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Abstract: Although shape memory alloy/Polyvinyl alcohol (SMA/PVA) hybrid fiber reinforced
cementitious composites, (SMA/PVA-ECC) exhibit excellent crack closure and deformation recovery
capabilities, however, the research on their fundamental mechanical properties is still limited. This
study investigates the tensile mechanical properties of SMA/PVA-ECC materials by conducting
uniaxial tensile tests, analyzing the failure behavior, stress–strain curves, and characteristic parameters
of the specimens, comparing the influence of SMA fiber content and diameter, and establishing
a tensile constitutive model. The results show that the residual crack width of SMA/PVA-ECC
specimens significantly decreases after unloading, and SMA fiber content and diameter have a
significant impact on the tensile properties of the specimens. The comprehensive tensile properties of
specimens with a fiber diameter of 0.2 mm and content of 0.2% are the best, with their initial cracking
strength, ultimate strength, and strain increasing by 56.4%, 23.6%, and 13.4%, respectively, compared
to ECC specimens. The proposed bilinear tensile constitutive model has high accuracy. This study
provides a theoretical basis for further research on SMA/PVA-ECC materials.

Keywords: SMA/PVA-ECC; superelasticity; tensile mechanical property; self-centering

1. Introduction

Engineered Cementitious Composites (ECC) are a type of cement-based composite
material that incorporates short fibers with specific types and performance characteristics
into the cement matrix. ECC possesses various characteristics, such as multiple cracking
and strain hardening, and its ultimate tensile strain is several hundred times greater than
that of ordinary concrete [1]. ECC is widely used in civil engineering [2,3]. However, ECC
typically employs a single fiber system, resulting in a relatively high-fiber fracture rate
and a challenge in achieving both high strength and high ductility [4]. Additionally, ECC
cannot provide crack closure and deformation self-recovery after unloading [5]. Its high
ductility is still achieved at the cost of significant residual deformation damage.

By combining the superelastic Ni-Ti shape memory alloy (SMA) with the engineered
cementitious composite (ECC), the hysteresis energy dissipation of SMA can increase
the energy dissipation capacity of the composite material [6–9], and the shape recovery
force of SMA after unloading can provide ECC with crack closure and deformation self-
recovery [10], making it promising for self-recovering seismic structures. Compared with
SMA wires or bars, SMA fibers do not require special connection anchorage. When SMA
fibers are used in ECC, a new type of composite material Shape memory alloy and Polyvinyl
alcohol fiber reinforceed ECC(SMA/PVA-ECC) is formed. If the two materials are suffi-
ciently bonded or anchored, the stress of the SMA fibers can increase with the load on
the ECC matrix, causing a phase transition of the SMA material, exciting its superelas-
ticity, resulting in larger strain and hysteresis energy dissipation characteristics, which
can make ECC exhibit excellent energy dissipation ability. Meanwhile, after unloading,
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SMA fibers can produce recovery force, which drives crack closure and ECC material
deformation recovery. Additionally, randomly distributed SMA fibers can provide crack
closure and deformation recovery for ECC in any direction [11]. The mechanical properties
of ECC materials, created by mixing Ni-Ti-SMA and PVA fibers, were studied by ML
Nehdi et al. [12,13]. The results showed that SMA fibers significantly improved the tensile
and bending properties of ECC compared to ECC with only PVA fibers. Khakimova and
Sherif [14,15] compared the effects of adding straight SMA fibers and hooked steel fibers at
the end of mortar beams. The results showed that beams with straight SMA fibers had crack
closure and self-recovery after unloading, compared with steel fibers. In our previous work,
Yang et al. [16,17] conducted three-point bending cyclic loading tests and cyclic tensile tests
on SMA/PVA-ECC specimens and found that SMA fibers with knotted ends could fully
exert their superelastic properties, providing hysteresis energy dissipation capacity for the
specimens and achieving crack closure and bending self-recovery functions, significantly
improving the maximum tensile stress of the dog-bone specimens.

Currently, preliminary research on SMA/PVA-ECC has demonstrated its effectiveness
in crack closure and deformation recovery. However, research on this new type of material
is still in its infancy, and there is a lack of research results on its basic mechanical properties,
especially on the tensile mechanical properties and theoretical models of the material.
Therefore, this paper focuses on the tensile mechanical properties of SMA/PVA-ECC.
Through uniaxial tensile tests, failure phenomena, stress, strain, and other mechanical
performance indicators are studied, and the influence of SMA fiber content and diameter
on tensile mechanical properties is compared. A constitutive model for tension is proposed.

2. Experimental Design

This part consists of three subsections. The first section is about material properties
of ECC and SMA. The second section introduces the design scheme and manufacturing
process of SMA/PVA-ECC test specimens. Then, the loading scheme of tensile test is
introduced in the third section.

2.1. Material Properties
2.1.1. Engineered Cementitious Composites (ECC)

Based on the references [18,19], the mix proportions were adjusted by considering the
workability and flowability of the concrete mixture through experiments. Table 1 shows
the final mix proportions with a sand–cement ratio of 0.2 and a water–cement ratio of 0.2.
The raw materials for ECC included 52.5-grade Portland cement; Fly ash with a density of
2.55 g/cm3, a fineness of 16 µm, and a moisture content of 0.85%; white crystal quartz sand
with a main component of silicon dioxide and a particle size of 100 mesh; a high-efficiency
polycarboxylate water-reducing agent with a dosage of 0.79% of the cement amount; and
PVA fibers, produced by the KURARAY company in Japan, with a dosage of 2%, a density
of 1.3 g·cm−3, a diameter of 40 µm—it has a length of 12 mm, a tensile strength of 1600 MPa,
a modulus of elasticity of 39 GPa, and an elongation at a break of 7%.

Table 1. Mass proportion of engineered cementitious composites.

Raw Material Cement Fly Ash Silica Sand Water Water Reducer PVA/%

Mix proportion 1.0 4.0 0.20 0.22 0.0079 2% *

* Percentage of fiber content by volume.

The uniaxial tensile test was conducted according to the Chinese standard JC/T 2461-
2018 [20]. The stress–strain curve of the ECC material obtained from the uniaxial tensile test
is shown in Figure 1. As shown from the graph, the ECC that was prepared with the test
mix design has obvious strain hardening characteristics, with an ultimate strain exceeding
5%, and a tensile strength exceeding 4 MPa.
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Figure 1. Uniaxial tensile stress–strain curve of ECC. 
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Figure 1. Uniaxial tensile stress–strain curve of ECC.

2.1.2. Shape Memory Alloys

The raw material used in the experiment to produce SMA fibers is SMA wire, which
was produced by Jiangyin Renchang Nickel Titanium New Material Co., Ltd. (Jiangyin,
China) with a density of 6.49 g·cm–3. The chemical composition of the SMA wire is
primarily composed of 55.86% Ni and 44.14% Ti. The phase transition temperature of
the wire was determined by differential scanning calorimetry (DSC). The austenite start
and finish temperatures of the SMA wire were −34.60 ◦C and −18.19 ◦C, respectively,
indicating that the SMA wire is in the austenite state at room temperature and can exhibit
superelasticity. According to Reference [21], uniaxial tensile tests were conducted on SMA
wires with diameters of 0.2 mm, 0.5 mm, and 1.0 mm to investigate the tensile mechanical
properties of superelastic SMA. The effective tensile length (gage length) of the SMA wires
was 100 ± 1 mm, and the loading rate was 2 mm/min. The stress–strain curves at room
temperature for the three diameters of SMA wire showed that they all exhibited a stress-
induced martensitic phase transition at an applied strain of about 2%, resulting in an
obvious strain plateau (Figure 2).
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Figure 2. Uniaxial tensile stress–strain curve of the shape memory alloy.

2.2. SMA/PVA-ECC Specimen Design and Production
2.2.1. Specimen Design

The tensile mechanical properties and influencing factors of SMA/PVA-ECC com-
posite materials were studied using uniaxial tensile tests. Dog-bone-shaped specimens
were designed for the tensile tests, and their dimensions are shown in Figure 3. ECC
materials were prepared using the mixing ratio in Table 1. To analyze the effects of SMA
fiber diameter and content on the tensile properties of SMA/PVA-ECC composite materials,
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three types of SMA fibers with diameters of 0.2 mm, 0.5 mm and 1.0 mm were selected,
as well as three types of SMA fiber contents, which were 0.2%, 0.3% and 0.4%, SMA fiber
content was controlled by weighing with an error kept within ±0.1 g. Tensile specimens
were designed and fabricated in nine groups of three specimens each, as shown in Table 2.
SMA fibers were designed with knotted ends, and the length between the knotted ends
was controlled at 40 mm. Figure 4 shows the design of the SMA fiber ends.
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Table 2. Specimen table of direct tension.

Specimen Number SMA Diameter/mm SMA Volume
Content/%

PVA Volume
Content/% Number of Specimens

ECC - - 2 3

S-0.2-0.2 0.2 2 3
S-0.2-0.3 0.2 0.3 2 3
S-0.2-0.4 0.4 2 3

S-0.5-0.2 0.2 2 3
S-0.5-0.3 0.5 0.3 2 3
S-0.5-0.4 0.4 2 3

S-1.0-0.2 0.2 2 3
S-1.0-0.3 1.0 0.3 2 3
S-1.0-0.4 0.4 2 3
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2.2.2. Specimen Production

The powder materials (cement, fly ash, quartz sand, and the water-reducing agent)
were poured into a JJ-5 type cement mortar mixer and dry mixed for two minutes until they
were evenly dispersed. Approximately half of the required amount of water was added,
and the mixture was stirred at a low speed for one minute. When the ingredients were
completely mixed, the remaining water was added and stirred for another minute. PVA
fibers were then added to the mixture, before removing the mixing bucket; the mixture was
stirred at high speed for three minutes. Subsequently, batches of SMA fibers were sprinkled
into the mixture and evenly stirred. Finally, the mixture was poured into the specimen
molds to obtain the SMA/PVA-ECC composite material mixture. In the fabrication process,
the main point was to ensure that the SMA fibers were uniformly distributed in the axial
tensile direction of the specimen. After 24 h, the molds were removed, and the specimens
were placed in a standard curing box with a temperature of 20 ± 2 ◦C and a relative
humidity of over 95% for 28 days. Figure 5 shows the detailed production process of the
dog-bone-shaped tensile specimens.
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2.3. Test Loading Scheme

As shown in Figure 6a, the uniaxial tensile test was conducted using a WD-PD6305
universal testing machine. In order to avoid stress concentration caused by direct contact
between the specimen and the fixture, and to prevent eccentric tensile loading, the authors
designed and fabricated a special tensile fixture to fix the dog-bone shaped specimen. The
tensile fixture consists of upper and lower clamping ends, and upper and lower fixtures.
To ensure a stable connection between the upper and lower clamping ends and the testing
machine, the surface of the upper and lower clamping ends was subjected to 45◦ inclined
scratching and polishing treatment. The schematic diagram of the tensile fixture is shown in
Figure 6b. The test was conducted using displacement-controlled loading at a loading rate
of 0.5 mm/min, and both the load and displacement were automatically recorded by the
testing machine. The stress and strain were calculated based on the actual dimensions of
the specimen. The loading was stopped when a clear main crack appeared on the specimen,
and strain softening occurred.



Buildings 2023, 13, 2116 6 of 13Buildings 2023, 13, x FOR PEER REVIEW 6 of 14 
 

  
(a) (b) 

Figure 6. Test device design. (a) Testing device. (b) Diagram of tensile jig. 

3. Results and Discussion 
This part consists of five subsections. The first subsection analyzes and discusses the 

specimen failure behavior. The second subsection analyzes the stress–strain curves and 
compares the effects of SMA content and diameter. The third subsection presents the anal-
ysis of the experimental characterization parameters. The fourth subsection presents the 
analysis of SMA fiber strain. Finally, the tensile constitutive model is analyzed. 

3.1. Failure Behavior 
Figure 7a presents the failure modes of ECC and SMA/PVA-ECC specimens during 

the loading and unloading process. All specimens exhibited distinct multiple cracking 
phenomena during the loading phase. From the crack development during loading, it can 
be observed that, initially, no cracks appeared on the surface of the specimen matrix, and 
the stress–strain curve exhibited almost linear growth. As loading continued, microcracks 
[22] gradually propagated from both ends of the specimen towards the center until satu-
ration, with the width of the microcracks remaining relatively constant and did not exceed 
30µm. Ultimately, significant main cracks appeared in the middle of the specimen, leading 
to failure. During the failure phase, ECC specimens exhibited wider main cracks, which 
were unable to close effectively upon unloading. In contrast, SMA/PVA-ECC specimens 
demonstrated effective closure of both the main cracks and adjacent microcracks upon 
unloading. As an example, the comparison of cracks in SMA/PVA-ECC specimens during 
loading and after unloading was demonstrated using specimen S-0.5-0.2, as shown in Fig-
ure 7b. Taking specimens with a fiber content of 0.2% as an example for comparison (Table 
3), it can be observed that specimens with different SMA fiber diameters had an average 
main crack width ranging from 2.44 mm to 3.14 mm during the failure phase, while the 
average residual crack width after unloading was only 0.34 mm to 0.47 mm, indicating a 
significant crack self-closing capability of SMA/PVA-ECC specimens. This is attributed to 
the sufficient anchoring performance of SMA fibers with knotted ends and ECC, as well 
as the effective utilization of the superelasticity of SMA fibers. Upon unloading, the SMA 
fibers generate recovery forces, effectively closing the cracks in the ECC matrix. 

Figure 6. Test device design. (a) Testing device. (b) Diagram of tensile jig.

3. Results and Discussion

This part consists of five subsections. The first subsection analyzes and discusses
the specimen failure behavior. The second subsection analyzes the stress–strain curves
and compares the effects of SMA content and diameter. The third subsection presents the
analysis of the experimental characterization parameters. The fourth subsection presents
the analysis of SMA fiber strain. Finally, the tensile constitutive model is analyzed.

3.1. Failure Behavior

Figure 7a presents the failure modes of ECC and SMA/PVA-ECC specimens during
the loading and unloading process. All specimens exhibited distinct multiple cracking
phenomena during the loading phase. From the crack development during loading, it can
be observed that, initially, no cracks appeared on the surface of the specimen matrix, and the
stress–strain curve exhibited almost linear growth. As loading continued, microcracks [22]
gradually propagated from both ends of the specimen towards the center until saturation,
with the width of the microcracks remaining relatively constant and did not exceed 30µm.
Ultimately, significant main cracks appeared in the middle of the specimen, leading to
failure. During the failure phase, ECC specimens exhibited wider main cracks, which
were unable to close effectively upon unloading. In contrast, SMA/PVA-ECC specimens
demonstrated effective closure of both the main cracks and adjacent microcracks upon
unloading. As an example, the comparison of cracks in SMA/PVA-ECC specimens during
loading and after unloading was demonstrated using specimen S-0.5-0.2, as shown in
Figure 7b. Taking specimens with a fiber content of 0.2% as an example for comparison
(Table 3), it can be observed that specimens with different SMA fiber diameters had an
average main crack width ranging from 2.44 mm to 3.14 mm during the failure phase, while
the average residual crack width after unloading was only 0.34 mm to 0.47 mm, indicating
a significant crack self-closing capability of SMA/PVA-ECC specimens. This is attributed
to the sufficient anchoring performance of SMA fibers with knotted ends and ECC, as well
as the effective utilization of the superelasticity of SMA fibers. Upon unloading, the SMA
fibers generate recovery forces, effectively closing the cracks in the ECC matrix.
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Table 3. Average value of crack width.

Specimen Number Main Crack Width/mm Residual Crack Width/mm

S-0.2-0.2 2.44 0.34
S-0.5-0.2 2.72 0.43
S-1.0-0.2 3.14 0.47

3.2. Stress–Strain Curve
3.2.1. Comparative Analysis of ECC and SMA/PVA-ECC Specimens

In comparing the stress–strain curves of representative specimens in each group,
it can be observed from Figure 8 that both ECC and SMA/PVA-ECC exhibit a three-
stage development process with significant strain hardening characteristics. The curves
showed multiple small fluctuations, indicating the presence of significant multiple cracking
characteristics in the specimens. The comparison reveals that, compared to ECC specimens
containing only PVA fibers, SMA/PVA-ECC specimens containing hybrid fibers exhibit
a significant increase in initial cracking strength, and some hybrid fiber specimens show
improved ultimate tensile stress. After reaching peak stress, the stress degradation of
SMA/PVA-ECC is slower than that of ECC specimens, indicating that even after the PVA
fibers are completely pulled or extracted, the SMA fibers can still bear loads under the
anchoring effect of the knotted end, slowing down the rate of stress degradation. However,
the ultimate strain of the SMA/PVA-ECC specimens is relatively lower than that of ECC
specimens, with only a few hybrid fiber specimens exhibiting higher strain capacity than
the ECC specimens.
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3.2.2. Factors Affecting SMA/PVA-ECC Specimens

• SMA fiber content

Figure 9 shows the stress–strain curves of SMA/PVA-ECC specimens with different
amounts of SMA fibers of the same diameter. From Figure 9a, it can be observed that,
compared to ECC specimens, SMA/PVA-ECC specimens with 0.2 mm diameter fibers
generally increase the ultimate tensile strength of the composite material. When the fiber
content is 0.2%, the specimen exhibits the highest ultimate tensile stress and strain. The
specimens with 0.3% and 0.4% fiber content have similar ultimate tensile stress and strain,
but both are lower than that of the 0.2% fiber content specimen. This is because with a
higher fiber content, there are more SMA fibers prone to aggregating during the pouring
process, partially hindering the flow of the matrix, and resulting in internal pores and
trapped air in the specimens, thus increasing internal defects. From Figure 9b, the ultimate
tensile stress and strain of the SMA/PVA-ECC specimens with 0.5 mm diameter fibers
increases with increasing fiber content. Among them, the specimen with 0.4% fiber content
(S-0.5-0.4) has a higher ultimate tensile stress than ECC, but the ultimate strain is still lower
than ECC. The ultimate tensile stress and strain of the other two groups of specimens with
different fiber content are lower than those of ECC specimens. From Figure 9c, it is shown
that, for SMA/PVA-ECC specimens with 1.0 mm diameter fibers, the specimen with 0.3%
fiber content has the highest ultimate stress and strain, but it is still lower than that of
ECC specimens. Therefore, as the content of small-diameter fibers decreases, the tensile
performance of the specimens improves. On the other hand, for large-diameter fibers, the
optimal tensile performance is achieved at a moderate fiber content.
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Figure 9. Stress–strain curves of SMA/PVA-ECC with different content of SMA fibers of the same
diameter. (a) Specimens with SMA fiber diameter 0.2 mm. (b) Specimens with SMA fiber diameter
0.5 mm. (c) Specimens with SMA fiber diameter 1.0 mm.

• SMA fiber diameter

SMA/PVA-ECC specimens with different diameters of SMA fibers but with the same
content are shown in Figure 10. As shown in Figure 10a,b, when the content is the same,
specimens with smaller diameter SMA fibers exhibit higher ultimate tensile strength and
strain than those with larger diameter SMA fibers. This is because the tensile strength of the
composite material is mainly determined by the fiber bridging stress, and at the same fiber
content, a higher number of small-diameter SMA fibers compared to large-diameter SMA
fibers results in an increased bridging force provided by the SMA fibers, thereby enhancing
the strength and deformation capacity of the SMA/PVA-ECC composite material. However,
as analyzed from Figure 10c, beyond a certain content, the finer diameter SMA fibers may
cause negative hybridization effects due to clustering, resulting in the tensile strength
of the composite material specimens (S-0.2-0.4) being similar to that of specimens with
coarser diameter SMA fibers (S-0.5-0.4). Therefore, when the content is lower, specimens
with smaller diameter SMA fibers exhibit better tensile properties, while specimens with
intermediate diameter fibers exhibit the best tensile properties at a certain higher content.
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3.3. Analysis of Test Characteristic Parameters

The characteristic parameters of the stress–strain curves of the specimens, under the
uniaxial tensile test, are shown in Table 4. All the data in the table represent the average
values of three specimens with the same identification number. The standard deviation of
ECC specimens ranges from 2% to 3%, while the standard deviations of specimens with
0.2 mm, 0.5 mm, and 1.0 mm diameter SMA fibers are between 4% to 6%, 5% to 7%, and 3%
to 7%, respectively. According to Table 4, the ECC containing only PVA fibers has a relatively
low initial cracking strength of 2.04 MPa. The determination of the initiation of cracks is
based on the stress–strain curve, wherein the occurrence of the first discernible fluctuation
in the curve indicates the presence of the initial crack in the specimen. The addition of
SMA fibers enhances the initial cracking strength of the SMA/PVA-ECC specimens, which
ranges from 2.05 MPa to 3.57 MPa. Among them, the initial cracking strength and ultimate
strength of the SMA/PVA-ECC with a fiber diameter of 0.2 mm were improved. The initial
cracking strengths of the three types of mixed fiber composite materials with different fiber
contents were improved by 56.4%, 54.4%, and 75%, respectively, compared to ECC. The
ultimate strengths were increased by 23.6%, 1.4%, and 10.4%, respectively. The addition
of SMA fibers resulted in a decrease in the deformation ability of most SMA/PVA-ECC
specimens. Only the SMA/PVA-ECC specimen (S-0.2-0.2), with a fiber diameter of 0.2 mm
and a content of 0.2%, showed an increase of 13.4% in ultimate tensile strain compared to
ECC. Therefore, the SMA/PVA-ECC exhibits the best tensile performance when the SMA
fiber has a diameter of 0.2 mm and a content of 0.2%.

Table 4. Characteristic parameters of the tensile stress–strain curve.

Number Cracking Strength/MPa Cracking Strain/% Tensile Strength/MPa Tensile Strain/%

ECC 2.04 0.26 4.24 5.23
S-0.2-0.2 3.19 0.33 5.24 5.93
S-0.2-0.3 3.15 0.56 4.30 4.01
S-0.2-0.4 3.57 0.48 4.68 3.83
S-0.5-0.2 2.71 0.32 3.43 3.56
S-0.5-0.3 2.35 0.23 4.09 4.10
S-0.5-0.4 2.05 0.21 4.88 4.89
S-1.0-0.2 2.07 0.47 3.36 3.83
S-1.0-0.3 2.23 0.14 3.81 4.32
S-1.0-0.4 2.39 0.23 3.31 3.91

3.4. SMA Fiber Strain Analysis

In the ECC matrix, the knotted end can provide sufficient anchoring force for the SMA
fibers. it can be assumed that there is no relative slip between the knotted end and the ECC
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matrix. For any single SMA fiber, its length after tensile deformation L′f can be taken as the
sum of its initial length Lf and the crack width W of the matrix, as shown in Figure 11.
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Therefore, the strain of the SMA fiber can be expressed using the following formula:

ε f =
W
L f

(1)

According to Equation (1), the SMA fiber strains at the main crack locations of each
specimen can be calculated. Taking the three groups of specimens listed in Table 4 as
examples, calculations were performed, and the results are presented in Table 5. It is shown
in Table 5 that the SMA fiber strains at the main crack locations of all specimens were
between 6.1% and 7.9%, which exceeded the critical transformation strain of 2%. Combined
with the SMA direct tensile stress–strain curve (Figure 2), it can be concluded that the
stress in the SMA fibers at the main crack locations can reach 550 MPa to 600 MPa. This
indicates that the knotted SMA fibers at the main crack locations can reach the martensite
transformation state induced by stress and that the SMA fibers can effectively exhibit
superelasticity.

Table 5. The strain of the SMA fiber at the main crack.

Specimen Number Main Crack Width/mm Strain of SMA Fiber/%

S-0.2-0.2 (0.3, 0.4) 2.44 6.1%
S-0.5-0.2 (0.3, 0.4) 2.72 6.8%
S-1.0-0.2 (0.3, 0.4) 3.14 7.9%

NOTE: All average value in this table.

3.5. Tensile Constitutive Model

Based on the stress–strain curves obtained from the SMA-ECC specimens in this test,
and referring to the bilinear relationship theory proposed by Tetsushi Kanda et al. for
randomly short fiber reinforced cement composites [23], a bilinear hardening model is
proposed to describe the constitutive behavior of SMA-ECC material under tension, as
shown in Figure 12.

To minimize the influence of initial eccentricity and initial torque on the curve, the
concept of fitting crack initiation point (σc, εc) is introduced, which is defined as the
intersection point of the fitting line OA in the elastic stage and the fitting line AB in
the strain hardening stage. The simplified axial constitutive relationship is expressed as
Equations (2) and (3) [22].

σ(ε) =

{
Ecε 0 ≤ ε ≤ εc

σc + Et(ε− εc) εc < ε ≤ εt
(2)

Et =
σt

εt
(3)
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where, εt is the ultimate strain, and σt is the ultimate strength.
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Figure 12. Simplified model of SMA-ECC stress–strain curve.

Three groups of test curves from specimens, with a 0.2 mm SMA fiber diameter but
different contents, were selected for comparison. The characteristic point parameters were
calculated from the experimental data, and the comparison results are shown in Figure 13.
It is shown that the bilinear model fits well with the experimental curves, indicating that
the bilinear constitutive model proposed in this paper is accurate.
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0.4. 

4. Conclusions 
This paper presents a study on the tensile mechanical properties and theoretical mod-

els of SMA-PVA hybrid fiber-reinforced cementitious composites. The research reveals 
that the residual crack width of SMA/PVA-ECC specimens significantly decreases after 
unloading, and the material strength notably increases. The content and diameter of SMA 
fibers have a substantial impact on the tensile performance of the specimens. The pro-
posed bilinear tensile constitutive model can provide a relatively accurate representation 
of the tensile behavior of this composite material. The main conclusions are as follows: 
(1) The knotted SMA fibers exhibit good anchoring performance with ECC, as well as 

good superelastic characteristics. After unloading, the micro-cracks in the SMA/PVA-
ECC specimens are effectively closed, and the residual width of the main crack is 
significantly reduced. 

(2) The stress–strain curve of SMA/PVA-ECC exhibits a three-stage development process 
and obvious strain-hardening characteristics. The addition of SMA fibers improves 
the initial cracking strength and some ultimate strength of the composite specimens. 
After reaching the peak stress, the stress degradation of SMA/PVA-ECC is slower 
than that of ECC specimens, but most of the ultimate strains are lower than that of 
ECC. 

(3) The diameter and content of SMA fibers have a significant effect on the tensile prop-
erties of SMA/PVA-ECC. The smaller the diameter and content of the fiber, the better 
the tensile performance of the specimen. When the content of large-diameter fibers is 
moderate, the tensile performance of the specimen is the best. At low content, the 
tensile performance of small-diameter fiber specimens is better, and when exceeding 
a certain content, the tensile performance of medium-diameter fiber specimens is the 
best. Among them, the specimen with a fiber diameter of 0.2 mm and a content of 
0.2% has the best comprehensive tensile performance, with an increase in initial 
cracking strength, ultimate strength, and strain of 56.4%, 23.6% and 13.4%, respec-
tively, compared with ECC specimens. 

(4) The bilinear hardening model used in this study can well reflect the tensile stress–
strain relationship of SMAF-ECC composite materials. 
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4. Conclusions

This paper presents a study on the tensile mechanical properties and theoretical
models of SMA-PVA hybrid fiber-reinforced cementitious composites. The research reveals
that the residual crack width of SMA/PVA-ECC specimens significantly decreases after
unloading, and the material strength notably increases. The content and diameter of SMA
fibers have a substantial impact on the tensile performance of the specimens. The proposed
bilinear tensile constitutive model can provide a relatively accurate representation of the
tensile behavior of this composite material. The main conclusions are as follows:

(1) The knotted SMA fibers exhibit good anchoring performance with ECC, as well as
good superelastic characteristics. After unloading, the micro-cracks in the SMA/PVA-
ECC specimens are effectively closed, and the residual width of the main crack is
significantly reduced.

(2) The stress–strain curve of SMA/PVA-ECC exhibits a three-stage development process
and obvious strain-hardening characteristics. The addition of SMA fibers improves
the initial cracking strength and some ultimate strength of the composite specimens.
After reaching the peak stress, the stress degradation of SMA/PVA-ECC is slower
than that of ECC specimens, but most of the ultimate strains are lower than that
of ECC.
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(3) The diameter and content of SMA fibers have a significant effect on the tensile proper-
ties of SMA/PVA-ECC. The smaller the diameter and content of the fiber, the better
the tensile performance of the specimen. When the content of large-diameter fibers
is moderate, the tensile performance of the specimen is the best. At low content, the
tensile performance of small-diameter fiber specimens is better, and when exceeding
a certain content, the tensile performance of medium-diameter fiber specimens is the
best. Among them, the specimen with a fiber diameter of 0.2 mm and a content of
0.2% has the best comprehensive tensile performance, with an increase in initial crack-
ing strength, ultimate strength, and strain of 56.4%, 23.6% and 13.4%, respectively,
compared with ECC specimens.

(4) The bilinear hardening model used in this study can well reflect the tensile stress–
strain relationship of SMAF-ECC composite materials.
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