improved the micropore filling and toughening perfor-
mance of concrete [11]. Mohamed et al. found that adding 
CNTs increased the flexural strength of cement mortar by 
about 55% compared to the control group without CNTs 
[12]. Zhou et al. [13] found that the combination of graphene 
oxide (GO) and CNTs can improve the strength and tough-
ness properties of cementitious materials.

Similar to mechanical properties, the corrosion resistance 
and electrical conductivity of cement-matrix composites 
have also indicated good results through the introduction 
carbon nanomaterials [14–20]. Several studies in the liter-
ature have shown that both GO and CNTs can effectively 
improve the mechanical properties (e.g., strength) and 
durability of cementitious composites—however they have 
adverse effects on the workability aspects [20, 21]. Due to its 
large specific surface area and oxygen-containing functional 
groups on the surface, GO can accelerate the formation of 
hydration products and promote the compact accumulation 
of hydration products, thus improving the strength, corro-
sion resistance, and frost resistance of cement-based com-
posites. CNTs, on the other hand, has exhibited great poten-
tial to enhance the flexural strength, compressive strength, 
and flexural toughness of cementitious composites due to 
their unique atomic structure [22]. However, systemic stud-
ies on the influence of different nanomaterial combinations 
on cementitious materials are limited and mostly in their 
infancy. For instance, the effects of the GO–CNTs combina-
tion on the dispersion of the carbon-based nanomaterials in 
the cementitious composites has not been widely reported 
in the literature. Similarly, the literature is fairly limited on 

studies comparing the effectiveness of using the GO–CNTs 
combination versus individual additives (i.e. GO alone or CNT 
alone) on improving the mechanical properties and durabil-
ity of the cementitious composites. Evidently, these aspects 
warrant exploration/addressing.

To obtain new cementitious composites with enhanced 
strength and other improved mechanical properties, 
multi-walled CNTs and high-purity single-layer GO were 
used in this study to investigate their effects on work-
ability, compressive strength, frost resistance, and water 
impermeability of the cementitious composites. Ulti-
mately, it is envisioned that the laboratory data generated, 
in this study, on the enhanced mechanical properties and 
durability of cement-matrix composites will lay a solid 
foundation for the industrial preparation of new cementi-
tious composites in the future. Note that in this paper, the 
word composite is interchangeably used to mean mixture.

2  Experimental design plan

The experimental design is discussed in the subsequent 
section and includes the materials and laboratory tests. 
The laboratory tests include workability, mechanical, frost 
resistance, and impermeability tests.

2.1  Raw materials

The cement used in the study was ordinary Port-
land cement P·O 42.5, with a specific surface area of 
314 m2 kg−1. The main chemical components of cement 
are shown in Table 1 and the main chemical components 
of class-F fly ash are shown in Table 2. The specific sur-
face area and the density of the fly ash were 1400 m2 kg−1 
and 2.22 g cm−3, respectively. The size range of the quartz 
sand employed in the study was 180–380 μm. The water-
reducing agent used was QS-H8011L polycarboxylates, 
a high-performance water-reducing admixture with low 
air content (water-reducing rate > 23%). Multi-walled 
CNTs (from Suzhou carbon-rich graphene Technology 
Co., Ltd.) having an inner diameter of 3–5 nm, an outer 
diameter of 8–15 nm, length of 3–12 μm, specific surface 

Table 1  Chemical composition 
of cement

Composition SiO2 Al2O3 MgO CaO Fe2O3 SO3 Loss on ignition

Content (%) 24.2 2.8 1.5 64.3 2.4 1.5 1.5

Table 2  Chemical composition of fly ash

Composition SiO2 Al2O3 MgO CaO Fe2O3

Content (%) 55.8 14.33 1.3 12.06 4.14
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area > 233 m2 g−1, and a purity > 91% was used. The GO 
used, was a high-purity, precipitation-free monolayer GO 
that was laboratory prepared using the Hummer’s modi-
fied method [23]. The thickness of GO monolayer was 
0.6–1.0 nm with lamella diameter of 0.2–10 μm and spe-
cific surface area of 1000–1217 m2 g−1, respectively.

The locally sourced sand, that was used in the study, 
mostly comprised of fine-graded quartz aggregates. Other 
materials used in the study, also locally sourced, were ordi-
nary super-plasticizer and water.

2.2  Preparation of the composite materials

To ensure uniform dispersion of GO and CNTs in the 
cementitious mixture, the aqueous solution of GO was 
treated with an ultrasonic mixer for 1 h (at 40 kHz fre-
quency with a 300 W power input) while the aqueous 
solution of CNTs used sodium dodecyl benzene sulfonate 
(SDBS) as the dispersion solution, and was ultrasonically 
treated for 2 h (at 33 kHz frequency with a 200 W power 
input) before mixing with the mortar. The water-cement 
ratio used was 0.3 [24]. The respective mixture proportions 
are shown in Table 3.

Based on the standard mixture proportions of high-
performance cementitious composites [24], 20% fly 
ash, by weight of the total mass of the cementitious 
materials, was used to replace some cement. The 
fly-ash additive was necessary to maintain the fluid-
ity of the mortar. The dosages of GO were arbitrarily 
selected as 0.00% (0.000 kg m−3), 0.02% (0.157 kg m−3), 
0.04% (0.314  kg  m−3), 0.06% (0.472  kg  m−3), 0.08% 
(0.629 kg m−3), and 0.10% (0.786 kg m−3), respectively, 
measured and quantified as a function of the total mass 
of the cementitious materials, namely cement and fly ash 
(i.e. weight of GO divided by the weight sum of cement 
plus fly ash). As shown in Table 3, the CNTs content was 
maintained constant at 0.15% (1.179 kg m−3) by total 
weight of the cementitious materials, namely cement 
and fly ash, i.e., weight of CNTs divided by the weight 
sum of cement plus fly ash [12, 25]. The cementitious 

specimens were demolded 24 h after forming and cured 
for different time periods ranging from 3 to 28 days in a 
standard curing room with a relative humidity of about 
95% at 20 ± 2  °C prior to testing [26]. Three replicate 
specimens were molded and tested per material per GO/
CNTs dosage per curing age per test condition.

2.3  Laboratory testing methods

The laboratory tests conducted in this study are dis-
cussed in this subsection and including the following: 
workability, mechanical properties, frost resistance, and 
water impermeability.

2.3.1  Workability test

The fresh mortar was poured into round table test molds 
with an upper diameter of 70 mm, a lower diameter of 
90 mm, and a height of 60 mm in two lifts. After the first 
installation to a height of 2/3 of the mold, the mortar 
was compacted with the same compactive-effort for 
each lift. Then, the fresh mortar was poured into the test 
mold with the surface slightly higher than the top of the 
mold and the compaction process was repeated. After 
compaction, the sleeve at the upper part of the test mold 
was grounded to ensure surface smoothness. Finally, the 
round table test mold was gently lifted along the vertical 
direction. The maximum expansion and vertical direction 
diameters of mortar were measured on a vibration table 
with a ruler after 25 times of vibrations. For determining 
fluidity, the time from mixing mortar to the expansion 
diameter measurement of the mini slump was 6 min. The 
slump expansion was determined using Eq. (1):

where  d1 = maximum expansion direction diameter and 
 d2 = maximum extension direction vertical diameter, 
respectively. Three replicate specimens were evaluated 
for workability per GO dosage.

(1)Mini-slump expansion = (d1 + d2)∕2

Table 3  Mixture proportions of 
GO/CNTs cement composites 
(kg m−3)

Number Cement Fly ash Water Sand Super-plasti-
cizer

GO CNTs

OPC 629 157 236 1218 1.57 0 1.179
GO-002 629 157 236 1218 1.57 0.157 1.179
GO-004 629 157 236 1218 1.57 0.314 1.179
GO-006 629 157 236 1218 1.57 0.472 1.179
GO-008 629 157 236 1218 1.57 0.629 1.179
GO-010 629 157 236 1218 1.57 0.786 1.179
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2.3.2  Mechanical property tests

The size of the cubical specimens for the compressive 
tests was 50 mm. The size of the three-point bending test 
beam specimens was 20 mm in width × 20 mm in thick-
ness × 90 mm in length. All the specimens, three replicates 
per GO dosage per test type, were tested after 28 days of 
curing in a 95% relative humidity room at 20 ± 2 °C.

The compression test was conducted using the flexural 
compression tester. During the whole loading process, the 
specimens were monotonically loaded uniformly at a rate 
of 0.6 kN s−1 until failure. The average values of the maxi-
mum load, for three replicate specimens, were taken as the 
test values for each group, i.e., GO dosage. The three-point 
bending test was conducted using the material test system 
(MTS) device (C43.304, USA) at a monotonic loading rate of 
0.1 mm min−1.

2.3.3  Frost resistance test

In accordance with the Chinese specification JGJ/T 70-2009 
[27], the frost resistance of 70.7 mm × 70.7 mm × 70.7 mm 
cubical mortar specimens was tested by freezing and thaw-
ing for 300 cycles. Four specimen groups were used and 
Ordinary Portland Cement concrete (OPC) was used as 
the control compressive strength test specimens for anti-
freezing at the same age. After 24 h of pouring and forming, 
demolding was carried out. The cubical mortar specimens 
were then put into a 20 ± 2 °C water-bath for 2 days after 
26 days of standard curing [26]. The cubical mortar speci-
mens were then weighed after drying. The freeze–thaw test 
specimens were put into the freezer while the control speci-
mens were put into a standard curing box until the end of 
the freeze–thaw cycle.

During the freezing process, the specimens were con-
ditioned and controlled at a temperature of − 20 ± 2 °C. 
Thereafter, the specimens were put in + 20 ± 2 °C water-
bath for thawing immediately after freezing for 4 h. After 
thawing, the specimens were subjected to the next cycle 
and so forth. The appearance of damage and the dry weight 
of the specimens were recorded during the 5, 20, 50, 100, 
150, and 300 freeze–thaw cycles. In the control group, the 
specimens were soaked in water for 2 days before the end of 
150 and 300 freeze–thaw cycles, respectively. Three replicate 
specimens were used per GO dosage (i.e., per group). The 
mass-loss rate of the specimen after freeze–thaw cycles was 
computed using Eq. (2).

where Δmm = the mass loss rate after n freeze–thaw cycles 
based on three replicate specimens, m0 = mass of the 

(2)Δmm =
m0 −mn

m0

× 100%

test specimen before the freeze–thaw cycle test (g); and 
mn = mass of the test specimen after n freeze–thaw cycles 
(g).

2.3.4  Impermeability test

In this study, the impermeability test was accomplished 
using both the impermeable marking and penetration 
depth methods—using a minimum of three replicate 
specimens per test method per GO dosage/group. These 
two laboratory test methods are discussed in the subse-
quent text.

1. Impermeable marking method

 As discussed and illustrated subsequently, this method 
measures and quantifies water impermeability based on 
the water pressure concept [28]. A mortar mold with an 
upper diameter of 70 mm, a lower diameter of 80 mm, 
and a height of 30  mm was used to fabricate six test 
specimens per GO dosage. After putting the mixed mor-
tar into the test mold, the plasterer was evenly inserted 
and vibrated for 35 times. The molds were then trimmed 
to ensure surface smoothness. After 24 h, the demolded 
specimens were kept in the curing box for 28 days. There-
after, one side of the specimens with a dry surface was 
rolled in melted paraffin followed by complete sealing in 
a preheating test mold. After cooling to room tempera-
ture, the specimens were installed into an SS-1.5 mortar 
permeameter (Shanghai Dongxing Building Materials Test 
Equipment Co., Ltd.) (Fig 1a) for the water impermeability 
test.

During the impermeability test, the specimens were 
pressurized from 0.2 to 0.3 MPa—in particular with no 
water seepage under 0.2 MPa for 2 h. The pressure was 
increased by 0.1  MPa every 1  h. The pressure H was 
recorded when water seepage appeared in all the speci-
mens. If the specimens were impermeable after being 
pressurized to 1.5  MPa, they were taken out from the 
impermeability tester and placed under normal pressure 
for 6 h. A steel cushion strip with a diameter of 6 mm was 
placed at the center of the upper and lower end faces of 
the test specimen. After splitting the test specimen into 
two halves along the vertical section, the watermark on 
the split surfaces was immediately traced using a water-
proof pen. Then, a prefabricated trapezoidal transparent 
plastic plate was placed on the split surface to measure the 
distance from the bottom to the intersection of the water 
(Fig. 1b). Eight vertical lines were measured using a steel 
ruler to 1 mm accuracy. The arithmetic average height 
from upper to the lower ends of the aggregates was taken 
as the water penetration height if the measuring point was 
blocked. An average value of eight seepage heights was 
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taken as the penetration depth for each specimen. The 
impermeability pressure was calculated and determined 
using Eq. (3).

In Eq. (3), P is the impermeability pressure of the mor-
tar (MPa), accurate to 0.1 MPa and H is the water pres-
sure (MPa) in case of water seepage in three of six test 
specimens.

2. Penetration depth method

One specimen from each GO dosage group was put on 
the mortar impermeability tester under a 0.2 MPa pres-
sure. The pressure increased to 0.3 MPa when there is 
no water seepage after 2 h. After 1 h, the pressure was 
increased to 0.4 MPa for 1 h. Thereafter, the mortar imper-
meability tester was closed after 1 h at constant pressure, 
with specimen and the specimen whilst still impermeable 
under 1.5 MPa pressure. The specimen was immediately 
split under a pressure machine and the seepage height of 
each specimen was measured. The permeability coefficient 
was calculated using Eq. (4).

where Kp = permeability coefficient, h = average penetra-
tion depth, � = porosity of test piece, and t = test time for 
applying pressure. Because it is difficult to measure the 
porosity of the whole specimen, Eq. (5) was used to com-
pute �.

where Vw = volume of the water penetrating into the test 
piece and A = cross sectional area of the specimen. The vol-
ume of water infiltrated into the specimen can be used to 

(3)P = H − 0.1.

(4)Kp =
h2�

2tΔP

(5)� =
Vw

Ah

estimate the mass of the test specimen before and after 
the test ( m0 and m) using Eqs. (6) and (7).

3  Laboratory test results, analysis, 
and discussions

The laboratory test results are presented, analyzed, and 
discussed below. The test results include workability, 
mechanical properties, frost resistance, and imperme-
ability, which are based on a minimum of three replicate 
specimens per test type per GO dosage/group.

3.1  Effects of GO/CNTs on the mixture workability

By investigating the effects of GO and CNTs on the fluid-
ity of the mortar, it was found that the fluidity of mortar 
decreased significantly with an increase in the GO content. 
The slump of the mortar decreased by about 30.9% in the 
presence of 0.08% GO comparing to that of the OPC group 
(i.e., 13 mm vs. 18.8 mm). However, no significant change 
was observed with an increase in the GO content beyond 
0.08%, i.e., Fig. 2a shows a gentle slope change after the 
0.08% GO mark. The slurry precipitation from the bottom 
significantly reduced after adding GO and CNTs when lift-
ing the slump expansion platform (Fig. 2a, b). There was 
no slurry precipitation in the presence of GO below 0.04%. 
Moreover, the mortar could not be vibrated and com-
pacted when the content of GO was less than 0.08%. These 
results demonstrated that the dispersion of GO and CNTs 
with large surface area in the cement paste can absorb a 
large amount of water to significantly increase their wet-
tability, which ultimately improves the water retention 

(6)Δm = m −m0

(7)Vm = Δm∕�water

Fig. 1  a Mortar impermeability tester; b schematic diagram of transparent plastic plate
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and segregation resistance of the mixture. In addition, 
the small cement particles assumably adsorbed on the GO 
and CNTs surfaces improved the adhesion and segregation 
resistance of the mixture by promoting cement hydration 
and filling of the micro-pores [29, 30].

3.2  Effect of fly ash on the mixture workability

It has been reported that the “ball effect” of fly ash can par-
tially alleviate the adverse effects of poor fluidity caused 
by GO and CNTs [31]. The slump expansion of cementitious 
composites containing 0.03% GO increased from 142 to 
210 mm when 20% fly ash was added. In this study, 20% 
fly ash was also used to improve the fluidity of the mor-
tar. The mini-slump expansion results of the cementitious 
composites with and without fly ash are shown in Table 4. 
In the table, the row for “Unsubstituted (U)” represents the 
mortar’s mini-slump expansion when fly ash was not used 
to replace cement while the row for “Replacement of 20% 
fly ash (R)” represents the mortar’s mini-slump expansion 
when fly ash was used to replace 20% of cement. The rela-
tive value in the last row is the quotient of the mini-slump 
expansion of “Replacement of 20% fly ash (R)” and “Unsub-
stituted (U)”, i.e., relative vale = R/U as a percentage ratio.

As theoretically expected, the introduction of fly ash 
improved the slump expansion of cement composites by 
30–40%. This result demonstrated that the spherical and 
smooth fly ash particles can drive the slurry flow after wet-
ting. Furthermore, fly ash can increase the contact area 
between slurry and aggregates, fill the gap between sand 
and stone, which finally yields in an improved workability 
for the cementitious composite (mixture). In addition, fly 
ash can also reduce the friction between the cement-mor-
tar viscosity and particles by facilitating uniform disper-
sion of the cement particles. Furthermore, fly ash can also 
improve the workability of the mortar with high contents 
of GO and CNTs by enhancing the bleeding and the cohe-
sion property of the cementitious composites.

3.3  Effects of GO/CNTs on the mechanical 
properties of the mixture

Table 5 and Fig. 3a shows the compressive strength results 
as a function of the GO content and curing time. For each 
curing age, the compressive strength in Fig. 3a shows an 
increasing trend up to a certain GO dosage and thereaf-
ter, a decline. The highest compressive strengths occurred 
at 0.06% GO with 28.4 MPa and 46.0 MPa respectively, at 
the early stages of 3 days and 7 days curing, respectively, 
which are 64.16% and 45.57% higher than that of the 
control without GO/CNTs (i.e., 28.4 MPa vs. 17.3 MPa and 
46.0 MPa vs. 31.6 MPa, respectively). This result (i.e., gain in 
compressive strengths) evidently demonstrated significant 
strengthening effects of GO and CNTs on cementitious 
materials in the early stages of curing.

In Fig. 3a, the compressive strength of the specimen 
with 0.08% GO is the largest, about 41.15% higher than 
that of control without GO/CNTs at the 28d curing period 
(i.e., 61.4 MPa vs. 43.5 MPa). By contrast, the compressive 
strength decreased to about 50 MPa at 0.10% GO dos-
age. These results can be explained that excessive GO in 
the presence of CNTs increased the number of harmful 
holes in the specimen by reducing the fluidity of the mor-
tar, which ultimately caused a decay in the compressive 
strength [32, 33]. Additionally, the agglomeration and coa-
lescence of excess GO and CNTs also probably affected the 

Fig. 2  Effects of GO/CNTs on the mini-slump expansion of mortar

Table 4  Slump expansion 
before and after 20% fly ash GO content (kg m−3) 0.00% 0.02% 0.04% 0.06% 0.08% 0.10%

(0.000) (0.175) (0.314) (0.472) (0.629) (0.786)
CNTs content (kg m−3) 0.15% 0.15% 0.15% 0.15% 0.15% 0.15%

(1.179) (1.179) (1.179) (1.179) (1.179) (1.179)
Unsubstituted, U (mm) 182 165 154 141 130 128
Replacement of 20% fly ash, 

R (mm)
235 214 205 196 177 168

Relative value (R/U) (%) 129.12 129.70 133.12 139.01 136.15 131.25
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compressive strength by increasing the internal defects of 
the specimens during the agitation process.

By conducting the three-point bending test on the 
MTS device, load–deflection curves of the cementitious 
composites with different GO contents were gener-
ated as shown in Fig. 3b. Among the dosages evaluated, 
0.04% (GO-004) and 0.06% (GO-006) of GO showed the 
best strengthening effect, which are comparable to the 
0.08% (GO-008) curve with nearly the same ultimate load 
(Fig. 3b). These results could suggest that 0.04–0.06% GO 
could be the optimum GO dosage range for both rapid 
strength gain and achieving maximum ultimate load fail-
ure. However, the crack opening distance increased with 
an increase in the GO content, which suggested increased 
brittleness and deformation in the specimens. Due to the 
small cross-sectional size of the specimens and the rapid 
loading rate, the declining response of the curve after the 
peak load is not fully reflected in Fig. 3b.

With respect to bending resistance, 0.15% CNTs exhib-
ited the greatest influence. Scanning electron microscope 
(SEM) images in Fig. 3c indicates that CNTs had completely 
separated. It has been reported in the literature [34] that 
the strength and toughness of the cementitious compos-
ites are not only closely related to the interface bonding 
between the reinforcement and the cementitious matrix 
but also related to the strength and toughness of the rein-
forcement itself. Since the oxygen-containing functional 

groups on the multi-wall CNTs can react with the cement 
hydration products, the resultant interface has the poten-
tial to efficiently transfer the external forces to induce 
strengthening and toughening effects on the mixture [35]. 
However, the interface will disintegrate if the cementitious 
composite is damaged due to the weak interface bonding 
between the fiber-reinforced body and the cement matrix. 
This effect also aided in toughening the cementitious com-
posites [36]. These results show that the strengthening 
and toughening effects of CNTs are mainly achieved by 
the main crack turning along the CNTs, namely the bridg-
ing effect of CNTs on the cement matrix and the energy 
consumption of CNTs. Figure 4a shows the spectrum of 
the specimens for infrared characterization of the GO/
CNTs at 28-day curing period. The infrared spectrum in 
the range of 600–4000 cm−1 is divided into two bands 
of 600–2000 cm−1 and 2000–4000 cm−1, respectively, to 
effectively analyze the effects of GO/CNTs on the hydration 
products of cement (Fig. 4b, c). The characteristic groups 
and wavenumbers of hardened cement stones due to 
GO/CNTs additives have been reported in the literature 
[37–43]. Table 6 lists these characteristic groups and wave-
numbers for O–H, H–O–H, Si–O, and C–O, respectively, that 
correspond to calcium hydroxide, chemically bound water, 
calcium silicate hydrate, and calcium carbonate in hard-
ened cement paste, respectively.

Table 5  Compressive strength 
results at 3, 7, and 28 days 
curing periods

Number 3d 7d 28d

Intensity (MPa) Relative (%) Intensity (MPa) Relative (%) Intensity (MPa) Relative (%)

OPC 17.30 100.00 31.60 100.00 43.50 100.00
GO-002 22.00 127.17 34.80 110.13 46.30 106.44
GO-004 27.20 157.23 37.20 117.72 53.50 122.99
GO-006 28.40 164.16 46.00 145.57 56.30 129.43
GO-008 25.20 145.66 42.80 135.44 61.40 141.15
GO-010 24.80 143.35 40.60 128.48 52.20 120.00

Fig. 3  a Compressive strength versus GO content; b load–deflection curve; c SEM image of separated CNTs
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From Fig. 4b, c, it was found that the O–H stretch-
ing vibration peak in calcium hydroxide appeared near 
3643 cm−1. Only in GO-002, the peak became slightly 
sharp, indicating no effects of GO and CNTs on calcium 
hydroxide, the hydration product of cement. Interest-
ingly, the characteristic peak of H–O–H 1640 cm−1 shifted 
to 1655 cm−1 for GO-002 and GO-006, respectively, and 
1647 cm−1 for GO-010 [44]. This result demonstrated that 

nanomaterial adsorption and adhesion of GO and CNTs 
yielded in hydration products containing more chemical 
binding water.

Considering anhydrous calcium carbonate in hard-
ening cement  CO3

2−, there are five characteristic peaks 
of vibration in the infrared spectrum region: 695 cm−1, 
875  cm−1, 1070  cm−1, 1425  cm−1, and 2352  cm−1, 

Fig. 4  a Infrared spectrum detection of cementitious materials; b, c infrared spectrum characteristic peak analysis

Table 6  Characteristic peak 
of the groups in hardened 
cement stone

Wavenumber  (cm−1) Characteristic group

695 Antisymmetric stretching vibration of  CO3
2− in calcium carbonate (v3)

840 Q1 Si–O tetrahedral stretching vibration in un-hydrated cement
875 Plane bending vibration of  CO3

2− in calcium carbonate (calcite) (v2)
970–1020 Tetrahedron stretching vibration of  Q2 Si–O in hydrated calcium silicate gel
1089 Q3 Si–O stretching vibration in hydrated calcium silicate gel
1421 Antisymmetric stretching vibration of  CO3

2− in calcium carbonate (v3)
1650 Bending vibration of O–H in chemical binding water (v2)
2352 Antisymmetric stretching vibration of  CO3

2− in calcium carbonate (v3)
3643 O–H stretching vibration in calcium hydroxide
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695 cm−1,  875−1, and 1425 cm−1 corresponding to calcite 
that was nearly unchanged.

The characteristic peaks of 1059 cm−1 maybe caused by 
the migration of the characteristic peak of 1070 cm−1 that 
apparently disappeared when GO and CNTs were added. 
The 1070 cm−1 reading is probably the cement hydration 
products of calcium silicate gel carbonization  (CO3

2−) in 
Q3 anti-symmetric stretching vibration, and oxidization of 
graphene and CNTs that optimized the pore structure—
bearing in mind that the  CO2 in the air is more difficult to 
contact with the cement hydration products within the 
cement. However, the causes and phenomenon of the 
new characteristic peak at 2352 cm−1 in the OPC speci-
mens after the incorporation of GO and CNTs needs fur-
ther research.

From Fig. 4, it was also observed that the character-
istic peak of Si–O in C–S–H of hydrated calcium silicate 
appeared at near 1000 cm−1. However, the addition of GO 
and CNTs did not affect the position of the characteris-
tic peak, which demonstrated that GO and CNTs did not 
change the hydration products of cement. The enhanced 
toughening mechanism resulted from the change of the 
hydration process and morphology amalgamation of 
the cementitious composites. In addition, the character-
istic peak of Si–O at 835 cm−1 of OPC disappeared after 
the addition of GO and CNTs due to the strong cement 
hydration effect. Similarly, the Si–C characteristic peak at 
1347 cm−1 of OPC disappeared after the addition of GO 
and CNTs. These results demonstrated that the hydrophilic 
groups at the edge of GO layer promoted cement hydra-
tion by increasing the contact area between cement and 
water.

3.4  Frost resistance test results

The mass-loss rate of the cementitious composites with 
different GO/CNTs contents was investigated under 0–300 
freeze–thaw cycles. Figure 5a indicated that the mass 
decreased by 0.2% after 20 freeze–thaw cycles for the 
OPC. During the first 50 freeze–thaw cycles, the mass loss 
showed a decrease-increase trend with an increase of the 
freeze–thaw cycles. At the end of 300 freeze–thaw cycles, 
the mass loss rate was 0.8% for OPC mixture. These data 
suggested that part of the water infiltrates into the speci-
men from the pores during the water melting process due 
to the large number of pores in the OPC. This infiltration 
of water into the specimen during the air freezing pro-
cess froze to form a frost heaving pressure, thus expanding 
the pores or forming more through pores and infiltrating 
more water during the water melting process of the next 
freeze–thaw cycle—which subsequently lead to the rise 
of specimen mass in the early stage of the freeze–thaw 
cycle. Subsequently, the frost heaving pressure causes the 

cementitious material on the surface and near the pores to 
break up and gradually peel off (see Fig. 5), balancing the 
mass of the water that seeps into the pores. In the process 
of 50–300 freeze–thaw cycles, more and more damage 
resulted into a mass loss rate of 0.8%. However, the results 
indicated that the first 100 freeze–thaw cycles did not sig-
nificantly change the mass of the specimen for GO/CNTs 
with mass fractions of 0.04% and 0.06%, respectively, indi-
cating that an appropriate amount of GO/CNTs improved 
the pore structure, reduced the pore numbers, and opti-
mized the pore distribution of the cement composites.

The influence of 150 and 300 freeze–thaw cycles on 
the compressive strength at 28-day was measured under 
standard curing conditions. Figure 5b showed that the 
cementitious composites reached stable strength at this 
time point with 1–2% increase in 1–3 months. The reason 
for this result may have been that the fine-graded quartz 
sand in the composite mixture had generated some alkali 
activity. The CNTs, when dispersed in sodium dodecyl ben-
zene sulfonate (SDBS) contains a lot of Na+ , which could 
have potentially reacted with the alkali aggregates to form 
an alkali aggregates (in the sand) to form an alkali-silica 
gel. The expansion of alkali-silica gel with the absorption 
of water counteracts the strength increase of some cement 
paste. The strength rate decreased by about 5–10% after 
150 freeze–thaw cycles. However, the strength loss rate 
gradually decreases from 30.3% for OPC to 11.5% of 0.08% 
GO after 300 freeze–thaw cycles. This result demonstrates 
that GO and CNTs can significantly improve the frost resist-
ance of cementitious composites.

Hole structure analysis was performed using differ-
ent methods and the results are shown in Fig. 6. First, the 
images of the pores were taken at the same position of 
four sides with the same area (20 mm × 20 mm) (Fig. 6a). 
Figure 6b, c show the distribution of the apparent hole 
structure after 300 freeze–thaw cycles. In order to assess 
the effects of GO and CNTs on the frost resistance of the 
cementitious composites, the pore structure was quantita-
tively analyzed using an Image-Pro Plus software. Figure 6c 
indicates that the OPC group showed a lot of pores after 
300 freeze–thaw cycles, extending from local defects to 
the whole specimen. By contrary, the pore number signifi-
cantly reduced with an increase of the GO/CNTs additives. 
The best uniformly distributed pore structure occurred in 
the presence of 0.06% GO. In addition to the micro-aggre-
gation and filling effect of fly ash and the nanomaterial fill-
ing effects of GO/CNTs, the cementitious composites with 
good fluidity is easy to vibrate and compact under low GO/
CNTs concentrations. In general, the continued increase in 
the GO/CNTs content increased the number and diameter 
of pores by inhibiting mortar fluidity. Thus, the larger pores 
formed in the molding process were subjected to greater 
frost heaving pressure during the freeze–thaw cycles. 
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However, the cementitious composites can form a more 
compact structure due to the “nucleation” of GO (Fig. 6d). 
Ultimately, the enhanced strength does not decay easily 
during the freeze–thaw cycle, resulting in less loss of mass 
and strength. The originally formed hole can form a closed 
structure to effectively prevent the penetration of water in 
the presence of a GO sheet [45]. As depicted in Fig. 6e, SEM 
images also showed that the two-dimensional GO sheets 
formed a diaphragm in the hole. Furthermore, the addition 
of an appropriate amount of GO/CNTs warranted the mass 

stability under the frost heaving pressure by increasing the 
strength of cement.

The results of Fig. 6f shows that the total pore volume 
of GO-006 is only one-eighth in comparison with the con-
trol OPC group. Although the total pore volume of GO-010 
is small, the compressive strength is not high because of 
the high proportion of large pores. Pore diameters larger 
than 1 mm are prone to stress concentration and damage, 
resulting in the loss of mass and strength. The histogram 
of the pore distribution in Fig. 6g indicated that the wide 

Fig. 5  a Effects of freeze–thawing cycle on mass loss; b effects of GO content on compressive strength; c failure modes of specimens under 
compression after 300 freeze–thaw cycles (SC standard curing; F&T freeze–thaw)
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range of pore size distribution and large pore numbers for 
GO-002 exhibited poor frost resistance compared to the 
OPC group. However, the GO-006 group indicated small 
pore sizes (under 0.8 mm) and optimal pore structure. By 
contrast, the GO-008 group showed minimal compressive 
strength loss rate due to the enhancement and toughen-
ing effects of GO and CNTs.

3.5  Impermeability test results

Based on the characteristic nature of carbon nanomate-
rials, permeability was measured using the Permeability 
Coefficient and Impermeable Marking methods [46]. By 
assessing and quantifying the influence of GO/CNTs con-
tent on the penetration pressure, it was determined that 
the water pressure strength of the third specimens in each 
group was 0.5 MPa, 0.6 MPa, 1.1 MPa, 1.5 MPa, 1.3 MPa, 
and 1.2 MPa, respectively—see Table 7. The impermeabil-
ity pressure results showed that the water seepage pres-
sure increased first and then decreased with an increase of 
the GO/CNTs content. The impermeability was the best at 
0.06% GO and 0.15% CNTs contents with 1.5 MPa seepage 
pressure. At this condition, the upper surface of the third 
specimens still did not leak after maintaining a water pres-
sure of 1.5 MPa for 6 h (Fig. 7a).

Although the permeability coefficient of the cementi-
tious composite is low, it is easy to leak as the pores pro-
vided the seepage channel. Therefore, it is necessary to 
investigate the penetration depth by observing the water 
penetration by splitting the specimens. The upper surface 
of the test specimen begins to infiltrate water when the 
pressure of the control group OPC is 0.4 MPa. The whole 
test specimens were basically in the state of water satura-
tion after splitting. However, the water penetration height 
decreased after adding GO and CNTs. Due to a lot of local-
ized through holes, the water seepage height in GO-002 
and GO-004 is uneven with high and low undulations. 
However, as the through holes in the test specimens with 
high GO and CNTs (GO-006, GO-008, and GO-010) reduced, 
the water seepage height gradually decreased due to the 
blocking of water seepage channels (Fig. 7b).

Take three specimens from each group (i.e., GO dos-
age), by selecting eight points on each test specimens and 
measuring the water penetration height, the average pen-
etration depth of each point was determined as shown in 
Fig. 7c. Meanwhile, the relevant parameters of the perme-
ability coefficient were calculated by substituting Eqs. (3) 
and (4), as shown in Table 8. Figure 7d indicated that the 
permeability coefficient of GO with 0.02%, 0.04%, 0.06%, 
0.08% and 0.10% is 36.8%, 31.6%, 5.3%, 10.5%, and 15.8%, 
respectively, comparing with that of the OPC group. As 
the permeability mainly depends on the internal pores 
and cracks of the cementitious composites, GO and CNTs 

can significantly reduce the permeability coefficient of the 
test specimens. For ordinary concrete, the permeability 
of cement hydration products is only 1/20–1/100 of the 
whole cement paste. Therefore, water or harmful gases 
mainly penetrate through the pores of the cement paste 
and the contribution of cement hydrates such as gel pores 
in calcium silicate gel to water penetration can be opti-
mized. For the ultra-high-performance cementitious com-
posites with small porosity, the gel holes provide seepage 
channels. In this condition, the hydration degree has a sig-
nificant effect on the permeability of the cement paste. 

Although some studies have shown that the increase 
of porosity can enhance the permeability of concrete, the 
permeability of concrete with the same porosity is differ-
ent [47, 48]. Sometimes, the inverse relationship between 
them (i.e., porosity vs. permeability) showed the depend-
ence of concrete permeability on the internal porosity, 
the connection and twists and turns of the cracks. Only 
connected pores and cracks can become a seepage chan-
nel for water. Based on the results of the pore structural 
analysis and permeability coefficient, six groups of the 
test specimens can be divided into the following three 
categories:

1. Large porosity and high permeability The continuous 
capillary network of OPC group with large poros-
ity and interconnected pores becomes the water 
seepage channel. Water fills the pores quickly and 
transfers water pressure to the gel pores under pres-
sure, thereby reducing the water permeability of the 
cementitious composites (Fig. 7e).

2. Small porosity and low permeability The small pores of 
GO-006 resemble inner spherical orifices or tubular in 
morphology. The pores, which are difficult for water to 
pass through, showed good resistance to water pen-
etration. However, the nucleation effect of GO and 
CNTs improved the pore structure to a certain extent 
(Fig. 7f ). As shown in the figure, GO can regulate the 
spatial distribution of the cement hydration products 
into the smaller pore size of the joint holes, so that cal-
cium silicate hydrate can form a dense cement paste 
structure by using GO as core to block the bleeding 
channels and increase the tortuosity of the permea-
tion path. It has been reported in the literature [49] 
that the most important influencing factor on the 
concrete permeability is the critical pore size—that is, 
the largest pore level of each pore can connect to the 
larger pores.

3. Large porosity and low permeability (Fig. 7g) The pores 
of GO-010 are internal spherical or tubular in mor-
phology without any interconnections. The decrease 
of mixture workability under high GO/CNTs content 
resulted in the easy production of bubbles, which 
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cannot be discharged in the process of stirring and 
vibrating. Finally, large closed pores are formed in the 
cementitious composites. In addition, the agglom-
eration and coalescence of GO/CNTS at high contents 
increase the possibility of internal pore formation. 
However, the nucleation of GO and CNTs can seal or 
block these pores. Therefore, although the total poros-
ity of the cement stone could be larger, the smaller 
opening of porosity and the larger porosity of the tor-
tuous rate showed better permeability resistance.

4  Conclusions

This laboratory study investigated the effects of Graphene 
oxide (GO) and Carbon Nanotubes (CNTs) on workability, 
compressive strength, frost resistance, and water imper-
meability of cementitious composites. In the compos-
ite mixture, the content of CNTs was 0.15% (by mass of 
cementitious materials, namely cement and fly ash), and 
the content of GO was 0.00%, 0.02%, 0.04%, 0.06%, 0.08% 
and 0.10% (also by mass of cementitious materials, namely 
cement and fly ash). The key findings and conclusions 
drawn from the study are summarized below.

GO and CNTs can reduce the fluidity of fresh mortar, 
which in this study was mitigated by the using of 20% 
fly ash (i.e., 20% by mass of cementitious materials). The 
compressive strength and flexural toughness exhibited an 
increasing trend followed by a decline with the increase 

of the GO/CNTs content. The results of the mechanical 
properties test showed that enhancement of the early 
compressive strength (3 days and 7 days) of cementi-
tious composites was best when GO content was 0.06%, 
reaching 28.4 MPa and 46.0 MPa, respectively. When the 
GO content was 0.08%, the 28 days compressive strength 
reached a maximum of 61.4 MPa. As the content of GO 
increased to 0.10%, the compressive strength of cementi-
tious composites gradually declined, suggesting that the 
optimum GO dosage was around 0.06% (by mass of the 
cementitious materials).

The frost resistance test results also revealed that GO/
CNTs additives can significantly enhance the freeze–thaw-
ing resistance of the cementitious composites, including 
reducing the mass-loss rate and strength-loss rate. After 
300 freeze–thaw cycles, the minimum mass-loss, and 
strength-loss rates (0.2% and 11.5% respectively) occurred 
when the GO content was 0.08%, with a CNTs content of 
0.15%. Hole structure analysis results showed that the total 
pore volume decreased first and then increased with an 
increase in the GO content after 300 freeze–thaw cycles. 
When the GO content was 0.06%, the total pore volume 
and pore diameter were the smallest, and almost all of the 
apertures were less than 0.8 mm. However, when the GO 
content was 0.08% and 0.10%, respectively, a small num-
ber of undesired pores with a pore size greater than 1 mm 
appeared.

Lastly, the study indicated that GO and CNTs can sig-
nificantly reduce the water permeability of cementitious 
composites. The water permeability of cementitious com-
posites was found not to depend on porosity alone, but 
on both the porosity and pore structure. With an increase 
in the GO and CNTs content, the specimens changed from 
large porosity and high permeability to small porosity and 
low permeability, and then to large porosity and low per-
meability, respectively.

Fig. 6  a Schematic diagram of the hole structure analysis; b surface 
imaging of 300 specimens after freeze–thaw cycles (1–6 represents 
OPC/GO-002/GO-004/GO-006/GO-008/GO-010); c image pore 
structure of 300 plus treated specimens after freeze–thaw cycles 
(1-6 represents OPC/GO-002/GO-004/GO-006/GO-008/GO-010); d 
SEM of GO in cementitious materials; e SEM image of GO distribu-
tion in the hole; f pore accumulation of specimens; g pore distribu-
tion of specimens after 300 freeze–thaw cycles

◂

Table 7  Effect of different 
amount of GO/CNTs on water 
penetration pressure

Seepage pressure 
(MPa)

A B C D E F

OPC 0.4 0.5 0.5
GO-002 0.3 0.5 0.6
GO-004 0.5 1 1.1
GO-006 1.1 1.5
GO-008 0.8 1.2 1.3
GO-010 0.6 1.0 1.2
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Fig. 7  a Effects of GO content on impermeability; b impermeability 
of split specimen surfaces; c measured impermeability value; d GO/
CNTs effects on permeability coefficient; e large porosity and high 

permeability; f low porosity and low permeability; g large porosity 
and low permeability
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