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1. Introduction 
 

As the development of technology makes the structure 

huge and ultra-high-rise, it is necessary to improve concrete 

performance such as strength and fluidity compared to 

conventional concrete. Underground structures are also 

required to secure performance. In the case of TBM tunnel 

segment, if the concrete quality is poor, construction might 

be delayed due to inrush of groundwater or soil due to 

cracks such as longitude and corner cracks during 

construction (Shi and Kong 2016, Xu et al. 2019); the TBM 

tunnel may collapse in the worst case. So, research is being 

actively conducted to prevent problems that may cause 

tunnel collapse (Chen et al. 2019, Xue et al. 2020). At the 

same time, it is necessary to conduct research on improving 

the performance of tunnel structures. 

Recently, many studies investigated that the 

performance of concrete could be considerably improved by 

adding nanomaterials in concrete mixture. One of the 

frequently used nanomaterials in concrete is carbon 

nanotubes (CNTs), which were discovered by Iijima (1991).  
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It was also investigated that CNTs had excellent electrical 
and thermal properties in addition to mechanical properties 
(Ruoff and Lorents 1995, Silvestro and Jean Paul Gleize 
2020, Tanaka et al. 1994). Due to these advantages, 
research has been actively conducted in various fields such 
as geomechanics and structural engineering field (Camacho 
et al. 2014, Taha et al. 2018, Rousakis et al. 2014). 
However, if the weight ratio of CNTs is excessive or the 
dispersion of CNTs is poor, concrete performance is worse 
(Shao et al. 2017, Wang et al. 2019) and there is little or no 
improvement in ductility (Hawreen et al. 2018, Mohsen et 
al. 2019). 

Meanwhile, even if CNTs are added in concrete mixture, 
the weakness of concrete exhibiting brittle behavior after 
cracking does not change. To attain ductile behavior after 
cracking in concrete, fibers have been being added in 
concrete mixture. In general, fiber reinforced concrete 
members can exhibits ductile behavior even after cracking, 
owning to fibers bridging cracks. In order to use fiber 
reinforced concrete as a structural member, lots of studies 
have been conducted; several researchers derived 
theoretical models to represent the tensile behavior of fiber 
reinforced concrete after cracking (Lim et al. 1987, Marti et 
al. 1999, Voo and Foster 2003, Lee et al. 2013b). Some 
researchers have focused on the cracking behavior (Deluce 
et al. 2014) or the tension stiffening behavior in the fiber 
reinforced concrete with conventional reinforcing bars 
(Bischoff 2003, Lee et al. 2010, Na and Kwak 2011, Lee et 
al. 2013a). 
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Abstract.  TBM concrete segment requires a higher level of material properties compared to general concrete structures due to 

difficulties in maintenance and uncertainty in ground conditions. In this regard, recently, as one of the methods to achieve 

enhancement effect on concrete strength, many researchers have been focusing on adding CNTs to concrete mixture. However, 

even CNTs do not compensate the weakness that concrete exhibits brittle behavior after cracking. Separately, over the past few 

decades, a number of studies have been conducted on fiber reinforced concrete which exhibits ductile behavior due to fibers 

bridging cracks. However, only limited studies have been conducted to employ the advantages of the both materials together. In 

this study, an experimental program has been conducted to investigate the effect of CNTs on the workability and the 

compressive behavior of PVA-ECC which exhibits ductile tensile behavior with well-distributed cracks even without a 

conventional rebar. In addition to the compression test, SEM analysis has been also conducted for detailed investigation in the 

microstructure. The variable was the CNTs mix ratio, which were set to 0.00, 0.25, and 0.50 wt.% to the binding materials. It 

was observed though the test results that as the CNTs mix ratio increased, the workability considerably decreased with the 

reduced slump and slump flow.  From the compression test results, it was also investigated that the compressive behavior was 

improved since the compressive strength, the strain corresponding to the compressive strength, and the modulus of elasticity 

increased with an increase of CNTs mix ratio. The contents of this paper will be useful for relevant research areas such as fiber 

reinforced concrete with CNTs which might be applied for high performance TMB concrete segments.  
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In order to effectively control cracks in TBM segments, 

several researches have been conducted to add fibers in 

concrete mixture (Caratelli et al. 2011, Gettu et al. 2004, 

Meda et al. 2019, Yan et al. 2013). Through the 

experimental tests results of these researches, it was 

investigated that fibers were effective to control cracks. 
Among various fibers, polyvinyl alcohol (PVA) fibers 

are widely used since concrete with PVA fibers exhibits 
strain hardening behavior with multiple cracks even without 
conventional rebar (Kim et al. 2007; Shin et al. 2015). In 
addition to the structural behavior, it was also investigated 
that the resistance to chloride penetration and fire could be 
enhanced with PVA fibers (Magalhães et al. 2015; Wang et 
al. 2019). 

In view of these points, it can be inferred that 
incorporating CNTs and PVA fibers is very useful for TBM 
tunnel segments which require high performance of 
concrete on mechanical properties as well as durability. 
However, the research about concrete with CNTs and PVA 
fibers together is very limited. 

In this study, therefore, an experimental program is 
conducted to investigate the effect of CNTs on the 
workability and the compressive behavior of PVA 
engineering cementitious composites (PVA-ECC). The 
workability is evaluated through slump and slump flow 
measured during mixture while the compressive behavior is 
investigated through compression test with cylindrical 
specimens. For detailed investigation, the microstructure of 
PVA-ECC with CNTs is analyzed through SEM (Scanning 
Electron Microscope) images. 

 

 

2. Materials 
 

In order to investigate the effect of CNTs on the 

compressive behavior of PVA-ECC, an experimental  

program was conducted. The test variable was CNTs weight  

 

 

ratios in the mixture, which were varied from 0.0 to 0.5  

wt.% since up to 0.5% of CNTs had been added in the 

literature (Collins et al. 2012, Li et al. 2005, Li et al. 2007, 

Musso et al. 2009, Yoo et al. 2018, You et al. 2017). For the 

mixture of PVA-ECC, this study adopted an ordinary 

mixture design broadly adopted in literature and industry in 

South Korea (Lee et al. 2019). The details about the 

materials are presented in the following sections. 

 
2.1 PVA-ECC 
 

Table. 1 shows the details of PVA-ECC mix proportion 

with CNTs. Total three CNTs mix ratios were considered, 

which varied from 0 to 0.5 wt.% by weight of binding 

materials. For the PVA cementitious composites (PVA-

ECC), the mix proportion was adopted as presented in Table 

1. In the mixture, ordinary Portland cement (OPC), blast-

furnace slag (BFS) and fly-ash (FA) were used as binding 

materials. In many researches, BFS and FA have been 

added to materials as binder to improve concrete 

performance (Bera and Chakaborty 2015, Demirboǧa 2003, 

Karabash and Firat 2015, Shooshpasha and Alijiani 2005, 

Yilmaz et al. 2017). The water/binder ratio (W/B) was fixed 

to 32.9%. Quartzite sand (grain size 0.1~1.7 mm) and 

hollow lightweight aggregate (CW) were used as fine 

aggregate while super plasticizer and shrinkage reducing 

admixture (SRA) were added to attain the performance for 

maintaining shape and workability. To attain ductile  

   
(a) Dry mix (b) Addition of water and CNTs (c) Addition of PVA fibers 

Fig. 1 Mixing CNT dispersed aqueous solution and PVA fibers 

Table 1 Mixing properties of PVA cementitious composites with CNTs 

Specimen 
CNT 

(wt. %) 

Binder 

(kg/m3) 

Nonbinder 

(kg/m3) Water 

(kg/m3) 

W/B 

(%) 

Fiber 

volume 

fraction 

(%) 
OPC BFS FA Sand 

Filler 

(CW) 

Super 

plasticizer 
SRA 

CNT-0.00 0.00 412 220 412 275 14 1.92 0.4 343 32.9 2.07 

CNT-0.25 0.25 412 220 412 275 14 1.92 0.4 343 32.9 2.07 

CNT-0.50 0.50 412 220 412 275 14 1.92 0.4 343 32.9 2.07 

Table 2 Properties of PVA fibers 

Length 

(mm) 

Diameter 

(mm) 

Density 

(g/cm3) 

Tensile 

strength 

(MPa) 

Young`s 

modulus 

(GPa) 

12 0.039 1.3 1,600 25 ~ 40 
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behavior with well-distributed cracks, polyvinyl alcohol 
(PVA) fibers were added in the mixture. The fiber 
volumetric ratio was fixed to 2.07% as the manufacturing 
company provided. The properties of the PVA fibers were 
summarized in Table 2. 

  

2.2 CNTs 
 

CNTs are generally divided into two groups; single-

walled carbon nanotubes (SWCNTs) and multi-walled 

carbon nanotubes (MWCNTs). Campillo et al. (2004) 

presented that MWCNTs had the compressive strength 

enhancement larger than SWCNTs. Chen et al. (2011) 

presented that MWCNTs being more affordable for industry 

application, and easier to disperse. In this study, therefore, 

multi-walled carbon nanotubes (MWCNTs) were used, 

which had a diameter of 10 nm and a length of 1.5 μm. In 

order to keep good dispersibility of CNTs, 3% aqueous 

solution with CNTs were prepared. 5% polycarboxylate 

superplasticizer (PCE) was added to the CNTs aqueous 

solution (Li 2005) and sonicated since CNTs are easy to be 

bounded by van der Waals` force and generally regarded as 

insoluble in water (Isfahani 2016). 

 

 

3. Fabrication of specimens 
 
It is already investigated that the workability and 

compressive behavior of PVA-ECC with CNTs are 
considerably affected by the mixing sequence. Park et al. 
(2021) experimentally investigated the effect of the mixing 
sequence on PVA-ECC with CNTs. In this study, based on 
the results of them, specimens of PVA-ECC with CNTs 
were fabricated according to the most optimal mixing 
sequence. 

The detailed mixing sequence is as follows. At the first, 

cementitious composites were dry mixed, then water, CNTs, 

and PVA fiber were added and mixed in the order as shown  
in Fig. 1. After all the materials sufficiently mixed and 

 
dispersed, slump and slump flow were measured to 
investigate the effect of CNTs on workability. To investigate 
the compressive behavior of PVA-ECC with CNTs, five 
cylindrical specimens of 200 mm in height and 100 mm in 
diameter were fabricated for each mixture variable. The 
cylindrical specimens were cured for 28 days under the 
temperature of 20 ℃ and relative humidity of 70%. 

On the age of 28 days, the compression test was 
conducted as shown in Fig. 2. Two strain gauges with 60 
mm length were attached on the side faces of the specimens 
so that the compressive strain could be measured during the 
compression test. The compression was applied through 
Universal Testing Machine (UTM) with the loading rate of 
0.2 mm/min. 

In order for electron microscopy (SEM) analysis to 
investigate the effect of CNTs on the microstructure of 
PVA-ECC, several samples were taken around cracks after 
the compression test. A couple of scales were chosen for 
SEM analysis ranges; resolutions of x500 and x1000 were 
chosen to investigate the effect of CNTs along PVA fibers 
while resolutions of x1000 and x5000 were chosen to 
investigate dispersion of CNTs in cement paste. 

 
 

4. Test results 
 
4.1 Slump and slump flow results 
 
The slump and slump flow measured after the mixing 

are presented in Table 3 and Fig. 3. As shown in the table 

and figure, when the CNTs mix ratio increased by 0.50 

wt.%, the slump decreased by 100%, from 23 cm to 0 cm. 

Slump flow also significantly decreased by 36%, from 55.5 

cm to 20.0 cm as well. This result indicated that as the 

CNTs mix ratio increased, both slump and slump flow 

considerably decreased. Especially, when 0.50 wt.% of 

CNTs was added in PVA-ECC mixture, there was little 

fluidity. This tendency is related to high surface area of 

CNTs which are better able to hold water molecules (Rhee 

2013).   

Table 3 Summary of compressive test results on specimens 

Specimen 
Slump 

(cm) 

Slump flow 

(cm) 

Compressive 

strength 

(MPa) 

Strain 

(×10-3) 

Modulus of elasticity 

(GPa) 

Each 
Average 

(S.D.) 
Each 

Average 

(S.D.) 
Each 

Average 

(S.D.) 

CNT-0.00 23.0 55.5 

32.6 

37.5 

35.6 

34.2 

34.5 

34.9 

(1.6) 

3.14 

4.10 

3.82 

3.71 

4.14 

3.78 

(0.36) 

12.5 

12.8 

12.8 

12.1 

12.2 

12.5 

(0.3) 

CNT-0.25 13.0 29.0 

39.6 

37.1 

37.8 

39.2 

38.1 

38.4 

(0.9) 

4.15 

3.35 

4.22 

3.72 

3.81 

3.85 

(0.32) 

12.9 

13.8 

12.7 

13.4 

13.4 

13.3 

(0.4) 

CNT-0.50 0.00 20.0 

47.9 

45.1 

45.7 

45.4 

46.4 

46.1 

(1.0) 

4.14 

4.49 

3.97 

4.51 

4.58 

4.34 

(0.24) 

14.0 

13.9 

14.9 

13.6 

14.2 

14.1 

(0.4) 
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Therefore, the workability should be considered to 
determine the appropriate CNTs mix ratio. 
 

4.2 Compressive behavior 
 

In order to investigate the effect of CNTs on the 

compressive behavior of PVA-ECC, the compression test 

was conducted at the age of 28 days. Fig. 4 shows the 

compressive stress-strain response measured through the 

test. It is noted that the post-peak behavior could not be 

measured due to the technical limitations of the test 

equipment. As can be seen in the figure, all the behaviors 

measured in the test exhibited similar tendency. Therefore, 

it can be seen that the reliability of the test results is high. 

Until the maximum compressive strength was reached, the 

convexity of the curve was observed to be different from 

that of ordinary concrete; the curvature of the compressive 

behavior curve was larger for ordinary concrete up to the 

compressive strength, whereas it was significantly smaller 

for PVA-ECC with CNTs. This is consistent with the test 

results of Shin et al. (2011), and it can be explained that 

PVA-ECC with CNTs does not contain coarse aggregates 

which are generally mixed in ordinary concrete.  

Table 3 and Fig. 5 present the test results including the 

compressive strength, the strain corresponding to the 

compressive strength, and the modulus of elasticity that was 

evaluated in accordance with ASTM C469-02 (2002). 

Noted that the compression test results in the figures are the 

average of a total of five test results for each variable. As  

 
Fig. 3 Slump and slump flow 

 
 

 
Fig. 4 Stress-strain curve of PVA-ECC with CNTs 

 

 

can be seen in the figure, the compressive behavior of PVA-

ECC was considerably affected by CNTs. When the CNTs 

mix ratio was 0.00, 0.25, and 0.50 wt.%, the compressive 

strength was 34.9, 38.4, and 46.1 MPa. As the CNTs mix 

ratio increased by 0.50 wt.%, the compressive strength 

increased by 32.1%. For the strains upon the compressive 

strength were 3.78×10-3, 3.85×10-3, and 4.34×10-3, 

respectively, and the modulus of elasticity were 12.5, 13.3, 

and 14.1 GPa, respectively, when the CNTs mix ratio was 

0.00, 0.25, and 0.50 wt.%. As the CNTs mix ratio increased 

by 0.50 wt.%, both the strain upon the compressive strength 

and the modulus of elasticity increased by 14.8% and 

12.8%, respectively. These test results are consistent with 

Nochaiya (2008) which presented that CNTs enhanced the 

compressive behavior of cement paste since CNTs 

reinforced the matrix composite phase. Therefore, it can be 

concluded that CNTs could enhance the compressive 

behavior of PVA-ECC as well. 

In order to analyze the effect of CNTs on the shape of 

the compressive behavior curve, Fig. 6 shows the results of 

compressive behavior curve that the measured stress-strain 

responses have been normalized for the compressive 

strength and the corresponding strain. As compared in the 

figures, the shape of the compressive behavior curve was 

little affected by the CNTs. Therefore, it can be seen that the 

compressive behavior model for PVA-ECC can be also 

applied for PVA-ECC with CNTs. 

  
(a) Before (CNT-0.50) 

 
(b) After (CNT-0.50) 

Fig. 2 Compressive strength test setup 
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(a) Compressive strength 

 
(b) Strain at the compressive strength 

 
(c) Modulus of elasticity 

Fig. 5 Compressive behavior graph of PVA-ECC with 

CNTs 

 

 
Fig. 6 Normalized compressive behavior 

Table 4 Existing models for the compressive behavior 

Reference Model (for pre-peak) 

Hognestad (1951) 𝑓𝑐 = 𝑓𝑐
′ {2 (

𝜀𝑐
𝜀𝑐𝑜

) − (
𝜀𝑐
𝜀𝑐𝑜

)
2

} 

Popovics (1973) 

𝑓𝑐 = 𝑓𝑐
′ (

𝜀𝑐
𝜀𝑐𝑜

)
𝑛

𝑛 − 1 + (𝜀𝑐/𝜀𝑐𝑜)
𝑘

 

𝑛 = 0.80 +
𝑓𝑐
′

17
 

Lee et al.(2015) 

𝑓𝑐 = 𝑓𝑐
′ {

𝐴(𝜀𝑐/𝜀𝑐𝑜)

𝐴 − 1 + (𝜀𝑐/𝜀𝑐𝑜)
𝐵} 

𝐴 = 𝐵 =
1

1 − (
𝑓𝑐
′

𝜀𝑐𝑜𝐸𝑐
)
 

Notation 

   𝑓𝑐 : compressive stress 

   𝑓𝑐
′ : compressive strength 

   𝜀𝑐 : compressive strain 

𝜀𝑐𝑜 : compressive strain at the compressive strength 

 

 

4.3 Comparison with the existing models 
 

To analyze the applicability of the existing models for 

the compressive behavior, the compressive stress-strain 

responses measured through the test were compared with 

the existing models. As the existing models, Hognestad 

(1951) and Popovics (1973) were considered, which were 

the most widely employed in structural analysis for normal 

and high strength concrete, respectively. In addition, as one 

of the most recently developed models for fiber reinforced 

concrete, Lee et al. (2015) was compared with the test 

results as well. Table 4 presents the summary of the three 

existing models for the pre-peak behavior under 

compression. 

Fig. 7 compared the test results with the existing models 

according to the CNT mix ratio. As compared in the figure, 

Lee et al. (2015) proposed for fiber reinforced concrete 

showed the best agreement with the test results for PVA-ECC 

with or without CNTs. On the other hand, the other two models 

generally predicted that the curvature of the stress-strain 

response under compression was larger before reaching the 

compressive strength. As a result, the initial stiffness under 

compression was overestimated by the two models. This 

phenomenon can be explained by the effect of the coarse 

aggregate. When no coarse aggregate is mixed, the 

compressive behavior is closer to the linear response until the 

compressive strength is reached. Since PVA-ECC has coarse 

aggregate, it shows a behavior closer to that of the model 

proposed for fiber reinforce concrete with a less content of 

coarse aggregate. 

 

4.4 SEM analysis 
 

SEM image analysis was conducted to investigate the 

effect of CNTs in the microstructure of PVA-ECC. Noted that 

samples were taken near cracks in the cylindrical specimens 

after the compression test. SEM images were taken, mainly 

focused on two things; cement paste and PVA fibers. 

Fig. 6 shows SEM images for microstructure of cement 

paste at the three levels of CNT mix ratio. Images were taken 

at resolutions of x1000 and x5000 considering the size of  
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crystal and CNTs. As can be seen in the images with the x1000 

resolution, lots of fly ash with spherical shape were easily 

found. It was also observed that a significant portion of the 

paste was occupied by amorphous hydrates in the form of 

dough. When the resolution was increased to x5000, CNTs in 

the form of solid lines, which were not easily seen at x1000 

resolution, were easily found. It can be seen through the figure 

that CNTs were not only dispersed in the amorphous hydrates, 

but also adhered to the surface of the fly ash. This was quite 

different from PVA-ECC without CNTs; the surface of fly ash 

was left smooth. Therefore, it can be concluded that CNTs 

makes cement paste more compact, which is resulted with 

higher strength of concrete. In addition, since it looked that 

CNTs were well dispersed even with 0.50 wt.% of CNT mix 

ratio, the compressive behavior of PVA-ECC was improved 

with an addition of CNTs in this study. 

Fig. 7 shows SEM images for PVA fibers. Images were 

taken at resolutions of x500 and x1000 considering the PVA 

fiber length and the CNT size. As shown in the figures, it was 

observed that the surface of the PVA fiber remained relatively 

clean when CNTs were not added. On the other hand, when 

CNTs were additionally mixed, amorphous hydrates with 

CNTs were found to stick on the surface of PVA fibers. In 

addition, it can be seen that more amorphous hydrates were 

attached to the surface of the PVA fiber as the CNT mix ratio 

increased. This trend means that the bond behavior of PVA 

fibers embedded in the cement paste is improved due to the 

incorporation of CNTs. That is, when the bond behavior of 

PVA fibers is improved, the splitting crack is more effectively 

controlled by PVA fibers after the compressive strength, so that 

a more ductile behavior can be expected for the post-peak 

under compression. In addition, it is estimated that the tensile 

behavior of PVA-ECC after cracking can be improved as well 

due to the bond behavior of PVA fibers improved with CNTs. 

Hence, due to the incorporation of CNTs, PVA-ECC can 

exhibit higher tensile stress after cracking as well as the 

cracking strength. 

 

 

5. Conclusions 
 

In this study, an experimental program has been conducted 

to investigate the effect of CNTs on the workability and the 

compressive behavior of PVA-ECC. SEM image analysis has 

been also conducted for the detailed investigation in the 

microstructure. The main results can be summarized as 

follows: 

 As the CNTs mix ratio increased, the slump and slump 

flow significantly decreased. This is mainly due to 

high surface area of CNTs to hold water molecules. 

Especially, with 0.50 wt.% of CNTs, there was little 

slump. Therefore, it is required to properly determine 

the CNTs mix ratio with the consideration of 

workability. 

 The compression test results showed that regardless of 

CNTs mix ratio, PVA-ECC exhibited almost linear 

stress-strain response until the compressive strength 

was reached since there was no coarse aggregate. 

Therefore, it is required to develop a constitutive 

model to represent the compressive behavior of PVA-

ECC with or without CNTs. 

 When the CNTs mix ratio increased up to 0.50 wt.%, 

the compressive strength increased by 32.1%, the 

strain corresponding to the compressive strength 

increased by 14.8%, and the modulus of elasticity 

increased by 12.8%. It can be, therefore, concluded 

that the compressive behavior of PVA-ECC can be 

improved as the CNTs mix ratio increases. 

 Through the comparison on the normalized 

compressive behavior, it was investigated that the 

shape of the compressive behavior curve was little  

 
(a) 0.00 wt.% of CNT 

 
(b) 0.25 wt.% of CNT 

 
(c) 0.50 wt.% of CNT 

Fig. 7 Comparison with the existing models 
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affected by the CNTs. It can be seen, therefore, that 

CNTs has little effect on the shape of the compressive 

stress-strain response. 

 From the SEM image analysis, it was observed that a 

large amount of CNTs were dispersed in amorphous 

hydrate or adsorbed on the surface of fly-ash. This 

indicated that the microstructure was denser due to the 

addition of CNTs. This leads to the result of increasing 

the strength of PVA-ECC. 

 It was also observed that when CNT was not added, 

the surface of PVA fibers was relatively clean. On the 

other hands, a large amount of amorphous hydrate 

 

 

adhered to the surface of PVA fibers. Therefore, it can 

be inferred that the bond behavior of PVA fibers is 

considerably improved when CNTs are additionally 

mixed. 
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