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Abstract  

Traditional cement-based materials are brittle materials with poor toughness and easy cracking characteristics. The formation 
of cracks due to drying shrinkage and external load accelerated the destruction of building structures. In order to improve 
the brittleness of concrete, engineered cementitious composites (ECC), a fiber reinforced cement-based composite with high 
ductility and features of multiple cracking, was proposed and attracted ful attention. Nickel-Titanium (Ni-Ti) alloy fiber had 
better crack recovery capabilities compared to steel fiber. Therein, Ni-Ti alloy fiber, activated at low temperature, was applied 
to endow ECC with the function of crack recovery in a short period. Crack recovery performances were investigated by 
measuring the crack width, water permeability and acoustic emission analysis. Results showed that the flexural strength, and 
compressive strength of ECC was enhanced by adding Ni-Ti alloy fiber and specimens displayed features of multiple cracking. 
Further, the crack width was reduced after 45℃ heat treatment when incorporated by Ni-Ti alloy fibers. Moreover, shape 
memory effect of Ni-Ti alloy fibers that activated and recovered at a low heat treatment temperature of 45 ℃ was verified. 
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1. Introduction  

Cement-based materials, with excellent strength and durability, 

are one of the most widely used materials in construction 

engineering. In practice, however, cement-based materials are 

prone to failure due to high brittleness during service life, 

especially in harsh environments. In order to improve 

toughness, tensile strength and resistance to cracking of 

cementitious composites, various fibers, such as organic fiber, 

steel fiber and hybrid fibers, were applied in cement-based 

materials.[1] In addition, high strength and high brittleness 

cement-based materials were dangerous and were restricted to 

apply in specific service environment such as areas of high 

earthquake risk. Therefore, one kind of high ductile 

cementitious material was put forward for structural 

engineering and repair application,[2] which was collectively 

called engineered cementitious composites (ECC). ECC was 

new type of ductile material with unique multiple cracking 

character and controllability of crack width.[3,4] Although 

adding steel fiber to ECC could provide better toughness, post-

cracking properties and crack stability, intelligent 

functionality of cracks restoration or cracks width recovery 

was not provided. Once the initial tiny cracks continued to 

propagate and grow, it will accelerate the deterioration of 

mechanical properties and the reduction of corrosion 

resistance, resulting in huge decrease of durability.[5] With 

higher requirement of long service life of structural 

engineering, crack width that affected durability of cement-

based materials needed to be controlled. Thus, the crack 

recovery capacity that to reduce and control crack width was 

critical.  

In recent years, shape memory alloy (SMA) had been 

proposed to achieve crack closure and repair in cement 

composites.[6-9] Its action mechanism was due to solid-solid 

phase transformation (martensite to austenite).[10] SMA had the 

unique characteristic of remembering original shape and 

triggering phase change through stress or heat. Therefore, it 

could return to its original shape when heated, as shown in Fig. 
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1.[10] Meanwhile, its inelastic strain was recovered about 6-8% 

under thermally activated conditions. In addition, SMA 

processed good energy dissipation capability, corrosion 

resistance and long fatigue life. The advantageous properties 

of SMA have been applied in construction engineering, such 

as SMA wire reinforced concrete[11] and SMA fiber reinforced 

concrete.[12] Song et al.[13] proposed the concept of Intelligent 

Reinforced Concrete (IRC) based on the shape memory effect 

of SMA wire. When cracks occurred due to explosion or 

earthquake, the wire strand would shrink and the cracks width 

were reduced when heated by electrically. Thus, macroscopic 

cracks width decreased and concrete structures were 

intelligent in crack recovery properties. Sakai et al.[14] 

investigated the crack recovery of concrete beams mixed with 

super-elastic SMA wires and found the mortar beams almost 

complete recovered when substantial cracks occurred. Khalili 

et al.[15,16] demonstrate that the cracks in the specimens closed 

due to the induced recovery force of the SMA. Thus, SMA was 

conducive to enhance the healing efficiency of the cement-

based composites. Zhou et al.[17] found that the flexural 

capacity of samples incorporated shape memory alloy wire 

was improved. Further, the reduction of deflection and crack 

width was also observed after heat treatment. 

 
Fig. 1 Various thermal-mechanical responses of shape memory 

alloys. Reproduced with the permission from [10], Copyright 

2018, ASM International. 

 

In addition to the application of SMA wire, several 

researchers have investigated the application of SMA fiber in 

cement-based material. Moser et al.[18] added rings-shape and 

star-shape SMA short fibers to the mortar, and results 

presented that it was feasible to activate the pre-stress of the 

fibers by heat treatment. Choi et al.[19,20] studied the crack 

recovery behavior of two types shape memory alloy fibers 

when embedded on the stress side. Results confirmed that dog-

bone-shape fibers provided higher bond strength and better 

crack recovery ability than straight shape fibers. Lee et al.[21] 

researched the flexural and crack recovery effect of Ni-Ti and 

Ni-Ti-Nb shape memory alloy fibers when randomly 

distributed in mortar beams. Results demonstrated that 

randomly distributed alloy fibers improve d the flexural 

strength. The average crack width of specimens decreased 

after 100 ℃ heat treatment. Ali et al.[22] discovered that the 

cracks width recovery was up to 36% owing to the shape 

memory effect of SMA fibers. But heat treatment temperature 

of 150 ℃ would lead to multiple tiny cracks on the sample 

surface and the deterioration of polyvinyl alcohol (PVA) fibers. 

Moreover, previous research indicated that heat treatment 

temperature higher than 100 ℃ have caused damage to the 

hydration products and lead to deterioration of PVA fibers and 

mechanical properties of cement-based materials. 

Furthermore, many literatures have reported that shape 

memory alloys produced obvious cracks restoration effects 

when activated temperature was higher than 100 ℃. 

Nevertheless, few literatures declared the influence of shape 

memory alloy with thermal activated temperature lower than 

100 ℃ on ECC performances, especial for the crack recovery 

property. In addition, the shape memory effect work or not at 

low temperature was worth to be further studied.  

Based on the above, seeking new intelligent materials has 

become an inevitable development trend for ECC and will 

become a new hot point. Therefore, the combination of SMA 

fiber characterized by low thermal activated temperature with 

ECC will attract wide attention. The main objective of this 

paper was to perform an experimental investigation on the 

crack recovery performance of Ni-Ti shape memory alloy fiber, 

in which thermal excitation temperature was low temperature 

of 45 ℃, with particular emphasis on the crack recovery effect. 

The water permeability and acoustic emission were conducted 

to characterize crack recovery effect under low thermal 

excitation temperature. Three-point flexural strength, 

compressive strength and four-point flexural toughness were 

tested to characterize the mechanical properties. 

 

2. Materials and methods 

2.1 Materials 

Ordinary Portland Cement 42.5 was purchased from Shanshui 

Cement Group in Shandong Province. Fly ash was provided 

by Zhejiang Heli New Building Materials Co, Ltd. Chemical 

compositions of raw materials were shown in Table 1. Quartz 

sand particle size ranged within 100 – 210 um and the average 

particle size was 150 um. PVA fiber was purchased from Japan 

Kuraray Company. Superplasticizer with a water reduction 

rate of 30% was provided by Jiangsu Subert Company. Ni-Ti 

shape memory alloy short cut fibers with curved shape were 

purchased from Huizhou Zhilian Company. The density of Ni-

Ti alloy fibers was 6.47 g/cm3. The thermal activated 

temperature (Austenite transition finished temperature, Af) 

was 45 ℃ after deformation. The thermal activated 

temperature of SMA fiber is related to the Ni content in the 

fiber. The thermal activated temperature of 45 ℃ after SMA 

fiber deformation is due to the Ni content of fiber is 50.82%. 

Ni-Ti alloy fiber used in this experiment was one-way SMA. 

The properties of Ni-Ti alloy fiber and PVA fiber were shown 

in Table 2. Digital camera image of Ni-Ti shape memory alloy 

fiber with curved shape was shown in Fig. 2. 
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Table 1. Chemical composition of raw materials. 

Components SiO2 (%) CaO (%) Al2O3 (%) MgO (%) Fe2O3 (%) SO3 (%) Others (%) 

Cement 21.57 55.77 8.92 4.12 3.33 4.04 2.25 

Fly ash 47.68 3.27 37.09 0.55 6.84 1.13 3.44 

Table 2. Properties of fibers. 

Fiber type Length 

(mm) 

Diameter 

(mm) 

Tensile 

strength 

(MPa) 

Modulus 

elasticity 

(MPa) 

Aspect 

ratio 

Maximum 

superelastic 

strain(εs) (%) 

Austenite transition 

finished temperature 

(Af) (℃) 

Ni-Ti alloy fiber 14-18 600 656 41 23.3-30 3.6 45 

PVA fiber 12 39 1620 42.8 307.7 - - 

 

Fig. 2 Digital camera image of Ni-Ti shape memory alloy fiber. 

 

2.2 Specimen preparation 

Based on previous test in research group. ECC mixture ratio 

was adopted as cement: fly ash: sand = 1:1.5:0.9, and the water 

binder ratio was set 0.34. Mix proportions were exhibited in 

Table 3. 

The preparation process of SMA-ECC specimens was 

revealed in Fig. 3. After mixing, the fresh mixtures were put 

into the steel molds with size of 40 mm × 40 mm × 160 mm 

and 400 mm × 100 mm × 15 mm, and then vibrated for 30s. 

After curing at standard curing condition for 24h, all 

specimens were demolded and cured in standard curing 

condition for 27d. Then a series of tests were carried out. All 

data were obtained from the average of three specimens. 

Except that the compressive strength data were obtained from 

an average of six specimens. 

 

2.3 Experimental methods 

According to GB/T 2419-2005, fluidity of freshly mixed 

slurry was evaluated. The three-point flexural strength and 

compressive strength were measured according to GB/T 

17671-2020. Four points flexural test was carried out with a 

300 kN microcomputer controlled electronic universal testing. 

Displacement control loading mode with the speed of 1.0 

mm/min was adopted. The schematic diagram of loading 

instrument and specimen during flexural loading was shown 

in Fig. 4. 

 

Fig. 3 Preparation of specimens. 
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Table 3. Mix proportions. 

Material 
Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Silica Sand 

(kg/m3) 

Water 

(kg/m3) 

Water reducer 

(wt%) 

PVA fiber 

(vol%) 

Ni-Ti alloy 

fiber 

(vol%) 

ECC1-0 534.9 802.4 481.4 454.7 0.80% 1% 0 

ECC1-0.3 534.9 802.4 481.4 454.7 0.80% 1% 0.3% 

ECC1-0.6 534.9 802.4 481.4 454.7 0.80% 1% 0.6% 

ECC1-0.9 534.9 802.4 481.4 454.7 0.80% 1% 0.9% 

ECC1-1.2 534.9 802.4 481.4 454.7 0.80% 1% 1.2% 

ECC1-1.5 534.9 802.4 481.4 454.7 0.80% 1% 1.5% 

  

 

Fig. 4 Loading instrument for four points flexural test. 

 

2.3 Experimental methods 

According to GB/T 2419-2005, fluidity of freshly mixed 

slurry was evaluated. The three-point flexural strength and 

compressive strength were measured according to GB/T 

17671-2020. Four points flexural test was carried out with a 

300 kN microcomputer controlled electronic universal testing. 

Displacement control loading mode with the speed of 1.0 

mm/min was adopted. The schematic diagram of loading 

instrument and specimen during flexural loading was shown 

in Fig. 4. 

After three-point flexural test, crack width of sample was 

measured by crack width measure instrument. Then the water 

permeability was conducted. After that, sample was placed in 

high - low temperature test chamber at 45 ℃ for 1h heat 

treatment, so that shape memory alloy fiber was activated. 

Then crack width and water permeability were measured after 

heat treatment. Schematic diagram of water permeability was 

shown in Fig. 5. An electronic weightgraph was used to 

measure the mass of water in container after a fixed time of 

10min. The obtained data were processed to get the average 

water amount through crack per 1min. Formula (1) was used 

to calculate the water permeability (Q). 

Q = (A2 / A1) × 100%                                (1)   

where A1 was the mass of water permeation per 1min before 

heat treatment and A2 was the mass of water permeation per 

1min after heat treatment.  

Acoustic emission (AE) was a good method for 

nondestructive testing of cement-based materials. Acoustic 

emission signal was the generation of instantaneous elastic 

waves caused by the local release of energy within 

samples.[23,24] Information about fracture propagation, fracture 

density and failure mechanism could be obtained through 

analysis of waveform characteristics.[25,26] Typical AE signals 

were shown in Fig. 6. Correlation between the average 

frequency (AF) and rise amplitude (RA) in acoustic emission 

signal were used to identify the crack recovery behavior of 

shape memory alloy fiber reinforced specimens.[27] Sherif et 

al.[28] researched the crack extension and restoration 

mechanism of super-elastic shape memory alloy fibers 

reinforced mortar under cyclic loading, and demonstrated 

acoustic emission techniques could be monitor crack 

extension and restoration. Fig. 7 showed the application of 

average frequency (AF) and rise amplitude (RA) in 

identification acoustic events.  

 

Fig. 5 Schematic diagram of water permeability test. 
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Fig. 6 Typical AE signals. Reproduced with the permission from 

[28], Copyright 2017 Elsevier Ltd. 

 
Fig. 7 Recognition of failure mode using AE signal parameters. 

Reproduced with the permission from [27], Copyright 2018 

Elsevier Ltd. 

 

Samples with cracks were heat treated at 45 ℃, meanwhile, 

acoustic signals were collected by acoustic emission device. 

Two acoustic emission sensors connected the sample. 

Acoustic emission sensor was a narrow-band resonance sensor 

with the sensitivity of 90 dB and a resonance frequency of 70 

kHz. Acoustic signals including count, duration, rise time and 

amplitude were collected.  

Average Frequency (AF) = Count / Duration.              (2) 

Rise Amplitude (RA) = Rise time / Amplitude.            (3) 

 

3. Results and discussion  

3.1 Fluidity 

The fluidity of ECC mixtures blended with different volume 

fractions of Ni-Ti alloy fibers was shown in Fig. 8. It was 

noted from Fig. 8 that all samples incorporated with Ni-Ti 

alloy fibers exhibited appropriate fluidity with no 

phenomenon of segregation and bleeding, which were 

necessary for proper Ni-Ti alloy fiber dispersion, Ni-Ti alloy 

fiber bridging efficiency, and good mechanical properties after 

composite hardened.[29] However, the fluidity of ECC mixture 

reduced with the increase of Ni-Ti alloy fibers. When Ni-Ti 

alloy fiber content was 0.3%, 0.6%, 0.9%, 1.2% and 1.5%, the 

fluidity of samples was decreased by 19.6%, 21.2%, 22.7%, 

23.1% and 23.7% compared to the control. The reason was 

that Ni-Ti alloy fibers showed the three-dimensional 

distribution in the slurry and Ni-Ti alloy fibers were interlaced 

and overlapped with each other, which led to form the 

disorderly fiber network in the slurry and increased the 

resistance of the fluidity of ECC mixtures. 

 
Fig. 8 Fluidity of ECC mixtures blended with different Ni-Ti 

alloy fiber volume fraction. 

 

3.2 Flexural strength and compressive strength 

Mechanical properties of samples cured at 28d were presented 

in Fig. 9. It can be seen in Fig. 9, with the increase of Ni-Ti 

alloy fiber content, the flexural strength and compressive 

strength of ECC first increased and then decreased and the 

inflection point was 0.9%. When the volume fraction of Ni-Ti 

alloy fibers was 0.9%, the flexural strength of samples was 

increased by 15% compared to the control and the maximum 

flexural strength was 12.2 MPa. However, when Ni-Ti alloy 

fiber content was 1.5%, the flexural strength of samples was 

decreased by 6% compared to the control. When Ni-Ti alloy 

fiber volume fraction was 0.3%, 0.6%, 0.9%, 1.2% and 1.5%, 

the compressive strength of samples was increased by 12.61%, 

12.99%, 19.26%, 10.98% and 5.80% compared to the control. 

The flexural strength and compressive strength of ECC 

samples were improved by adding Ni-Ti shape memory alloy 

fiber. However, flexural strength and compressive strength of 

ECC decreased when the Ni-Ti alloy fiber volume fraction 

reached or exceeded the critical fraction, as reported in 

research.[30] The flexural strength and compressive strength 

exhibited the increasing trend with the increase of Ni-Ti alloy 

fiber content when content not exceed 0.9%. The reason was 

the capability of Ni-Ti alloy fibers for crack-bridging and 

enforcing the propagation of cracks.[31] Hence the mechanical  
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                                                                 (a)                                                                                (b) 

Fig. 9 Mechanical properties of samples blended with different Ni-Ti alloy fiber volume fraction: (a) flexural strength; (b) 

compressive strength. 

 

properties of ECC were improved by adding proper quantities 

of Ni-Ti shape memory alloy fiber. However, decreased 

flexural strength and compressive strength of samples were 

observed when Ni-Ti alloy fibers fraction increased to 1.2%. 

It was attributed to the total surface area of fibers located in 

the matrix increased by adding excessive content of Ni-Ti 

alloy fibers, which decreased the deposited slurry around Ni-

Ti alloy fibers. This phenomenon wakened the microstructure 

of composite since increased porosity and caused stress 

concentration failure in the ECC, which resulted in the 

reduction of flexural strength and compressive strength. 

 

3.3 Flexural behavior 

3.3.1 Four-point flexural strength 

Flexural load-deflection curve directly reflected the ductility 

and toughness of ECC under four-point flexural load. As noted 

in Fig. 10, flexural strength and the ductility of ECC with 

addition of Ni-Ti alloy fiber were improved. The cracking 

process of ECC sheet specimens incorporated with Ni-Ti alloy 

fiber was commonly divided into three stages on the basis of 

four-point flexural load–deflection curve. In the stage Ⅰ, four-

point flexural load increased linearly with the increase of 

deflection until it reached the initial crack strength of sheet 

specimens. In the stage Ⅱ, four-point flexural load exhibited a 

stable fluctuation increase trend with the increase of deflection. 

And ECC and SMA-ECC sheet specimens shown deflection 

hardening behavior with the visible flexural deformation. 

Meanwhile, at this stage, due to bridging capacity of PVA 

fibers and the limiting crack propagation effect of Ni-Ti alloy 

fibers, crack width was effectively controlled within limited 

scope. In the stage III, after reaching the ultimate flexural 

strength of sheet specimens, the sheet specimens revealed 

deflection softening behavior and the flexural load were 

gradually decreased with the increase of deflection. At this 

stage, PVA fibers were pulled out or pulled off and Ni-Ti alloy 

fibers produced deformation, which caused PVA fibers and Ni-

Ti alloy fibers failed to further prevent the propagation of the 

main cracks. Clearly, pattern of crack in pure bending section 

of sheet specimens gradually changed from the mode of 

multiple cracking to the propagation of main cracks. 

 
Fig. 10 Four-point flexural load-deflection curve of ECC with 

different amount of Ni-Ti alloy fiber. 

 

Flexural strength of ECC with different Ni-Ti alloy fiber 

content cured at 28d were depicted in Table 4. As expected, 

the four-point flexural strength of ECC sheet specimens 

usually enhanced with addition of Ni-Ti alloy fiber. When Ni-

Ti alloy fiber volume fraction was 0.3%, 0.6%, 0.9%, and 

1.2%, four-point flexural strength of samples was increased by 

34.58%, 72.91%, 53.60% and 57.64% compared to the control. 

In addition, it seemed that an optimum Ni-Ti alloy fiber 

volume fraction existed in regards to the improvement in 

ultimate flexural strength of sheet specimens. Specifically, the 

sheet specimens containing Ni-Ti alloy fiber presented no 
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enhancement in ultimate flexural strength when Ni-Ti alloy 

fiber volume fraction exceeded 0.6%. Excessive Ni-Ti alloy 

fibers increased the total surface area of the fibers in the matrix, 

resulting in less slurry surrounding the Ni-Ti alloy fibers. 

Therefore, the porosity of composites increased, resulting in 

changes in their microstructure. The sheet specimens 

containing Ni-Ti alloy fiber presented the descend of ultimate 

flexural strength when Ni-Ti alloy fiber volume fraction 

exceeded 0.6%.  Moreover, when Ni-Ti alloy fiber volume 

fraction was 0.3%, 0.6%, 0.9%, and 1.2%, the initial crack 

strength of samples was increased by 9.27%, 45.56%, 48.39% 

and 40.73% compared to the control. Such an enhancement in 

initial crack strength revealed that Ni-Ti alloy fibers could 

bear some internal stresses before macro scale cracking 

occurred in the composite matrix. Therefore, the addition of 

Ni-Ti shape memory alloy fiber was beneficial to increase the 

four-point flexural strength and the initial crack strength of 

ECC. 

Table 4. Four-point flexural strength of ECC with different 

amount of Ni-Ti alloy fiber. 

 Initial crack strength 

(MPa) 

Ultimate flexural strength 

(MPa) 

ECC 1-0 2.48 3.47 

ECC 1-0.3 2.71 4.67 

ECC 1-0.6 3.61 6.00 

ECC 1-0.9 3.68 5.33 

ECC 1-1.2 3.49 5.47 

 

Based on the above analysis, excessive Ni-Ti alloy fibers 

increased the total surface area of the fibers in the matrix, 

resulting in a reduction of slurry around the Ni-Ti alloy fibers. 

Thus, the increase of the porosity of composite,[32] which 

resulted in changes in the microstructure of composites and 

affected the mechanical properties of ECC.[33] Therefore, the 

negative effect produced by high volume fraction (more than 

0.6%) of Ni-Ti alloy fibers on compressive strength and 

flexural strength should be considered. 

 

3.3.2 Four-point flexural toughness and deflection 

Toughness index of samples blended with different Ni-Ti alloy 

fiber was calculated according to ASTMC1018 standard and 

listed in Table 5. Flexural toughness index of each group met 

the requirements of I5 > 5, I10 > 10 and I20 > 20, which 

indicated that all specimens presented desirable toughness. 

Downward deflection of 5-15 mm without breaking under 

four-point flexural load was presented in specimens. Features 

of multiple cracking in samples under four-point flexural load 

were shown in Fig. 11. When Ni-Ti alloy fiber volume fraction 

was 0.3%, 0.6%, 0.9%, and 1.2%, downward deflections of 

samples was increased by 73.6%, 183.3%, 82.9% and 76.7% 

compared to the control. Due to the reason PVA fibers could 

provide the capacity that bridge crack and transfer load at the 

interface after first cracking,[34] and impede slippage between 

Ni-Ti alloy fibers and matrix, thus endowed samples with 

desirable toughness and the features of multiple cracking. 

Meanwhile, Ni-Ti alloy fibers and PVA fibers played the 

toughening effect on different scales. Thus, the flexural 

deflection of ECC was improved by adding Ni-Ti alloy fiber. 

 
Fig. 11 Crack distribution of ECC sheet samples with different 

amount of Ni-Ti alloy fiber. 

Table 5. Toughness index of four-point flexural specimens. 

 I5 I10 I20 

ECC 1-0 5.13 10.09 20.13 

ECC 1-0.3 5.81 12.95 29.02 

ECC 1-0.6 5.25 11.34 24.87 

ECC 1-0.9 6.14 13.53 25.37 

ECC 1-1.2 5.73 12.99 23.29 

 

3.4 Crack recovery performance 

3.4.1 Optical micrograph of crack 

Before and after heat treatment, crack images of samples were 

observed by crack width measuring instrument, as shown in 

Fig. 12. Moreover, mean crack width and crack width recovery 

rate of samples were depicted in Fig. 13. The mean crack 

width was derived from six measured positions. Fig. 12(Ⅰ) 

displayed that there was no significant change in crack width 

for the control. While, the crack width of samples incorporated 

with different fraction Ni-Ti alloy fibers decreased in different 

extent after heat treatment due to shape memory effect of Ni-

Ti alloy fibers. When Ni-Ti alloy fiber volume fraction were 

0.3%, 0.6%, 0.9%, 1.2% and 1.5%, the crack width recovery 

rates were 8.51%, 15.8%, 27.2%, 15.3% and 10.3%. Results 

confirmed that the addition of Ni-Ti alloy fibers endowed ECC 

with the function of crack recovery. Moreover, the crack width 

of samples obviously decreased after heat treatment when 

incorporated Ni-Ti alloy fibers. Shape memory effect of Ni-Ti 

alloy fibers that activated and recovered at a low heat 

treatment temperature of 45 ℃ was verified. 

Ni-Ti alloy fibers located at bridging cracks of mortar 

specimen were deformed due to external force of three-point 

flexural load. At this moment, twinned martensite in Ni-Ti 

alloy fibers changed to detwinned martensite under the  
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(Ⅰ) Control.                                                         (Ⅱ) 0.9%                                                           (Ⅲ) 0.6% 

Fig. 12 Crack images of samples before and after heat treatment: (Ⅰ) Control; (Ⅱ) 0.9%; (Ⅲ)0.6%. 

 

 

Fig. 13 Water permeability of samples after heat treatment. 

 

external force. Ni-Ti alloy fibers reinforced mortar specimen 

was placed in high - low temperature test chamber at 45 ℃ for 

1h heat treatment, so that shape memory alloy fiber was 

activated. Under 45 ℃ heat treatment, shape memory effect 

was produced by transformation from detwinned martensite to 

austenite. Meanwhile, the recovery of crack width in mortar 

specimen was caused by the generation of recovery stress from 

Ni-Ti alloy fibers of shape memory effect. The diagrams of 

mechanism of action were shown in Fig. 14 and Fig. 14(a) was 

the phase transformation process of Ni-Ti alloy fiber, Fig. 14(b) 

was recovery force produced by Ni-Ti alloy fiber. 

The key to high crack width recovery rate of samples was  

the number of Ni-Ti alloy fibers that located at bridging cracks. 

Due to the reason that amount of Ni-Ti alloy fibers more than 

1.2% produced low fluidity, more pores and internal defects in 

hardened ECC and large void ratios were generated, which 

contributed to uneven distribution of Ni-Ti alloy fibers. 

Therefore, the number of Ni-Ti alloy fiber located at bridging 

cracks reduced. It was consistent with research[22] that 

excessive fiber dosage led to fiber clustering and the increased 

of porosity. 

 

3.4.2 Water permeability 

Water permeability was conducted in order to further verify 

the change of crack width after heat treatment and the results 

were shown in Fig. 15. It was noted from Fig. 15, with the 

increase of Ni-Ti alloy fiber content, the water permeability 

after heat treatment of ECC first decreased and then increased 

and the inflection point was 0.9%. According to the Fig. 13, 

after heat treatment, the crack width of samples decreased, 

which increased the difficulty of water passing through and 

lead to the decrease of water permeability. The addition of Ni-

Ti alloy fibers endowed ECC with the functionality of crack 

recovery (with the 8.51%-27.2% crack width recovery rates) 

after 45 ℃ heat treatment. Moreover, the crack width of 

samples obviously decreased after heat treatment when 

incorporated Ni-Ti alloy fibers. Furthermore, sample blended 

with 0.9% Ni-Ti alloy fiber volume fraction had the lowest 

water permeability, which was consistent with the highest 

crack width recovery rate. The trend of water permeability in 

Fig. 15 was consistent with crack width recovery rate in  
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Fig. 14 The diagrams of mechanism of action: (a) phase transformation process; (b) recovery force produced by Ni-Ti alloy fiber. 

 

 
Fig. 15 Water permeability of samples after heat treatment. 

 

Fig. 13. Shape memory effect of Ni-Ti alloy fibers that 

activated and recovered at a low heat treatment temperature of 

45 ℃ was verified. 

 

3.4.3 Acoustic emission 

During heat treatment of samples, acoustic emission was 

carried out at the same time and acoustic emission signals 

were collected. The average frequency (AF) as a function of 

rise amplitude (RA) of samples incorporated with Ni-Ti alloy 

fibers during the heat treatment was shown in Fig. 16. Figs. 

16(a)-(f) respectively represent samples blended with 0%, 

0.3%, 0.6%, 0.9%, 1.2% and 1.5% Ni-Ti alloy fibers. Results 

revealed that acoustic emission signals of samples 

incorporated with different Ni-Ti alloy fiber volume fraction 

were obvious, except for the control. Since the control group 

did not contain Ni-Ti alloy fibers, there were no acoustic 

events during the heat treatment, which indicating that no 

crack recovery occurred. While, plenty of acoustic signals 

were shown in the samples incorporated with 0.9% Ni-Ti alloy 

fiber during heat treatment process, which indicating 

considerable crack recovery behavior. It was consistent with 

the highest crack width recovery rate and lowest water 

permeability. The reason for this was that samples blended 

with 0.9% Ni-Ti alloy fibers showed the best mechanical 

properties. Hence, the number of Ni-Ti alloy fibers that 

located at bridging cracks was abundant, which contributed to 

appeared of plenty acoustic events. The results of acoustic 

signals were consistent with crack width recovery rate and 

water permeability. The more acoustic signals appeared 

indicated that the more crack recovery behaviors shown. 

Therefore, acoustic emission analysis of average frequency 

(AF) as a function of rise amplitude (RA) was an excellent 

method to detect the extent of crack width recovery. 

 

4. Conclusions 

The Crack recovery performance of Ni-Ti shape memory alloy 

fiber at low temperature in ECC was studied in this paper. 

According to the experimental results, the following 

conclusions were drawn:  

1. The mechanical properties of ECC were improved by 

adding Ni-Ti shape memory alloy fiber. Three-point flexural 

strength and compressive strength of specimens incorporated 

with 0.9% Ni-Ti alloy fiber were increased by 15% and 19.3% 

compared with the control. Four-point flexural strength of 

specimens blended with 0.6% Ni-Ti alloy fiber was increased 

by 72.91% compared with the control. Besides, all specimens 

illustrated strain hardening behavior. Ni-Ti shape memory 

alloy fiber reinforced ECC showed good mechanical 

properties. 

2. The addition of Ni-Ti alloy fibers endowed ECC with the 

functionality of crack recovery after 45 ℃ heat treatment. 

Moreover, the crack width of samples obviously decreased 

after heat treatment when incorporated by Ni-Ti alloy fibers.  

3. Shape memory effect of Ni-Ti alloy fibers that activated and 

recovered at a low heat treatment temperature of 45 ℃ was 

verified. 

4. Acoustic emission (AE) analysis of average frequency (AF) 

as a function of rising amplitude (RA) was an excellent 

method to detect the extent of crack width recovery.  
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