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The environmental issues in the construction industry have garnered considerable attention in 
numerous studies. Ecologically sustainable green concrete addresses environmental challenges in the 
construction industry. This study investigates the impact of multi-walled carbon nanotubes (0–0.20%) 
in rice husk ash (15%) concrete to replace Portland cement. The mechanical and durability properties 
of four concrete mixtures were analysed. Adding 0.1% multi-walled carbon nanotubes and 15% rice 
husk ash yielded satisfactory results, significantly improving durability compared to concrete without 
multi-walled carbon nanotubes. With the addition of 0.1–0.2% multi-walled carbon nanotubes, the 
density and elastic modulus increased, the 28-d sorptivity decreased by 4.64–28.76%. The resistance 
ability of 111-d mass loss and compressive strength loss increased by 50.93–61.71% and 25.28–48.47% 
under sulphate attack, respectively. The resistance ability of mass loss increased by 3.7–35.97% 
under acid attack. And 120-d drying shrinkage resistance improved by 3.08–9.23%. The predicted and 
experimental results were compared using the Sakata, GL 2000, B3, ACI 209, and CEB-FIP models. 
Sakata and B3 provided the most accurate early-stage and long-term drying shrinkages with variation 
coefficients of 0.13–0.33 and 0–0.05, respectively. Moreover, the sustainability of rice husk ash 
concrete containing multi-walled carbon nanotubes was evaluated, and its environmental friendliness 
was confirmed. Thus, the viability of multi-walled carbon nanotubes in rice husk ash sustainable 
concrete significantly contributes to sustainable construction.

Keywords  Durability properties, Drying shrinkage prediction, Environmental evaluation, Multi-walled 
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Cement is an extensively used raw material in the construction industry. In 2022, cement emitted approximately 
2.42 Gt of CO2, accounting for approximately 8% of global CO2 emissions1. Thus, cement has emerged as a 
significant contributor to environmental challenges faced by the construction sector. Researchers have attempted 
solutions to environmental problems using alternatives, such as lightweight concrete, recycled aggregate 
concrete, geopolymer concrete, and waste-utilized concrete2–6. Among them, waste-utilised concrete not only 
alleviates environmental problems caused by the construction industry but also addresses environmental issues 
due to unreasonable waste treatment, such as dumping, incineration, or direct release into waterways, thereby 
achieving a win-win effect. Globally, scholars are focused on using industrial and agricultural wastes including 
ceramic waste powder, olive waste ash, rice husk ash (RHA), bagasse ash, and corncob ash as supplementary 
cementitious materials4,7–10. Using agricultural waste minimises negative impacts on the environment and helps 
address issues within the construction industry.

RHA, a typical supplementary cementitious material, has been extensively investigated owing to its high 
amorphous silica content and exceptional pozzolanic characteristics. The pozzolanic characteristics of RHA 
are intricately linked to temperature, environment, and combustion duration. The optimal temperature range 
for burning RHA is 500–700°C11. When the combustion temperature is extremely high, exceeding 700 °C, the 
amorphous silica in RHA begins to crystallise12. Additionally, the duration and technique of grinding RHA 
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significantly affect its fineness, thereby influencing its pozzolanic activity13. The addition of RHA to concrete can 
improve concrete durability14. Ambedkar et al.15 reported a significant decrease in water absorption property of 
concrete containing 20% RHA compared to that without RHA. Rodríguez de Further, the incorporation of RHA 
improves concrete durability by increasing its chloride and acid resistances. Owing to the combined influence of 
calcium silicate hydrate (C-S-H) gel and filler effects of RHA, concrete becomes more compact and blocks the 
pathway for chloride ions and acid solutions to seep into it16,17.

Owing to their excellent properties, nanoparticles (NPs) such as nano-SiO2, nano-Al2O3, nano-Fe2O3, nano-
TiO2, carbon nanotubes (CNTs), carbon nanofibers, and graphene oxide (GO) have been used to enhance the 
mechanical properties and durability of concrete6,18–23. The effects of nanomaterials on the mechanical and 
durability properties of cementitious materials can be attributed to the following aspects: (1) nucleation effect: 
nanomaterials form nucleation sites that promote pozzolanic reactions; (2) filler effects: small nanomaterials 
effectively fill matrix pores of cementitious composites; (3) bridging effect: nanomaterials with high aspect ratios 
such as CNTs effectively bridge microgaps in the cement matrix, thereby inhibiting microcrack generation and 
development; (4) pozzolanic reactions: nanomaterials such as nano SiO2 exhibit pozzolanic properties, which on 
reaction with hydration product Ca(OH)2, generate high-strength C-S-H gels24–28. Studies on NP applications 
in conjunction with RHA to form cementitious composites have focused on nano-SiO2, GO, nano-Al2O3, and 
nano-TiO2

29–32. Avudaiappan et al.33 reported that adding 1% nano-SiO2 and 10% RHA resulted in an increase 
in the 28-d compressive strength from 24.5 to 31.3 MPa. 28-d flexural strength from 3.71 to 4.2 MPa, and 28-d 
splitting tensile strength from 2.56 to 3.28 MPa when compared to the strengths of control specimens without 
RHA and nano-SiO2. The addition of RHA and widely distributed nano-SiO2 reduced concrete porosity from 
0.1784 to 0.0693% and average pore radius from 18.8447 μm to 17.0092 μm. Priya et al.34 observed the synergistic 
interaction of GO and RHA while generating supplementary C-S-H gel inside cement matrix, which, along with 
the filler effect of GO, densified the concrete microstructure. The addition of 0.075% GO to concrete, with RHA 
substituting 10% of cement, optimised its mechanical properties and durability. In comparison to the control 
specimen without GO and RHA, the 28-d compressive strength, 28-d splitting tensile strength, and 28-d flexural 
strength increased by 17.7%, 34.21%, and 26.8%, respectively, while water absorption property and sorptivity 
decreased by 41.7% and 23.3%, respectively. Meddah et al.35 stated that the incorporation of 3% nano-Al2O3 
and 10% RHA resulted in a dense internal structure of concrete, achieving optimal performance. Compared to 
the control specimen without RHA and nano-Al2O3, the 28-d compressive strength and chloride penetration 
resistance of the synthesised concrete improved by 35% and 19%, respectively. Praveenkumar et al.36 deduced 
that an incorporation of 3% nano-TiO2 was optimal for concrete containing 10% RHA, resulting in significant 
mechanical property and durability enhancement. The improvement was attributed to the synergistic effects of 
nucleation and filler properties of nano-TiO2, along with the pozzolanic reaction of RHA, which collectively 
reduced porosity and densified the internal structure of concrete.

Microcrack formation is the primary cause of concrete failure. Compared to other nanomaterials, the 
incorporation of carbon nanotubes (CNTs) significantly delays microcrack formation and progression 
in cementitious materials37. Adding CNTs enhances the internal structure of cementitious composites, 
consequently improving their mechanical properties and durability38. CNTs have been widely investigated 
owing to their excellent mechanical, electrical, and thermal properties39. Discovered in 1991, CNTs are seamless 
cylinders formed by carbon allotropes of lengths ranging from micrometres to centimetres, exhibiting a high 
aspect ratio40,41. CNTs are classified into two categories according to the number of graphene layers: single-
walled CNTs (SWCNTs) of diameters less than 2 nm, and multi-walled CNTs (MWCNTs) of diameters between 
5 and 100  nm42. CNTs exhibit remarkable physical properties, with tensile strength reaching 150 GPa and 
elastic modulus of approximately 1.47 TPa43,44. Improvements in the mechanical properties and durability of 
cement-based binders by CNTs is primarily because of nucleation, filler, and bridging effects3,45,46. Danoglidis 
et al.47 reported that the flexural strength and Young’s modulus of mortar with 0.1% MWCNTs improved by 
approximately two-fold. Konsta-Gdoutos et al.48 stated that small quantities of efficiently dispersed MWCNTs 
effectively increased the stiffness of cementitious materials, with the increased strength being evident when 
longer MWCNTs were used. According to Carriço et al.49 MWCNTs enhanced the strength and long-term 
performance of concrete, exhibiting a significant decrease in chloride penetration compared to that in concrete 
without MWCNTs. A maximum reduction of 12% in the proliferation coefficient of chlorides was observed. 
Alafogianni et al.50 observed reduction in capillary pore size on adding CNTs, resulting in a more compact 
internal structure of concrete with enhanced resistance to freezing51. Combining CNTs with other materials 
in cementitious composites significantly enhances their performance. According to Jongvivatsakul et al.52, 
CNT-reinforced epoxy significantly improved the interfacial fracture energy between a carbon fibre-reinforced 
polymer and concrete. The synergistic utilisation of CNTs and steel fibres significantly enhance the mechanical 
properties of concrete23. Furthermore, the simultaneous use of MWCNTs and polypropylene fibres enhance the 
fire resistance property of mortar53.

To date, no research has focused on the use of CNTs in RHA concrete. The synergistic effect of RHA (exhibiting 
significant pozzolanic reactivity) and CNTs (known for their superior physical properties in concrete) has not 
been investigated. This study aims to utilise RHA and CNTs as alternatives to Portland cement by thoroughly 
analysing the impact of MWCNTs on the mechanical properties and long-term durability of RHA concrete when 
blended together. A comparative study is presented considering the density, slump, sorptivity, sulphate and acid 
resistance, drying shrinkage, sustainability, and morphology of the synthesised concrete and a control group of 
RHA concrete without MWCNTs. Additionally, the RHA concrete incorporated with CNTs is evaluated for its 
impact on the sustainability. Finally, a mixed-proportion scheme beneficial to the environment and efficient in 
increasing the durability of RHA concrete is proposed. This study contributes to sustainable construction by 
promoting the application of sustainable high-performance RHA concrete.
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Methods
Materials
Cement
Ordinary Portland cement (OPC) type 42.5 was used as the binder. The OPC complied with Chinese cement 
standard GB 175-200754. The physical properties of the cement are listed in Table 1.

Aggregates
The coarse aggregate comprised 5–20  mm crushed limestone particles. The fine aggregate used was locally 
sourced river sand (Henan, China), which had a fineness modulus of 2.9 and a maximum nominal size of 
4.75  mm. According to the Chinese standard for crushed and pebbled stones used in construction (GB/T 
14685)55, the physical properties of the aggregates are listed in Table 2.

RHA
Rice husks were obtained from Xuzhou, China. RHA was produced by burning rice husks in a furnace for 
60 min at 800 °C. The chemical properties of RHA are shown in Table 3. And Fig. 1 shows the scanning electron 
microscopy (SEM) images of RHA. As can be seen from Fig. 1, RHA exhibits porosity and irregular particle 
morphology.

CNTs
MWCNTs produced by Tanxi Technology Co., Ltd. (Shenzhen, China) were > 97.5% pure. Figure 2 shows the 
SEM images of MWCNTs. Figure 2 distinctly illustrates that the surface of MWCNTs exhibits a pronounced 
tubular form and is interwoven with one another. The average diameter, length, and specific surface area of the 
MWCNTs were 7–15 nm, 5–15 μm, and 286.3 m2/g, respectively.

Superplasticizer
Polycarboxylate ether superplasticiser (PCE) is a high-efficiency water reducer and acts as a surfactant, playing 
a positive role in CNTs dispersion56. The PCE used in this study had a water reduction rate of 28% and was used 
in all mixtures.

Methodology of work
Adjustment of superplasticizer dosages
According to GB 50010-2010, the design strength of Grade 50 concrete was considered to investigate the effect 
of MWCNTs on RHA concrete57. To ensure optimal workability of concrete in real-world applications, the slump 
used was no less than 180 mm. Subsequently, in accordance with the specifications for the mix proportion design 
of conventional concrete (JGJ 55-2011)58, the water–cement ratio was established at 0.32, with a cement dose of 
528.2 kg/m3. The concrete was trial-mixed with 1.5%, 2.0%, and 2.5% PCE relative to the cement weight, and the 
slump test was conducted in accordance with GB/T 50,080–201659. The test results are shown in Fig. 3. Finally, 
a PCE incorporation of 2.5% was confirmed, and the compressive strength of the 100 mm cubic specimen was 
tested according to GB/T 50,081–201960. The results are summarised in Table 4.

Constituents (%)

SiO2 K2O P2O5 CaO SO3 MgO Cl Al2O3 MnO Fe2O3 ZnO L.O.1.

RHA 90.37 4.05 1.36 1.21 1.06 0.83 0.54 0.20 0.18 0.17 0.02 0.01

Table 3.  Chemical properties of RHA.

 

Aggregate Bulk density (kg/m3) Apparent density (kg/m3) Mud content (%) Particle size (mm)

Coarse 1470 2684 0.12 5–20

Fine 1566 2735 0.85 0–4.75

Table 2.  Physical properties of aggregates.

 

Specific surface (m2/kg)

Setting time 
(min)

3-d Compressive strength (MPa) 3-d Flexural strength (MPa)Initial Final

343 217 267 32.5 6.3

Table 1.  Physical properties of the cement.
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Preparation of CNTs solution
Owing to the presence of van der Waals forces, CNTs exhibited a propensity to aggregate into clusters61. 
Agglomerated CNTs negatively affected cementitious composites, leading to a reduction in their mechanical and 
durability properties62,63. Several methods exist to overcome CNT agglomeration. However, no unified method 
or standard is available. Ultrasonication, ball milling, and surfactants are commonly used27,64–66. Ball milling 
uses a planetary ball mill to generate a substantial shear stress through the impact of tiny balls, resulting in a 
dispersive effect on the CNTs. The efficacy of CNTs dispersion is closely related to the ball diameter, rotational 
velocity, and grinding67. The ball-milling method is relatively simple; however, its disadvantages are evident. 
Ball milling reduces the length of CNTs, affects their bridging effect, and reduces the gain effect of CNTs on 
cementitious composites68. In the ultrasonic dispersion method, when ultrasonic waves propagate in the 
solution, their cavitation effect can cause the cavitation bubbles attached to MWCNTs in the solution to collapse, 
generating strong local energy shock waves and high temperatures to disperse the MWCNTs, thereby achieving 
dispersion of the MWCNTs69. The dispersion effect of ultrasonication is related to numerous factors such as 
duration and energy. Too long a duration and too high an energy weaken the tube length of CNTs and affect 
the dispersion effect66. When the ultrasonication treatment is stopped, the CNTs re-agglomerate owing to the 
existence of van der Waals forces. The combined use of the surfactant unzipping mechanism and ultrasonic 
treatment ensures the stability of the dispersed solution70. Therefore, the combined use of ultrasonication and 
surfactants is preferred. Table 5 summarises the dispersion methods of CNTs used in recent studies.

In this study, a dispersion method combining ultrasound and surfactants (PCE) was used. Figure 4 shows the 
dispersion process of MWCNTs. The Scientz-750 F ultrasonic disperser model (shown in the Fig. 4) was used 
to enhance the dispersion effectiveness of the MWCNTs and had a power output of 750 W. Water and PCE were 
first mixed, and 5 g of MWCNTs powder was added to a beaker containing 400 mL of dispersant to prepare an 
MWCNTs suspension with a concentration of 12.5 g/L. The aqueous solution of the MWCNTs and PCE was 
subjected to ultrasonication for 30 min, with a 3-s on and 3-s off cycle. The cold water was replenished at 10-
min intervals to maintain it at room temperature. In the preparation of the test specimens, the necessary water 
content was calculated by subtracting the volumes of the MWCNTs and PCE solution water from the total water 
requirement.

Mix proportions
In this study, RHA and CNTs were used as partial replacements for cement. Tables  5 and 6 summarise the 
literature published over the past five years based on the synthesis method of CNTs, types of CNTs, physical 
properties of CNTs, dispersion method of CNTs, combustion duration and temperature of RHA, and chemical 
properties of RHA. From Table  6, the optimal replacement rate of RHA for cement is directly related to its 

Fig. 1.  SEM images of RHA.
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Mix code 3-d compressive strength (MPa) 7-d compressive strength (MPa) 28-d compressive strength (MPa)

Sample without RHA and MWCNTs 50 56.5 58.3

Table 4.  Compressive strength results of sample without RHA and MWCNTs.

 

Fig. 3.  Slump results of samples with varying superplasticizer dosages.

 

Fig. 2.  SEM images of MWCNTs.
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combustion duration and temperature. The chemical composition of RHA obtained by different combustion 
methods is different, but all are above 70%, belonging to pozzolanic materials, and the optimal replacement 
rate is mostly within the range of 10–20%. From Table 5, the diameter and length of MWCNTs used in most 
experiments are within the range of 6–30 nm and 3–30 μm, and the optimal doping amount in most studies is 
within 0.08–0.2%.

The physical and chemical properties of the CNTs and RHA used in this study were based on the values 
reported in previous research. Considering that this study used nanomaterials to improve the comprehensive 
performance of RHA sustainable concrete and reduce the environmental impact of concrete in the construction 
industry, when choosing the replacement rate of RHA to cement, a larger value was selected. Consequently, the 
mixing ratio of RHA was set to 15%. The addition amount of CNTs was selected as 0.1–0.2%. Four trial mix 
proportions, R15C0, R15C10, R15C15, and R15C20, were prepared by adding 0.00%, 0.10%, 0.15%, and 0.20% 
(by cement weight) MWCNTs, respectively. The mix proportions used in this study are listed in Table 7.

Buring time during (min) Buring temperature (°C)

Chemical compounds 
(%)

Optimal dosage (%) Ref.SiO2 Al2O3 Fe2O3

120 750 90.5 0.3 – 7.5 79

120 600 87.05 – – 20 7

240 600 83.93 0.53 0.63 10 80

60 700 90.11 1.19 0.84 5 9

180 900 92 0.23 0.21 3 81

– – 87.4 0.4 0.3 20 82

– 600–700 88.32 0.46 0.67 10 33

– 600–800 74 – – 15 83

– – 86.9 0.24 0.10 10 34

– 550–800 91.7 0.22 0.12 45 84

120 800 74.35 1.379 1.029 10 85

Table 6.  Previous literature about RHA properties and optimal dosage.

 

Fig. 4.  The dispersion process of MWCNTs.

 

Types of CNTs
Synthesis 
method Diameter (nm) Length (µm) Specific area (m2/g)

Optimal dosage 
(%) Dispersion method Ref.

MWCNTs CVD 6–15 – 233 0.15 Surfactant + Ultrasonic 71

MWCNTs – 7–15 5–20 250–500 0.08 Surfactant + Ultrasonic 26

MWCNTs CVD 6–15 – 233 0.15 Surfactant + Ultrasonic 63

MWCNTs-COOH CVD 10–20 10 250 0.1–0.2 Surfactant + Ultrasonic + Ball mill + 
Functionalisation

27

MWCNTs CVD 8–15 3–12 233 0.6 Surfactant + Ultrasonic 72

MWCNTs – 6–13 5–20 220 0.02 Ultrasonic 73

MWCNTs – 10–20 5–15 100–160 0.1–0.2 Surfactant + Ultrasonic 74

MWCNTs – 10–30 10–30 110 2 Ultrasonic 75

MWCNTs – 10–20 3–8 – 0.1 Surfactant 76

MWCNTs-OH – 7–15 10 230–270 0.5 Ultrasonic 77

MWCNTs CVD 10–20 10–70 165–205 0.5 Surfactant + Ultrasonic 78

Table 5.  Previous literature on CNTs properties and optimal dosage.
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Mixing method
To ensure uniform gelation of the nanomaterials with RHA, a mixing procedure was followed, as reported by 
Miyandehi et al.86. Uniform mixing of the cement particles and RHA was ensured. Then, the nanomaterials were 
introduced. The mixing step ensured a uniform distribution of nanomaterials in the cementitious composites. 
In this study, the aggregates were introduced into the mixer and blended for 2 min. The mixture was mixed 
with cement and RHA, followed by dry mixing. Subsequently, the MWCNTs solution containing the PCE and 
remaining water was introduced into the mixer and blended for 5 min before performing a slump test to assess 
the workability of the concrete.

Test method
Fresh and mechanical properties test
Once the concrete samples were removed from the moulds, they were subjected to conventional curing conditions 
at 20 ± 2 °C and a relative humidity exceeding 95% until they reached a specified age. Twelve rectangular prisms 
with dimensions of 150 × 150 × 300 mm were created to measure the elastic modulus. The concrete slump and 
elastic modulus tests were based on GB/T 50080-2016 and GB/T 50081-2019, respectively59,60.

Sorptivity test
A sorptivity test was conducted to test the absorption property of concrete under the influence of capillary 
action. The sorptivity test complied with ASTM C-1585, and the specimens were cylindrical with a diameter 
of 100 mm and height of 50 mm. To ensure dry specimens, the specimens were placed in an oven at ± 105 °C 
for 24 h. The specimens were immersed in water and placed on a steel rod up to a depth of 5 mm. Mass was 
measured at specified time intervals (5, 60, 120, and 240 min). The equation used for the sorptivity test is as 
follows:

	 I = St1/2

where I is the cumulative water absorption per unit surface area (mm), S is the sorptivity (mm/min0.5), and t is 
the time of water absorption (min).

Sulphate resistance test
Twelve cubes of concrete samples measuring 100  mm were evaluated for sulphate resistance. The samples 
were cured in water for 28 d. The samples were then submerged in a solution containing 5% MgSO4 for 30 d. 
Subsequently, they were air-dried for an additional 7 d. This cycle was repeated thrice, and the weight loss and 
compressive strength were assessed after each cycle.

Acid resistance test
The acid resistance test was performed by subjecting a 100 mm cube to water curing for 28 d. The sample was 
submerged in a 3% HCl solution at pH 2 for 75 d. Subsequently, the specimens were air dried for 7 d. To maintain 
a pH of approximately 2, the solution was checked every two weeks; when necessary, the solution was added. 
Mass and compressive strength were assessed after 75 d. The concrete corrosion resistance coefficient K was 
used as an indicator to determine the corrosion resistance of the concrete. The calculation equation is as follows:

	
K = fn

fo

where fn (MPa) is the cube compressive strength of the concrete when the corrosion age is n days, fo (MPa) is 
the cube compressive strength of the concrete before corrosion.

Drying shrinkage test
Malaysia—in the tropical region—has an average temperature of 30  °C. Kuala Lumpur, the capital city, has 
daytime surface temperatures over 40 °C in the dry season87,88. Therefore, investigating the drying shrinkage of 
RHA concrete in severe circumstances (at 60 °C) was necessary. Twelve prism concrete samples with dimensions 
of 100 × 100 × 300  mm were used for the drying shrinkage test, following the ASTM C531-85 standard. The 
concrete prism samples were subjected to standard curing for 7 d. After 7 d of curing, the prism sample was dried 
in an oven (at 60 °C). All concrete samples were treated similarly. The length of the concrete prism sample was 
measured at regular intervals for 120 d. Drying shrinkage was calculated using the following equation:

Mix code

Binder

Coarse aggregate Fine aggregate Water PCECement RHA CNTs

R15C0 448.97 79.23 0 1028.7 712.85 169 2.5%

R15C10 448.44 79.23 0.53 1028.7 712.85 169 2.5%

R15C15 448.18 79.23 0.79 1028.7 712.85 169 2.5%

R15C20 447.92 79.23 1.05 1028.7 712.85 169 2.5%

Table 7.  Mixing proportions (kg/m3).
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εst = L0 − Lt

Lb
,

where εst is the drying shrinkage rate of the specimen, t is the time since the initial length measurement, Lb 
is the measurement gauge length of the specimen (mm), L0 is the initial specimen length (mm), and Lt is the 
length measured at t (mm).

Five prediction models were applied to the drying shrinkage (ACI 209, CEB-FIP, B3, GL 2000, and Sakata 
(SAK)) in this study. Coefficient of variation (CV) was used to evaluate the accuracy of the prediction models.

	
CV = Standard deviation

Mean
.

Environment evaluation test
CO2 emissions (CE) and embodied CO2 index (CI) were calculated to evaluate the environmental impact of 
incorporating MWCNTs into RHA concrete. CE is calculated by multiplying the CE intensity (ECi) by the mass 
of components (mi). CI was used to evaluate the relationship between mechanical properties and environmental 
impact. The experimental values of the mechanical properties (compressive, flexural, and splitting tensile 
strengths) of RHA concrete blended with MWCNTs were obtained from Jing et al.89 The equation used is as 
follows:

	
EC =

n∑
i=1

ECi × mi

	
CI = EC (kg/m3)

σ (MP a)

where σ represents the mechanical properties (compressive, splitting tensile, and flexural strengths).

Cost efficiency evaluation test
CEF was used to evaluate the cost-effectiveness of RHA concrete with MWCNTs. The prices of various raw 
materials were derived from local prices in China. The unit price was in US dollar. The price of cement was 
$0.1 per kg, the price of coarse aggregate and fine aggregate was $0.01 per kg, and the price of PCE was $0.66 
per kg. As CNTs were mainly supplied to manufacturers, the cost was high when purchased separately by the 
laboratory. Considering the large-scale use of high-performance RHA concrete in the future, the price of CNTs 
in this experiment was determined based on the sales unit price of CNTs presented in the 2023 annual report of 
Jiangsu Cnano Technology Co., Ltd., a Chinese CNTs manufacturer, which was $14.89 per kg90. The calculation 
equation for CEF is as follows:

	
CEF = σ (MP a)

C

where σ represents the mechanical property (i.e. compressive strength, splitting tensile strength, and flexural 
strength), and C is the cost of RHA concrete blended with MWCNTs.

Results and discussion
Slump
Figure 5 shows the slump values of various RHA concrete mixtures containing different percentages of MWCNTs. 
The maximum slump value of RHA concrete without MWCNTs (R15C0) was 220 mm. The value decreased with 
increase in MWCNT concentration. Higher concentrations of MWCNTs decreased the workability of the mixture 
compared to that of R15C0, with a maximum reduction of 29.5%. For RHA concrete mixtures containing 0.10 
c-wt%, 0.15 c-wt%, and 0.20 c-wt% MWCNTs, the slump value reduced by 9.1%, 20.5%, and 29.5%, respectively. 
When the quantity of MWCNTs was greater than 0.10%, the slump value decreased. However, all mixtures were 
workable owing to the large specific surface area of MWCNTs and the porous structure of RHA, which increased 
the friction between particles by absorbing water that would otherwise have functioned as a lubricant13,41.

Density
Figure 6 illustrates the density values of the RHA concrete mixtures in different conditions: demoulded, air-
dried at 28 d, saturated at 28 d and oven-dried at 28 d. The densities exhibited an initial increase followed by a 
subsequent decrease when a small quantity of MWCNTs was incorporated into the RHA concrete. Regarding 
the oven-dried density at 28 d, the MWCNTs proportion in the RHA concrete was increased from 0.10 to 
0.20%, and the density initially increased and reached its maximum value at 0.10%. The increase in oven-dried 
density was attributed to the MWCNTs serving as fillers in the RHA concrete. The increase was attributed to 
MWCNTs serving as fillers in RHA concrete. Similar results have been reported in the literature, the density of 
fly ash mortar containing CNTs was considerably higher at 28 d91. According to Nowak and Rakoczy, normal-
weight concrete densities range between 2240 and 2400 kg/m3. Therefore, RHA concrete with MWCNTs can be 
considered normal-weight concrete92.

However, as the percentage of MWCNTs exceeded 0.10%, the density of the RHA concrete decreased, 
possibly because of the agglomeration caused by the high MWCNT concentration. Furthermore, the density of 
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the concrete with 0.20% MWCNTs was higher than that of R15C0. Thus, incorporating MWCNTs contributed 
positively to increasing the RHA concrete density.

Elastic modulus
Figure 7 illustrates the values of elastic modulus for RHA concrete mixtures containing various percentages of 
MWCNTs. The elastic moduli of R15C0, R15C10, R15C15, and R15C20 were measured as 38.4, 38.8, 36.8, and 
35.6 GPa, respectively. From Fig. 7, the value of elastic modulus decreased after peaking when 0.1% MWCNT was 
added to the concrete. The addition of 0.15% and 0.20% MWCNTs reduced the elastic moduli by approximately 
4.2% and 7.3%, respectively, compared to those of R15C0. The decrease in elastic modulus was attributed to the 
reaggregation of CNTs in the cement matrix owing to van der Waals forces. This process increased porosity and 
initiated internal defects, ultimately decreasing the mechanical properties of concrete64. Normal-weight concrete 
exhibits an elastic modulus of 14–41 GPa93. Therefore, the elastic moduli of all RHA concrete mixtures with 
MWCNTs were within the range of elastic modulus of normal-weight concrete.

Table 8 presents the predicted and experimental values of 28-d elastic modulus for comparative analysis. 
The 28-d compressive strengths of R15C0, R15C10, R15C15, and R15C20 were 71.9, 77.7, 59.6, and 59.2 MPa, 
respectively, as recorded by Jing et al.89 For RHA concrete without MWCNTs, all prediction models underestimated 
the elastic modulus. With the addition of 0.1% MWCNTs, the estimation of elastic modulus improved. However, 
as the concentration of MWCNTs increased, the accuracy of the prediction model decreased, and the elastic 
modulus was generally underestimated. Excessive incorporation of MWCNTs may have this outcome. The 
agglomeration of MWCNTs created internal void defects in the concrete, significantly reducing compressive 
strength94. However, the nucleation and bridging effects of unagglomerated MWCNTs accelerated the formation 
of high-stiffness C-S-H, which results in the decrease rate of elastic modulus being lower than the decrease rate of 
compressive strength95. With 0.2% MWCNTs, the 28-d compressive strength and elastic modulus values of RHA 
concrete decreased by 17.66% and 7.29%, respectively. Predictions from BS8110 aligned well with experimental 

Fig. 6.  Densities of RHA concrete mixtures containing different concentrations of MWCNTs.

 

Fig. 5.  Slump values of RHA concrete mixtures containing different concentrations of MWCNTs.
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results, showing errors below 5%. The prediction accuracy for R15C15 was approximately 100%. Conversely, the 
prediction errors of ACI 318 were within the acceptable range (< 7%), while other models showed high errors, a 
maximum of 31%, making them unsuitable for predicting the elastic modulus of RHA concrete with MWCNTs.

where E is the elastic modulus (GPa), w is the air-dry density (kg/m3), and fcu and fcy  are the compressive 
strengths of cubic and cylindrical MWCNTs (MPa), respectively.

Sorptivity
Sorptivity is a crucial metric for assessing the durability of concrete by measuring the degree of water absorption 
in concrete specimens through capillary action100. Figure 8 shows the sorptivity values of all mixtures on day 
28. With the increase in MWCNTs concentration, the sorptivity of RHA concrete exhibited a downward trend. 
The sorptivity of RHA concrete mixtures with 0.1%, 0.15%, and 0.2% MWNCTs decreased by 28.76%, 18.87%, 
and 4.64%, respectively, compared to that of the control mixture without MWCNTs. The decreasing trend was 
attributed to the synergistic filling effect of CNTs and the pozzolanic reaction in RHA concrete, forming C-S-H 
gel, which effectively reduced pore structure inside the concrete, refined pore size, reduced interconnection 
between capillaries, and densified concrete microstructure, thereby decreasing its sorptivity18,101. Similar results 
have been reported by an existing study50, where the addition of a small amount of CNTs significantly affected 
the pore structure of cement-based materials, thereby affecting water transport. From Fig. 8, the capacity to 
enhance the resistance ability of sorptivity of RHA concrete progressively reduced with increase in MWCNTs 
concentration owing to the van der Waals force between the MWCNT particles. During cement hydration, 
high concentrations of MWCNTs re-agglomerated, and the agglomerated MWCNTs wrapped cement particles, 
inhibiting hydration reaction and forming pores inside the concrete64,102.

Sulphate attack
Table 9 lists the loss in weight of all RHA concrete mixtures after being exposed to 5% MgSO4 solution thrice. A 
consistent decrease in specimen weight over time was observed. MWCNTs significantly enhanced the resistance 
of RHA concrete against weight loss. After three cycles of sulphate attack (111 d), the RHA concrete specimens 
comprising 0.1–0.2% MWCNTs recorded weight loss decreased by 50.93–61.71% compared to that of specimen 
without MWCNTs.

Figure 9 illustrates the values of loss in compressive strength of RHA concrete with MWCNTs when exposed 
to 5% MgSO4 solution. With the addition of MWCNTs, the resistance to sulphate significantly improved. The 
losses in compressive strength of R15C0, R15C10, R15C15, and R15C20 were 24.71%, 12.73%, 15.44%, and 
18.47%, respectively, at the end of three cycles of sulphate attack (111 d). The value of loss in compressive strength 

Mix no. R15C0 R15C10 R15C15 R15C20

Experimental results (GPa) 38.4 38.8 36.8 35.6

Equation Ref. R15C0 R15C10 R15C15 R15C20

E = 0.0017w2fcu
0.33 BS 811096 37.9 (− 1%) 40.53 (4%) 36.83 (0%) 36.62 (3%)

E = 0.043w1.5fcy
0.5 ACI 31897 36.73 (− 4%) 39.39 (2%) 34.28 (− 7%) 34.01 (− 4%)

E = 2.25ln
(

f′
cu

2.8

wc0.2

)
+ 0.05fcu

0.5 Tasnimi98 27.04 (− 30%) 27.81 (28%) 25.24 (− 31%) 25.17 (− 29%)

E = (0.062 + 0.0297fcy
0.5)w1.5 Salte et al. 99 32.35 (− 16%) 34.41 (− 11%) 30.83 (− 16%) 30.68 (− 14%)

Table 8.  Comparison of predicted and experimental elastic modulus values.

 

Fig. 7.  Relationship between elastic modulus and MWCNTs concentration in RHA concrete.
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of concrete initially decreased and subsequently increased. Nevertheless, even with an increase in MWCNTs 
concentration to 0.2%, the loss in compressive strength of R15C20 was less than that of R15C0. After three 
cycles of sulphate attack, the loss in compressive strength of concrete with 0.1–0.2% MWCNTs decreased from 
25.28 to 48.47% compared to that of the control specimen. Furthermore, R15C10 exhibited the least compressive 
strength loss, which decreased by 50.86%, 51.46%, and 48.47% when attacked with sulphate at 37, 74, and 111 d, 
respectively, compared to that in R15C0.

R15C10 exhibited the optimal sulphate resistance. Reduction of loss in weight and compressive strength was 
attributed to the effective filling of pores within the specimen by a certain quantity of MWCNTs. Filling effect 
of CNTs reduced the number of pores, increased density, and hindered the intrusion of MgSO4 solution103. 
Nevertheless, the loss in weight and strength of the specimens increased with the MWCNTs concentration. The 
observed values were lesser than those of R15C0. Sarvandani et al.27 reported that the addition of MWCNTs 
improved the resistance of concrete to sulphate attack. MWCNTs effectively delayed surface spalling in concrete. 
The addition of 0.2% MWCNTs reduced the loss in compressive strength of concrete when exposed to the 

Fig. 9.  Compressive strength loss after exposure to MgSO4 solution.

 

Mix. No.

Weight loss (%)

No. of cycles

1 2 3

R15C0 0.15 0.221 0.269

R15C10 0.062 0.07 0.103

R15C15 0.069 0.098 0.113

R15C20 0.115 0.124 0.132

Table 9.  Loss in weight of all mixtures after exposure to MgSO4 solution.

 

Fig. 8.  Sorptivity of all RHA concrete mixtures at 28 d.
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sulphate solution by 13.37%. Varisha et al.104 studied changes in length and losses in weight of cement mortar 
doped with MWCNTs and nanosilica when exposed to MgSO4 solution. With the addition of MWCNTs and 
nano silica to the cement mortar, the value of length expansion significantly reduced, while the 120-d loss in 
weight reduced by 29% when compared to the control group. The reduction was attributed to the addition of 
MWCNTs and nanosilica, which densified the cement matrix and prevented the invasion of SO4

2−.

Acid attack
Figure 10 shows the value of loss in mass of all mixtures after exposure to 3% HCl solution at pH 2. The loss 
in mass of the RHA concrete specimens decreased significantly with the addition of MWCNTs. Particularly, 
with the addition of 0.10% MWNCTs, the resistance of RHA concrete to loss in mass increased by 35.97% 
compared to that of the control specimens. However, the improvement was weakened with increasing MWCNTs 
concentration. The addition of 0.15% and 0.20% MWCNTs increased the resistance of the specimens to loss in 
mass by 26.46% and 3.7%, respectively, compared to that of the control specimens.

Figure 11 shows the plot of corrosion acid resistance factor for all mixtures after exposure to 3% HCl solution 
at pH 2. After 75 d of immersion, the HCl resistance coefficient was recorded as 0.57. With the addition of 
MWCNTs, the resistance factor significantly improved. Adding 0.1% and 0.15% MWCNTs increased the HCl 
resistance factor of the specimens by 14.72% and 5.44%, respectively, compared to that of the control specimen.

The addition of MWCNTs improved the resistance of RHA concrete to HCl owing to the filling effect of 
MWCNTs, which effectively reduced internal pores in RHA concrete and diminished invasion channels of 
HCl95. The results from sorptivity test verified this hypothesis. However, the effect of MWCNTs on improving 
the resistance of RHA concrete to HCl erosion depended on the degree of MWCNT dispersion. Furthermore, 
agglomerated MWCNTs reduced the resistance of RHA concrete to HCl erosion.

Fig. 11.  Corrosion acid resistance factor of all mixes.

 

Fig. 10.  Loss in mass of the concrete mixtures after exposure to HCl solution.
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Drying shrinkage
Experimental results
Figure 12 depicts the development of drying shrinkage in RHA concrete with varying MWCNT concentration 
for up to 120 d. In a dry environment at 60 °C, the drying shrinkage in RHA concrete developed rapidly. A 
predominant drying shrinkage in RHA concrete without MWCNTs occurred within the initial 7 d, accounting 
for 88.46% of the total shrinkage observed at 120 d. After the seventh day, the drying shrinkage slope reached 
a steady state, attributable to the elevated temperatures expediting the cement hydration process and the 
pozzolanic reaction of RHA, resulting in the formation of more hydration products during the initial hydration 
phase and hastening of drying shrinkage105,106. However, the drying conditions at 60 °C increased the possibility 
of microcrack and macrocrack formation, resulting in increased porosity107. Simultaneously, as the temperature 
raised, the evaporation and expulsion of water from the pores was expedited, resulting in a rapid rise in pore 
pressure. As water vapor escapes, pore pressure diminished, and the shrinkage of cementitious materials 
accelerated108,109.

Figure  13 illustrates the initial stage of drying shrinkage in RHA concrete with various MWCNT 
concentrations before 28 d. Adding 0.1% MWCNTs considerably enhanced the drying shrinkage resistance of 

Fig. 13.  Drying shrinkage all mixes before 28 d.

 

Fig. 12.  Drying shrinkage of all mixes up to 120 d.
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RHA concrete. Drying shrinkage in R15C10 decreased by 63.51%, 36.7%, 25.22%, and 16.8% at 1, 3, 7, and 28 d, 
respectively, compared to that in R15C0. With increasing MWCNTs concentration, the improvement of drying 
shrinkage in RHA concrete weakened. However, drying shrinkage in R15C15 and R15C20 was lower than that 
in R15C0. Drying shrinkage in RHA concrete with 0.15% and 0.2% MWCNTs reduced by 5.88% and 5.04%, 
respectively, at 28 d compared to that in R15C0. From Fig. 12, MWCNTs improved long-term drying shrinkage 
in RHA concrete. Adding 0.1%, 0.15%, and 0.2% MWCNTs to RHA concrete resulted in drying shrinkage 
reductions of 9.23%, 6.92%, and 3.08%, respectively, at 120 d compared to that of the control specimen. The 
addition of 0.1% MWCNTs resulted in the most significant improvement in drying shrinkage resistance of RHA 
concrete, followed by improvements owing to 0.15% and 0.2% MWCNTs. The effect of MWCNTs on improving 
the early resistance to drying shrinkage in RHA concrete was stronger than its effect on improving the long-term 
resistance to drying shrinkage.

The enhanced shrinkage resistance in RHA concrete with MWCNTs was attributable to the following 
reasons: (1) from a microscopic perspective, a structural network formed in the RHA concrete owing to the 
bridging effect of MWCNTs, which effectively reduced the pore size and number of macropores, delaying the 
development of microcracks110,111; (2) the filling effect of MWCNTs significantly decreased the number of 
nanopores and capillaries, resulting in reduced porosity and capillary stress112,113; (3) the nucleation effect of 
MWCNTs promoted C-S-H gel formation on the surfaces, which delayed the covering of cement and RHA 
particles that had not yet undergone hydration and pozzolanic reactions, respectively. Consequently, cement 
particle hydration and the pozzolanic reaction of RHA made the microstructure compact114,115.

Comparison of typical models
The trend of long-term drying shrinkage development was investigated to avoid excessive shrinkage. Various 
established prediction models were considered and verified using large volumes of test data. Typical prediction 
models include ACI 209, CEB-FIP, B3, GL 2000, and Sakata. The corresponding equations for the models are 
listed in Table 10.

Figure 14 shows the results from drying shrinkage experiment and five prediction models for RHA concrete 
with varying MWCNT concentrations. The outcomes of the prediction models at an early stage were considerably 
lower than the experimental results because most prediction models operated under normal temperature (below 
40  °C). However, the experimental environment (60  °C) was harsh and dry. The discrepancies between the 
predictions of B3 and GL 2000 and the experimental findings for RHA concrete decreased as drying progressed. 
However, the long-term shrinkage of RHA concrete was overestimated by SAK, ACI 209, and GL2000.

Table 11 lists the CV values for the mixtures at 7 d. With CV values of 0.13–1.13, the overall accuracy of 
all prediction models was undesirable. Additionally, early stage drying shrinkage was best predicted by SAK, 
resulting in CV values of 0.13–0.33. The decreasing order of prediction accuracy for the remaining models was 
GL2000, ACI209, CEP-FIP, and B3. Table 12 lists the CV values for the mixtures at 100 d. With CV values of 
0–0.57, all prediction models exhibited considerably higher accuracies in predicting long-term RHA concrete 
cracking. B3 offered the highest prediction accuracy, with CV values of 0–0.05. The decreasing order of 
prediction accuracy for the remaining models was GL2000, CEP-FIP, ACI209, and SAK. From the perspective 
of the entire drying shrinkage life cycle of RHA concrete, MWCNTs improved the difference between the early 
drying shrinkage test results and the results of each prediction model, excluding CEP-FIP. However, no evident 
improvement was observed in the difference between the results of long-term drying shrinkage tests and those 
predicted. When 0.1% MWCNTs were added, the prediction accuracies of ACI209, B3, GL2000, and SAK 
increased by 16.67%, 7.96%, 8.82%, and 27.3%, respectively.

Model Equation Ref.

ACI 209
εsh(t) = t

t+35 εshu

εshu = 780 × 10−6 × rsh

116

CEB-FIP εsh(t) = εshuβ (h) β (t) 117

B3
εsh(t) = −εshukhS (t)
εshu = −a1 × a2 ×

[
0.019 × w2.1 × (fc)−0.28 + 270

]
× 10−6

118

GL2000
εsh(t) = εshu(1 − 1.18h4)

√
(t−to)

t−t0+0.15
(

v
s

)2

εshu = 900 × k×
(

30
fc

) 1
2 × 10

−6

119

Sakata
εsh(t) = εshut

β+t

εshu = k(1−h)w[
1+150exp

(
− 500

fc

)]
(1+η×t0)

120

Table 10.  Equations of the prediction models. where t is drying time (d), to is the start drying age of concrete, 
rsh is the correction factor, k is the cement type factor, v is the volume (mm3), s is the surface area (mm2), f 
is the 28-d compressive strength (MPa), w is the water content, Kh is humidity factor, and h is relative humidity.
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Microstructure and constituents
Figures 15 and 16 show the energy-dispersive spectroscopy (EDS) analysis of R15C0 and R15C10, and Table 13 
demonstrates the elements analysis of EDS. The spectrum for R15C0 revealed oxygen (O) and silicon (Si) as 
the predominant elements, with a pronounced peak for oxygen (O) suggesting a substantial presence of oxides, 
demonstrating a similarity in the chemical composition of RHA and the cement matrix. The silicon peak indicates 
the composition of RHA, wherein amorphous silicon dioxide serves a reactive function in the cement hydration 
process. The presence of calcium (Ca) signifies the initiation of cement hydration products, such as C-S-H gel, 
which further augment the strength and stability of concrete. Following the introduction of carbon nanotubes, 
the EDS spectrum of R15C10 indicates that the peak intensity of the carbon (C) element markedly increases 
with the rising proportion of MWCNTs. The presence of carbon (C) indicates the entrance of MWCNTs, and as 
the quantity grows, the intensity of the carbon peak progressively rises. Additionally, the calcium (Ca) content 

Mix No.

Prediction models

ACI209 B3 GL2000 CEP-FIP SAK

R15C0 0.26 0.05 0.08 0.31 0.57

R15C10 0.3 0.01 0.13 0.32 0.58

R15C15 0.26 0 0.2 0.11 0.67

R15C20 0.27 0.03 0.17 0.14 0.64

Table 12.  CV values of all mixes at 100 d.

 

Mix No.

Prediction models

ACI209 B3 GL2000 CEP-FIP SAK

R15C0 0.78 1.13 0.34 0.58 0.22

R15C10 0.65 1.04 0.31 0.74 0.16

R15C15 0.68 1.05 0.31 0.69 0.13

R15C20 0.76 1.11 0.47 0.86 0.33

Table 11.  CV values for all mixes at 7 d.

 

Fig. 14.  Results from prediction models and experiments for RHA concrete with varying MWCNT 
concentration: R15C0 (a), R15C10 (b), R15C15 (c), and R15C20 (d).
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rose, suggesting that the interaction between carbon nanotubes and cement hydration products augmented the 
hydration process of the cement matrix, resulting in the formation of additional hydrated silicates.

Figure 17 shows the SEM images of the RHA concrete with varying MWCNTs concentration. Figure 17a, it 
can be seen that R15C0 exhibits a relatively uniform structure of cement hydration products, and the interface 
between RHA particles and cement hydration products is relatively clear. This structure represents the normal 
hydration reaction process of the cement matrix, and the RHA particles play a filling role and improve the 
microscopic pore structure of concrete. Its chemical composition showed a high amount of SiO2, reflecting the 
pozzolanic reaction of rice husk ash to produce C-S-H gel. Figure 17b shows that by adding 0.1% MWCNTs, the 
microstructure of the cement matrix changes. The low-dosage of MWCNTs is evenly distributed in the cement 
matrix, the pores in the cement matrix become less, and the bridging and filling effects of the carbon nanotubes 
are obvious. The high specific surface area and excellent mechanical properties of carbon nanotubes not only fill 
the micropores formed during the cement hydration process, but also play a role in connecting the hydration 
products in the cement matrix to form a denser structure. This could explain the improvement of the durability 

Mix No.

Element (%)

C O Na Mg Al Si S K Ca Fe

R15C0 8.95 41.86 0.29 0.06 0.00 25.55 0.67 2.17 20.13 0.31

R15C10 14.16 41.29 0.38 0.35 1.64 10.83 1.86 1.91 26.64 0.94

Table 13.  Elemental analysis of EDS.

 

Fig. 16.  EDS analysis of R15C10.

 

Fig. 15.  EDS analysis of R15C0.
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of RHA sustainable concrete by well-dispersed MWCNTs. The uniformly distributed MWCNTs efficiently fill the 
micro-cracks in the RHA concrete, thereby diminishing the quantity of macropores and inhibiting microcrack 
formation, eventually enhancing the RHA concrete’s resistance to drying shrinkage121.

However, from Fig. 17c, d, it can be clearly seen that as the amount of MWCNTs increases, the dispersion of 
MWCNTs shows significant problems. It can be observed that with a higher dosage of MWCNTs, aggregation 
occurs, and the carbon nanotubes begin to intertwine and form agglomerates. Figure 17c shows that while most 
of the MWCNTs still serve as bridges, some agglomerate because of van der Waals force. Figure 17c shows that 
while most of the MWCNTs still serve as bridges, some agglomerate because of van der Waals force. Figure 17d 
shows that numerous MWCNTs agglomerate to form more pores in the RHA concrete, increasing the porosity 
and reducing the interfacial adhesion between CNTs and cement matrix, thereby increasing the defects in the 
matrix. This is the reason for the RHA concrete’s decreasing resistance to water, acid, and sulphate penetration. 
Sarvandani et al.27 also came to similar results by investigating the SEM images of cement mortar containing 
MWCNTs. When the MWCNTs dosage in cement mortar was 0.4%, the MWCNTs aggregated into bundles 
and formed virtual defect sites in the C-S-H. Zhang et al.56 investigated the SEM images of cement paste with 
inadequately dispersed MWNTs and found that the agglomeration of MWCNTs tended to the clustering among 
cement particles, creating new pores and thus reducing the compactness of the cement matrix.

Mix. No E·CO2 (kg-CO2-eq/m3)

CI (kg CO2/m3 ·MPa))

Compressive strength 
(MPa)

CI-compressive 
strength

Splitting tensile 
strength (MPa)

CI-splitting 
tensile strength

Flexural strength 
(MPa)

CI-
flexural 
strength

R15C0 437.72 71.9 6.09 4.2 104.22 8 54.72

R15C10 452.66 77.7 5.83 5.2 87.05 9.4 48.15

R15C15 459.98 59.6 7.72 3.6 127.77 9.2 50.00

R15C20 467.31 59.2 7.89 3.6 129.81 7.8 59.91

Table 14.  Environmental evaluation of all mixes.

 

Fig. 17.  SEM images of RHA concrete containing MWCNTs: RH15C0 (a), R15C10 (b), R15C15 (c), and 
R15C20 (d).
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Sustainable evaluation
Environmental evaluation
Table 14 presents the environmental evaluation results for RHA with varying MWCNTs concentrations based on 
a 1 m3 specimen. The compressive, splitting tensile, and flexural strength test results were taken from Jing et al.89. 
The CO2 emissions of coarse aggregate and fine aggregate took into account the factors of excavation, cutting, 
grinding, screening, and transportation. The CO2 emissions of cement took into account the production process 
and transportation of cement. The CO2 emission intensity factors (t-CO2-eq/ton) of the OPC, coarse aggregate, 
and fine aggregate were 0.82, 0.0459, and 0.0139, respectively122,123. Furthermore, According to the study of 
Hu et al.124, taking into account factors such as agricultural growth stage, transportation and combustion, the 
amount of CO2 emitted (t-CO2-eq/tonne) by RHA was 0.157. Greenhouse gas emissions are highly sensitive to 
different CNT synthesis methods. As CNT production transitions from laboratory to industry, manufacturers 
improve the efficiency of material and energy utilisation to reduce costs125.

This study considered the greenhouse gas emissions generated during large-scale industrial production of 
CNTs. According to Teah et al.126, the emission factor (kg CO2-e/g) of CNTs is < 0.029 for large-scale industrial 
production. Evidently, adding MWCNTs gradually increased CO2 emissions of RHA concrete.

From Table 14, with the addition of 0.1% MWCNTs, the CI value of the RHA concrete exhibited a declining 
trend compared to that of R15C0. Additionally, the CI splitting tensile strength of RHA concrete with 0.1% 
MWCNTs exhibited the largest decrease (16.47%), because MWCNT addition exerted a substantial effect on 
improving the splitting tensile strength of the RHA concrete. Furthermore, the CI compressive and flexural 
strengths of RHA concrete containing 0.1% MWCNTs decreased by 4.31% and 11.99%, respectively. Xiao et al.127 
reported the CI compressive strength of OPC 42.5 as 18.1. All CI compressive strength values of RHA concrete 
with varying MWCNTs concentrations were below those reported for OPC 42.5. Sustainability evaluation 
confirmed the environmental friendliness of RHA concrete containing MWCNTs.

Cost efficiency
Tables 15 and 16 list the cost and cost efficiency factor (CEF) of all mixtures. From Table 15, the cost of the 
specimens increased with the MWCNTs concentration, but the overall cost was controlled between $17.14 and 
$19.23 per specimen. The cost of RHA concrete with 0.1%, 0.15%, and 0.2% MWCNTs increased by 6.18%, 
9.21%, and 12.25%, respectively, compared to that without MWCNTs, because the current cost of MWCNTs is 
higher than that of cement. However, with industrialisation of MWCNTs production, the unit price of materials 
is expected to decline. According to the 2022 and 2023 annual reports of Jiangsu Cnano Technology Co., Ltd., 
the material price of CNTs dropped from $24.52 in 2022 to $14.89 in 2023, a decrease of 39.27%90,128.

As presented in Table 16, with the addition of 0.1% MWCNTs, the CEF compressive strength, CEF splitting 
tensile strength, and CEF flexural strength increased by 1.78%, 16.6%, and 10.66%, respectively. However, 
with increasing MWCNTs concentration, CEF showed a downward trend owing to the re-agglomeration of 
MWCNTs in the cement matrix, resulting in decreasing mechanical properties of RHA concrete129. Small doses 
of well-dispersed MWCNTs resulted in an overall improvement in CEF of RHA concrete, with improvements 
in the cost efficiency of splitting tensile strength and flexural strength. Thus, MWCNTs provided a greater cost 
advantage in building flexural members. Furthermore, the effect of MWCNTs in RHA concrete and the unit 
price of MWCNTs materials were key factors affecting CEF. Therefore, factors influencing the effect of MWCNTs 
in RHA concrete, such as the type of MWCNTs material and the dispersion effect of MWCNTs, were particularly 
important.

Mix. No. Total price ($/kg)

CEF

Compressive strength 
(MPa)

CEF-compressive 
strength

Splitting tensile 
strength (MPa)

CEF-splitting 
tensile strength

Flexural strength 
(MPa)

CEF-
flexural 
strength

R15C0 17.14 71.9 4.20 4.2 0.25 8 0.47

R15C10 18.20 77.7 4.27 5.2 0.29 9.4 0.52

R15C15 18.71 59.6 3.18 3.6 0.19 9.2 0.49

R15C20 19.23 59.2 3.08 3.6 0.19 7.8 0.41

Table 16.  CEF of all mixtures.

 

Mix. No

Mix (kg/m3)

Total price ($/kg)Cement RHA CNTs Coarse aggregate Fine aggregate PCE

R15C0 448.97 79.23 0 1028.7 712.85 13.21 17.14

R15C10 448.44 79.23 0.53 1028.7 712.85 13.21 18.20

R15C15 448.18 79.23 0.79 1028.7 712.85 13.21 18.71

R15C20 447.92 79.23 1.05 1028.7 712.85 13.21 19.23

Table 15.  Cost of all mixtures.
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Conclusion
This study investigated the mechanical properties, durability, and sustainability of RHA concrete containing 
MWCNTs concentrations ranging from 0 to 0.20%. The experimental results for the RHA concrete with and 
without MWNCTs were compared. The following conclusions were drawn.

•	 Slump tests revealed satisfactory workability despite the decreasing fluidity of RHA concrete with increasing 
MWCNTs concentration. The density of the mixture increased, even with minimal additions of MWCNTs 
owing to the high specific surface area of MWCNTs, which absorbed more water.

•	 On adding 0.10% MWCNTs to RHA concrete, the elastic modulus increased slightly by 0.10% and decreased 
with an increasing proportion of MWCNTs.

•	 By adding 0.10% MWCNTs to RHA concrete, sorptivity decreased by 28.76%, weight and compressive 
strength losses under 111-d sulphate attack decreased by 50.93% and 48.47%, respectively, and the mass loss 
under acid attack decreased by 35.97% when compared to the control specimen.

•	 MWCNTs improved the drying shrinkage resistance in RHA concrete at 60 °C, especially the early-age drying 
shrinkage. Compared to the control specimens, the 3-d and 7-d shrinkage decreased by 36.7% and 25.22%, 
respectively.

•	 All prediction models underestimated early-age drying shrinkage in RHA concrete. B3 was the most reliable 
predictor of long-term drying shrinkage in RHA concrete, with a maximum accuracy of 99.6%.

•	 Through SEM and EDS, the enhancement effect of MWCNTs on the mechanics and durability of RHA con-
crete was observed. The synergistic effect of the filling and bridging by MWCNTs and the RHA pozzolanic 
reaction reduced the internal pores of RHA and densified its internal structure.

•	 The addition of 0.1% MWCNTs significantly reduced the CI value of the RHA concrete, with a 16.51% de-
crease in CI-splitting tensile strength. Simultaneously, the addition of 0.01% MWCNTs effectively improved 
the cost-effectiveness of RHA concrete, with a 16.67% increase in CEF-splitting tensile strength, verifying the 
sustainability of RHA concrete containing MWCNTs.

This study demonstrated that the addition of MWCNTs enhanced the overall performance of RHA concrete, 
particularly its resistance to drying shrinkage at high temperatures. This improvement supported the use of RHA 
concrete in tropical areas, broadening its application, and reducing environmental pollution from agricultural 
waste treatment, thereby advancing sustainable construction.

Limitations and future scope
The effects of RHA production conditions on the performance of RHA concrete containing MWCNTs have 
not been considered. Examples include RHA produced in different regions and under different combustion 
conditions. The influence of the various forms of CNTs on the performance of RHA concrete containing MWCNTs 
has not been considered. Examples include single-walled nanotubes, MWNCTs, functional MWCNTs, and non-
functional MWCNTs. When considering cost efficiency, only the impact of raw material prices in China was 
considered in this study.

Future research should comprehensively study the performance of RHA concrete containing diverse 
MWCNTs in extreme environments, such as at high temperatures. As the reinforcing effect of MWCNTs on 
RHA concrete mainly depends on their dispersion, the effect of MWCNTs on concrete with RHA and different 
physical properties under different dispersion methods should be analysed. Further, the durability of RHA 
concrete containing MWCNTs and its application in actual building components should be investigated.

Data availability
All data generated or analysed during this study are included in this published article.
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