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Abstract 

 
The present work aims to determine the influence of carbon nanotube (CNT) reinforcement on the durability of concrete. 

CNTs were dispersed following a sonication and surfactant technique. Different concretes, reinforced with 0.05% CNT 

by weight of cement, covering different w/c ratios and strength classes were characterized regarding some of the main 

transport mechanisms (capillary absorption and absorption by immersion) and concrete deterioration mechanisms 

(resistance to carbonation and chloride penetration). A maximum improvement of 9% was achieved in the compressive 

strength. Capillary absorption and carbonation resistance showed improvements of 19%. CNT reinforcement in 

absorption by immersion and chloride ion penetration reached 12 and 11%, respectively. The overall properties were 

improved by the CNTs, although it still does not justify their implementation in the construction industry. 

 

 

1. Introduction 

In the past decade, carbon nanotubes (CNTs) have been extensively studied as a reinforcement material for cement-based 

composites. The growing interest in this field comes from the desire to modify concrete on the same scale as its main 

components, C-S-H, and to possibly apply some of the amazing properties CNTs display on overcoming some of the 

weaknesses cement composites usually exhibit. Concrete has a low tensile strength and low strain capacity, which makes 

it highly susceptible to the formation of microcracks. On the other hand, CNTs have ultra-high strength and stiffness, with 

a Young’s modulus up to 1TPa (Salvetat, et al. 1999) and exceptional tensile strength in the range of 20–100 GPa (Yu, et 

al. 2000). They possess extremely high aspect ratios (1:1000) and surface area (200-300 m2/g) (Peigney, et al. 2001), with 

the advantage of a very low density (1500 kg/m3). These characteristics render them ideal for cement nano-sized 

reinforcement. CNTs are therefore expected to enhance concrete toughness by improving fracture properties and early 

age strain capacity i.e. reducing or preventing crack initiation (Makar, et al. 2005). 

The reinforcing efficiency of CNTs is dependent on many factors, namely the quality of the CNT dispersion and the strength 

of the interfacial bond with the cement matrix (Yazdanbakhsh, et al. 2009). CNTs tend to agglomerate due to their high 

surface area and strong Van der Waals forces. These characteristics make it very difficult to separate and disperse them 

(Konsta-Gdoutos, et al. 2010a). When CNTs are not distributed uniformly in the matrix, there will be areas where the CNTs 

are absent and unable to support load transfer and retain the development of cracks. Furthermore, in the case of excessive 

agglomeration in the matrix, CNTs can act as local defects and reduce the properties of the composite (Torabian Isfahani, 

et al. 2016). 

Several authors have proposed different methods of dispersing nanotubes in the cement matrix. The use of stable aqueous 

suspensions is usually the most common route. In this case, the dispersion is often achieved through a combination of 

ultrasonic energy and a compatible surfactant (Vaisman, et al. 2007). It is believed that an optimum amount of both 

components is needed to achieve a higher reinforcement levels (Konsta-Gdoutos, et al. 2010a, Sobolkina, et al. 2012). 

Nevertheless, CNT functionalization with hydroxyl and carboxyl groups is also common, as it is believed to increase the 

interfacial bond with the cement matrix (Li, et al. 2005). Recently, new methods of synthesizing CNTs directly on the surface 

of cement grains, have shown great improvement in the mechanical properties of the composites (Nasibulin et al., 2009). 

Different dispersion techniques, CNT content, and target reinforced composite have led to contradicting results reported 

in the literature. Some authors have reported increases over 50% in the compressive strength of the composites (Cwirzen, 

et al. 2008, Nasibulina et al., 2012), while others have found no significant improvement (Musso, et al. 2009, Sobolkina, et 

al. 2012). Flexural toughness has been improved by CNT reinforcement (Hu,et al. 2014) although there are studies 

(Torabian Isfahani, et al. 2016) where no improvement at all was observed. 
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CNTs have exhibited reinforcing mechanisms similar to traditional fibers. When a homogeneous dispersion is obtained in 

the cement matrix, CNTs are capable of arresting microcracks, reducing their propagation. Many authors have reported 

this bridging effect through SEM analysis (Abu Al-Rub, et al. 2012). Another mechanism by which CNTs are said to improve 

the microstructure of the cement matrix is by acting as additional nucleation spots for cement hydration products. Jonathan 

M. Makar e Chan (2009) observed that uniformly dispersed CNTs could promote a better distribution of hydration products 

as well as an increase in their quantity in the first few hours of hydration. Also, Konsta-Gdoutos, et al. (2010b), through 

nanoindentation testing, confirmed that the addition CNTs increases the amount of high stiffness C-S-H (i.e., with higher 

Young’s Modulus), which also contributes to the densification and additional toughness of the cement matrix.  

Although many studies have focused on investigating the mechanical reinforcement of pastes and mortars, a smaller 

emphasis has been put on their outcome on the durability of cement composites, especially concrete. Therefore, the focus 

of the current study is on investigating the effects of these parameters on the durability of concrete reinforced with CNTs. 

To this aim, different transport properties were tested (capillary absorption and absorption by immersion) as well as the 

main mechanisms of concrete deterioration: carbonation and chloride ion penetration resistance.  

2. Experimental program 

2.1 Materials  

The carbon nanotubes used in this study are pristine multi-walled carbon nanotubes (MWCNTs) purchased from 

Timesnano (Chengdu, China). Their properties, as provided by the manufacturers, are listed in Table 1. To reduce the 

surface tension and improve the wetting of the CNTs Dolapix PC67 (Zschimmer & Schwarz), a polyacrylic acid, was 

employed to help disperse the CNTs in water. 

Table 1 – Properties of the carbon nanotubes (Timesnano). 

Purity Di De Length S.S.A* Density 
Electrical 

Conductivity 

>90% 5-10 nm 20-40 nm 10-30 μm >80 g/cm2 2,1 g/cm3 >100 s/cm 

Di – interior diameter; De – external diameter; S.S.A. – Specific surface area 

 

A Type I 42,5 R OPC (Secil, Portugal) was the selected binder in all concrete mixes. Crushed limestones from Pedreira do 

Galo (Sesimbra) of two different sizes were used as coarse aggregates with a Dmax of 10mm. As fine aggregates two 

natural sands with particle size distribution in the range of 0,063-8 mm were used. The physical properties of the aggregates 

are listed in Table 2. Additionally, a polycarboxylic-based superplasticizer, Master Glenium SKY 548 (BASF, Germany) 

was applied to enhance the workability of the lower w/c concrete mixes. 

Table 2 – Physical properties of the aggregates. 

 

2.2 Dispersion of MWCNT 

MWCNTs were dispersed by a surfactant-sonication method. Based on previous research (Guedes, et al. 2016) the 

optimum mass ratio of MWCNTs to dispersant is 1:1 with a sonication duration of 30 minutes. The CNTs were first added 

to 40% of the water from each mix and the relevant amount of dispersant. This solution was mixed by magnetic stirring for 

1 hour in two separate containers. The next step consisted of adding the CNTs and continuing magnetic stirring for another 

Properties 
 Fine aggregates  Coarse aggregates 

 Fine sand Coarse sand  Rice Brita 1 

Water absorption at 24h (%)  0,19 0,26  0.35 0,73 

Dry particle density (kg/m3)  2605 2617  2683 2646 

Saturated particle density with dry surface 

(kg/m3) 

 
2610 2606 

 
2693 2665 

Bulk density (kg/m3)  1569 1708  1346 1309 

Shape index  - -  20 (Sl20) 34 (Sl40) 
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3 hours. Then, the CNT suspensions were subjected to 30 minutes of sonication in 15-minute steps in a bath sonicator. 

Afterward, the suspensions were maintained in a mechanical mixer until they were added to the concrete mix. 

2.3 Mix proportions and concrete mixing 

Compositions with three different w/c ratios (0,55, 0,45 and 0,35) were prepared. A total of six batches were produced: 

three reference concretes and three reinforced concretes with the same composition. CNT dosage was kept at 0,05% by 

weight of cement in all reinforced mixes. All mixture proportions are presented in Table 3. The denominations BR and 

BCNT, refer to reference concrete and CNT reinforced concrete respectively, they are followed by the w/c ratio of the mix. 

Table 3 – Mix proportions of the studied compositions. 

Mixes w/c ratio 

Cement 

 

(kg/m3) 

Effective 

water 

(kg/m3) 

Brita 1 

 

(kg/m3) 

Rice 

 

(kg/m3) 

Coarse 

sand 

(kg/m3) 

Fine sand 

 

(kg/m3) 

SP* 

 

(kg/m3) 

CNT 

% wtc. 

(g/m3) 

BR 55 0.55 380 209,0 709,5 241,8 453,8 303 - - 

BCNT 55 0.55 380 209,0 709,5 241,8 453,8 303 - 190 

BR 45 0.45 400 180,0 737,1 249,9 474,4 306 2 - 

BCNT 45 0.45 400 180,0 737,1 249,9 474,4 306 2 200 

BR 35 0.35 450 157,5 754,6 251,0 502,9 265 4,5 - 

BCNT 35 0.35 450 157,5 754,6 251,0 502,9 265 4,5 225 
 

All concretes were produced in a vertical shaft mixer with bottom discharge. To avoid water loss, the mixer walls were 

previously covered with cement paste and sand. The aggregates were placed in the mixer in size descending order, 

followed by 60% of the total mixing water. This process allowed the aggregates to be completely saturated before adding 

cement and CNTs. This process lasted three minutes, after which the mixture was left to rest for one minute. The final step 

differed according to the type of mix. In reference concrete, the cement was added with 40% of the remaining water, and 

all components were mixed for another four minutes. In CNT reinforced batches, the water added to cement contained the 

CNT suspension. When needed, the superplasticizer was also added during this final step. The total mixing time was 

approximately eight minutes. 

2.4 Tests and curing process 

The tests pertaining to the characterization of concrete, as well as the size and number of the tested specimens and their 

curing conditions, are listed in Table 4. All batches were subjected to a slump test (NP EN 12350-2) the consistency being 

limited by an S3 class according to NP EN 206-1. Fresh density (NP EN 12350-6) and air content (NP EN 12350-7) were 

also measured to confirm if the dispersion method did not entrain excessive voids. 

Table 4 – Test on the hardened state and curing conditions 

Test 
Dimensions 

(cm) 

Number of 

specimens 

Specification 

document 
Curing conditions 

Compressive 

strength 
15x15x15 3 EN 12390-3 Water cured for 28 days 

Capillary 

absorption 
Ø 15x10 3 

LNEC E 393 

TC116-PCD 

i) Water cured during 7 days; 

ii) Dry chamber* during 7 days; 

iii)Ventilated oven 60±5ºC, for 13 days, last 10 days 

without moisture exchange; 

iv) Ambient temperature 24 hours 

Absorption by 

immersion 
Ø 15x10 3 LNEC E 394 

i) Water cured during 7 days; 

ii) Dry chamber* during 21 days; 

iii)Ventilated oven 100±5ºC, for 4 days 

Carbonation 

Resistance 
Ø 10x4 2 E391 

i) Water cured during 14 days; 

ii) Dry chamber during 14 days; 

iii) Ambient temperature 24 hours 

Chloride ion 

penetration 

resistance 

Ø 10x5 25 NTbuild492 Water cured for 28 days 

Dry chamber: Relative humidity of 50±5% and temperature of 22±2ºC 
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2.4.1 Compressive Strength 

The compressive strength tests were performed on three 150mm cubic specimens at 28 days, following the procedures 

described in NP EN 12390-3.  A TONI PACT 3000 machine was used at a constant loading rate of 0,5 MPa/s. The obtained 

peak load (𝐹) was then used to calculate the cubic compressive strength (𝑓𝑐) using Eq. (1), where A is the cross-sectional 

area of the sample. 

𝑓𝑐 =
𝐹

𝐴
  [𝑀𝑃𝑎] (Eq.1) 

2.4.2 Capillary absorption 

Capillary absorption was determined at 28 days in compliance with specifications E393 and TC116-PCD. The test consists 

in measuring the water uptake of a concrete specimen when in contact with a 5mm film of water. A rate of water absorption 

was obtained by measuring the mass increase of the samples over time. Mass measurements were taken at 1, 3, 6, 24 

and 72 hours from which two coefficients of absorption were determined, based on the slope of the absorption curve plotted 

against the square root of time. The first coefficient of absorption was taken from the first 3 hours of intake and the second 

from the 6th hour until the end of the test (72 hours). 

2.4.3 Absorption by immersion 

The water absorption by immersion was determined according to E394. Two main steps are involved in this test: complete 

saturation of the specimens followed by drying. However, in this work the samples were first dried and then immersed until 

the mass gain between consecutive weightings (every 24 hours) was less than 0,1%. 

2.4.4 Carbonation resistance 

The accelerated carbonation test was done according to E391. The specimens were kept in a carbonation chamber at 23 

± 3 ºC, 60 ± 5% RH and 5 ± 0.1% of CO2 and taken out at 7, 28, 56 and 90 days. The carbonation depth was measured 

after spraying a phenolphthalein solution on the freshly broken surfaces. Phenolphthalein reacts with de alkaline 

components of cement, turning pink in the areas where the pH is above 9. A carbonation coefficient can be obtained from 

the carbonation depth by applying Fick’s first law of diffusion trough Eq. (2) where 𝑥𝑐 is the measured carbonation depth, 

and 𝐾𝑐 the carbonation coefficient. 

𝑥𝑐 = 𝐾𝑐𝑡1/2 [𝑚𝑚/𝑎𝑛𝑜1/2] (Eq.2) 

2.4.5 Chloride penetration resistance 

The chloride penetration resistance was determined according to NTbuild492, which provides a chloride ion migration 

diffusion coefficient (Dcl) under non-steady conditions. The diffusion coefficient was calculated according to Eq. (3), where 

𝑇 represents the average value of the initial and final temperature of the anodic solution (ºC), 𝐿 is the specimen’s thickness 

(mm), 𝑈 is the absolute value of the applied voltage (V), 𝑡 is the test duration (hours) and 𝑥𝑑 is the average value of the 

measured chloride penetration depth (mm).  

𝐷𝑐𝑙 =
0,0239(273 + 𝑇)𝐿

(𝑈 − 2)𝑡
(𝑥𝑑 − 0,0238√

(273 + 𝑇)𝐿𝑥𝑑

𝑈 − 2
) [x10−12 𝑚2/s] (Eq.3) 

3. Results and discussion 

3.1 Fresh state properties 

3.1.1 Workability 

The CNT reinforced samples showed only slight changes in workability when compared to the reference samples (Table5). 

Adding nanoparticles to the cement matrix can increase water and superplasticizer demand due to their high surface areas. 

BCNT 45 exhibited a decrease in workability (11%) as reported by other authors (Medeiros, et al. 2015). A similar tendency 

was observed for BCNT 35. To obtain a similar slump to the reference samples, it was necessary to increase the amount 

of superplasticizer. It is possible that this additional amount compensated the one adsorbed by the nanotubes. However, 
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BCNT 55 showed an increase in workability, with a slump of 14 cm. Collins, et al. (2012) also reported a higher workability 

in their work. This is particularly valid for lower CNT dosages such as the ones used in this study (0,05 % wtc.). Additionally, 

for BCNT 55 the employed surfactant might have helped disperse the remaining components of the mix whereas BR 55 

had neither surfactant nor superplasticizer. 

3.1.2 Fresh density and air content 

Regardless the w/c the differences between the fresh density of the reinforced samples and the reference samples were 

not significant. On the one hand, CNT dosage was low, which only slightly affects the proportions of the different 

compositions. On the other hand, the employed surfactant and dispersion procedure did not increase the number of voids 

in the mix that might have lowered the concrete’s resistance and durability. Some surfactants (NaDDBS, NaDC) are 

reported to entrain air voids in the matrix making it necessary to use a defoamer (Luo, et al. 2009). However, in the present 

study, all mixtures had an air content below 3% which are typical values for unreinforced concrete. 

 Table 5 – Fresh state properties of the studied mixes. 

 

3.2 Theoretical distribution of the CNTs 

The reinforcement potential of these inclusions was calculated for all the studied compositions. These calculations were 

done based on the necessary spacings between the CNTs to absorb the tensions developed in the paste and the ones the 

selected dosage (0,05 %wtc.) can provide in case a uniform dispersion in the matrix has occurred. These calculations are 

presented in Table 6. The input tensile strength for the CNTs was 60 GPa. The tensile strength of the matrix was retrieved 

from Eurocode 2 using the values of the compressive strength obtained for reference concrete in Table 7. For the 

calculations of the spacing provided by a CNT concentration of 0,05 %wtc., the average diameter (30 nm), length (20 μm) 

and density (2100 kg/m3) of the CNTs used are the ones supplied by the manufacturer. 

Table 6 – Effective CNT spacing and CNT spacing for a CNT content of 0,05 % wtc.. 

 

Depending on the mixture, the CNTs need to be spaced between 2,9 and 3,5 μm to absorb the developed tensions in the 

paste efficiently. As shown in Table 6, the adopted level of reinforcement may not be entirely sufficient for the necessary 

load transfer. The spacing between CNTs, even considering an optimum dispersion, is higher than the effective spacings 

determined in Table 6. Moreover, the likely presence of CNT agglomerations, further decreases their reinforcing ability in 

the matrix. 

Another aspect to be considered is the size of the cement particles. Bogas, (2006) used a similar cement, and reported an 

average cement particle size between 10 and 15 μm, which is higher than the effective spacing between CNTs. Also, CNTs 

will not be able to occupy the space that previously consisted of unhydrated cement grains. Furthermore, in the calculation 

Mixes Slump (cm) Fresh Density (kg/m3) Air Content (%) 

BR 55 0,55 2322,9 1,5 

BCNT 55 0,55 2334,2 1,5 

BR 45 0,45 2327,8 2,7 

BCNT 45 0,45 2335,6 2,6 

BR 35 0,35 2383,6 2,5 

BCNT 35 0,35 2396,1 2,7 

Mixes w/c ratio 
CNTs                
%wtc 

 
Effective CNT Spacing  

 
CNT spacing provided by a CNT content of 0,05 %wtc  

 
fctm                          

(MPa) 
Amaxpaste 

(per CNT) 

 CNTs  
Spacing 

(μm) 

 
Cement 
content 
(kg/m3) 

CNTs 
Volume 
(m3/m3 
paste) 

nº CNTs/m3 
paste 

CNTs  
Spacing 

(μm) 

BCNT55 0,55 0,05  3,48 12,19 3,49  380 2,73E-04 1,93E+16 3,7 

BCNT45 0,45 0,05  4,32 9,81 3,13  400 3,08E-04 2,18E+16 3,6 

BCNT35 0,35 0,05  5,11 8,30 2,88  450 3,54E-04 2,50E+16 3,4 
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for the average spacings, it was admitted the CNTs could develop their maximum tensile strength, this may not be the 

case, as they are probably more prone to fail by pull-out than rupture.  

3.3 Hardened state properties 

3.3.1 Compressive strength 

The addition of CNTs leads to a slight improvement in the compressive strength, with increments around 10% (Table 7). 

The highest increase (9,6%) was observed for the mixes with w/c ratio of 0,55. This agrees with the theoretical study done 

in 3.3. The stresses developed in a higher w/c mix are lower than those in a lower w/c mix which allows for larger spacings 

between the CNTs to effectively reinforce the matrix. In this case, the chosen CNTs dosage (0,05 %wtc.) more readily 

meets the needs of this matrix (w/c=0,55) seeing as the theoretical spacings are closer to the ones necessary to reach the 

desired level of reinforcement (Table 6).  

However, in Table 7 it can be observed that the lower w/c (BCNT 35) mixes reached similar levels of improvement (8,5%) 

even though higher stresses develop in these matrixes. This similarity can be due to the superplasticizer in these mixes 

that helped disperse the cement grains which in turn contributes to a more uniform distribution of CNTs. Also, as the 

dosage of CNTs was added by weight of cement, these mixes have higher amounts of CNTs, about 1,3 more than the mix 

with w/c of 0,55. Nonetheless, regarding the number of CNTs per volume of hydration products the difference should not 

be significant.  

Less expected was the low improvement registered for BCNT 45 (2,1%). A study done solely on the mechanical properties 

of CNTs reinforced concrete (Pacheco, 2016), using the same compositions as this study, observed a similar trend in the 

other mechanical tests. This leads to the conclusion that this result might be anomalous.  

Although small, the registered increases show that CNTs can effectively reinforce the matrix. These may be due to: filler 

effects, which reduce the number of mesopores (d<50 nm) in the matrix (Nochaiya e Chaipanich, 2011); nucleation of 

hydration products by the CNTs, that according to (Konsta-Gdoutos et al., 2010b), help increase the amount of high 

stiffness C-S-H, with a higher Young’s modulus, leading to a greater densification of the cement matrix; and the bridging 

effect, which helps load transfer across small micropores and cracks. 

The type of dispersion and whether a uniform distribution of the CNTs is achieved in the matrix are essential. Other studies 

have reported increases in the compressive strength of over 25% (Li, et al. 2005). However, these tests were performed 

on pastes and mortars. In concrete, the interfacial transition zone between the aggregates and the cement paste, is a 

region of reduced strength and higher porosity that results in material fracture and failure. If the CNTs are unable to 

reinforce this area, the improvement in binder strength may not be sufficient.  

3.3.2 Capillary absorption 

As stated before, the coefficients of absorption were derived from the slope of the water absorption as a function of the 

square root of time. Two distinct behaviors can be observed in these plots (Figure 1): a higher rate of absorption in the first 

three hours, followed by a clear decrease in the rate of absorption for longer absorption times.  

 

Figure 1 – Capillary absorption at 3, 6, 24 and 72 hours plotted against the square root of time. 
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These phenomena can be attributed to a higher water content in the innermost parts of the specimens, which make the 

smaller pores (micro and mesopores) less available to participate in capillary suction. Furthermore, the outer parts of the 

specimens dry more efficiently, leading to an increase in microcracking caused by shrinkage in these regions that facilitates 

the ingress of water in the first hours. As a result, two different coefficients were estimated based on these different 

behaviors, Cabs,0-3h, for the first three hours of absorption, and Cabs,6-72h, for the long-term absorption of the specimens. 

The highest improvement in the coefficient of absorption was observed in the first three hours for specimens with w/c ratio 

of 0,55. One possible reason is the superior degree of drying of these compositions, which contain a greater amount of 

evaporable water that easily reaches the surface (Bogas 2006). Thus, drying shrinkage microcracking will be more 

pronounced in these specimens, leading to a higher effectiveness of the CNTs through crack bridging mechanisms. 

Conversely, in the lower w/c mixes the magnitude of drying shrinkage is lower and the crack bridging ability of the CNTs 

may not be as important for the changes observed for Cabs, 0-3h. Nonetheless, the improvement of BCNT35 was still slightly 

higher than the one for BCNT45. These results agree with those obtained for the compressive strength in the mixes with 

a w/c of 0,45, suggesting an anomaly in these mixes might have occurred. The better performance of BCNT35 could be 

explained by the greater amount of superplasticizer used in these mixes as well as a higher dosage of CNTs.  

As expected, the CNT reinforcement is more readily observed in the first few hours of absorption. In this period, surface 

characteristics control the absorption rate and the enhancement in crack arrest can be observed if the specimens suffered 

crack inducing actions. Less expected is the difference between Cabs,0-3h and Cabs,6-72h for BCNT55. It is likely that due to 

the coarser pore structure of these mixes, long-term absorption occurs mainly in the interior of the specimen. Therefore, 

the mesopores, which are reported as being the ones refined by the addition of CNTs, play a lesser role in water transport.  

3.3.3 Absorption by immersion 

As expected, the absorbed water volume increased for higher w/c ratios. The addition of CNTs leads to a moderate 

improvement (10%) in this property for all the studied mixes. These results agree with the absorbed volumes at 72 hours 

in the capillary absorption test. 

The beneficial effect of the CNTs in the water absorption by immersion was not as pronounced as for the water absorption 

by capillarity. This can be partially explained by the fact that this test accesses the concrete’s open porosity i.e. the total 

volume of penetrable pores in the system. As reported by other authors (Nochaiya e Chaipanich, 2011) despite the 

improvement in pore size refinement, CNT inclusion does not affect the total porosity of the composites significantly, as 

the number of macropores remains unchanged.  

Even though the specimens were preconditioned at 105ºC, which may induce microcracking thus activating the bridging 

effect, this mechanism will not alter the total crack volume in the specimen. Additionally, as no time limit for absorption is 

set, most of the open porosity is eventually filled. This reduces the importance of CNT’s action on pore size refinement and 

crack opening reduction on the total volume of absorbed water. Therefore, it is plausible to assume that mainly nucleating 

and filler effects participate in reducing the values of water absorption by immersion and that the contribution of these 

reinforcing mechanisms can provide around 10% improvement in microstructure refinement. 

3.3.4 Carbonation resistance 

The accelerated carbonation test was performed for all the studied mixtures. However, the mixes with w/c ratio of 0,35, 

after 90 days, showed little or no carbonation depth. Therefore, these specimens were disregarded for analysis, and focus 

was turned to the 0,55 and 0,45 compositions.  

The results presented in Table 7 clearly show the influence of the w/c ratio on the carbonation depth of concrete. A change 

of 0,1 in the w/c ratio corresponds to a 60% difference in the carbonation depth, whereas the adopted level of CNT addition 

showed an average of 17% improvement in the carbonation depth.  

Although the number of measurements was low, in general, a high correlation with the square root of time was observed 

when determining Kc. This confirms the suitability of (Eq. 2), based on Fick’s first law, in describing the carbonation depth 
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evolution when steady hygrothermal conditions are maintained. Only the CNT reinforced composition of w/c ratio 0,55, 

exhibited an anomalous behavior. 

As described in Table 4, the specimens were subjected to continuous drying conditions which allowed drying shrinkage 

stresses to develop. These stresses may cause the growth of microcracks that will activate the bridging effect of the CNTs. 

Furthermore, concrete exposed to CO2 is susceptible to carbonation shrinkage which further promotes the appearance of 

microcracks on the concrete surface. According to Houst, (1997), this phenomenon is especially important in an 

environment with high concentrations of CO2 and a relative humidity between 50 and 80%. 

The diffusion of CO2 through concrete is firmly influenced by its pore structure which in turn mainly depends on the w/c 

ratio and degree of hydration. Both the filler and nucleation effect will improve the pore structure and increase the 

carbonation resistance. The filler effect promotes the densification of the porosity of concrete, while the nucleation effect 

may allow for a better distribution of hydration products as well as increase their number. This will increase the amount of 

carbonatable substances further delaying the progression of the carbonation front. It is likely that all the mechanisms 

associated with CNT reinforcement of the cement matrix (filler, nucleation, and bridging) could contribute to the 

enhancement of the carbonation resistance.  

As with the previous tests, a higher improvement was obtained for lower w/c compositions. As was previously explained, 

this might be due to the greater amount of CNTs and the addition of superplasticizer in these compositions. Also, 

autogenous stresses in these mixes may further activate the bridging effect.  

3.3.5 Chloride penetration resistance 

The specimens were cured in water until testing time. This means there were no prior drying conditions that could have 

induced relevant drying shrinkage microcracks. Therefore, the CNT bridging effect may be absent from the observed 

reinforcement. It is likely the measured improvement came from filler and nucleation effects. If that was the case, then the 

6-12% observed reinforcement agrees with the results from the immersion test and the capillary absorption at 72 hours.  

The fact that in this test part of the diffusion happens on the inside of the specimen further offsets the possible effect of the 

CNTs in arresting surface microcracking. This contributes to a less distinguishable behavior between the reinforced and 

the reference mixtures.  

Interestingly, a higher difference in the increment obtained for the 0,55 and 0,35 is observed. This may be due to higher 

autogenous shrinkage strains that happen in all the specimen’s length, which can be noticed more clearly in this test where 

ionic diffusion takes place through the entire specimen. 

Table 7 – Hardened state properties of the studied mixes. 

 
 

4. Conclusion 

The effects of CNT addition to the main transport properties and degradation mechanisms of concrete were studied. Based 

on the above experimental results, the following conclusions can be drawn: 

-  With the adopted dispersion method, the fresh properties of concrete were not significantly altered. Workability, 

air content and fresh density all had slight variations that can be explained mainly by the addition of surfactant and 

Mixes 
28d 

(kg/m3) 

fcm,28d 
(Mpa) 

Cabs 

Absvolume 

(%) 
𝐾𝑐 

(mm/ano0,5) 
PCarb,90d 
(mm) 

Dcl  
(x10-12 m2/s) 

(mm.min0,5) 

Cabs,0-3h Cabs,6-72h Abs,72h
 

BR 55 2353 47,5 0,172 0,081 6,73 14,7 24,6 11,5 16,24 

BCNT 55 2361 52,1 0,139 0,077 6,26 13,4 21,1 9,6 15,30 

BR 45 2377 62,7 0,093 0,042 3,72 12,5 10,1 5,1 9,10 

BCNT 45 2383 64,0 0,082 0,037 3,34 11,1 8,2 4,2 8,32 

BR 35 2426 78,3 0,060 0,022 2,14 9,6 - - 7,48 

BCNT 35 2432 84,9 0,052 0,020 1,88 8,5 - - 6,58 
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superplasticizer. It is important to clarify that the dispersion did not cause any significant amount of air to be entrained in 

the mixes; 

- The inclusion of CNTs resulted in moderate improvements (<10%) in the compressive strength. The mixture with 

w/c of 0,55 had the highest increase in compressive strength, which may be due to the development of lower tensions in 

the paste that are more easily arrested by the adopted level of reinforcement;  

- Regarding the transport properties, they can be improved by CNT addition through microstructure and pore size 

refinement. The absorption coefficient was reduced for all the reinforced samples, especially in the first 3 hours. A 19% 

decrease was observed for the higher w/c mixes. This higher decrease is potentially related to pronounced drying shrinkage 

strains, compared with lower w/c mixes, which lead to an increased activation of the bridging effect; 

- As for the absorption by immersion, even though the tests were performed on cracked specimens the contribution 

of the bridging mechanism might not be as evident. The highest reduction in absorption (11,2%) occurred in the specimens 

with lower w/c. This supports the possibility that the dispersion of the CNTs in these mixes was helped by the greater 

amount of superplasticizer that was incorporated. The cement particles were in this way dispersed better which inevitably 

lead to an improved dispersion of the CNTs. It is also important to mention that these mixes had higher concentrations of 

nanotubes per volume of paste as the CNT content was added by weight of cement; 

- Carbonation resistance had improvements above 15% which may be due to all the CNT reinforcing mechanisms 

being able to play a role in the reinforcement. Again, the mixes with lower w/c showed the highest improvement for the 

same reasons as explained before; 

- Chloride ion penetration resistance had the lower improvements probably owing to the curing conditions which 

did not cause cracking of the specimens; 

- It is concluded that CNTs can reinforce the cement matrix, through filler, nucleation, and bridging effects already 

reported in the literature. Given the level of reinforcement that was achieved, and the obstacles that need to be surpassed, 

namely CNT dispersibility, it still does not justify their implementation in the construction industry.  
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