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Abstract: In order to realize the self-centering, high energy consumption, and high ductility of the
existing building structure through strengthening and retrofit of structure, a method of reinforced
concrete (RC) beam strengthened by using Shape Memory Alloy (SMA) and Engineered Cemen-
titious Composites (ECC) was proposed. Four kinds of specimens were designed, including one
beam strengthened with enlarging section area of steel reinforced concrete, one beam strengthened
with enlarging section area of SMA reinforced concrete, beam strengthened with enlarging section
area of SMA reinforced ECC, and beam strengthened with enlarging section area of steel reinforced
ECC; these specimens were manufactured for the monotonic cycle loading tests study on its bending
behavior. The influence on the bearing capacity, energy dissipation performance, and self-recovery
capacity for each test specimens with different strengthening materials were investigated, especially
the bending behavior of the beams strengthened by SMA reinforced ECC. The results show that,
compared with the ordinary reinforced concrete beams, strengthening existing RC beam with en-
larging section area of SMA reinforced ECC can improve the self-recovery capacity, ductility, and
deformability of the specimens. Finally, a revised design formula for the bending capacity of RC
beams, strengthened with enlarging sections of ECC, was proposed by considering the tensile capacity
provided by ECC, and the calculated values are in good agreement with the experimental value,
indicating that the revised formula can be well applied to the beam strengthening with enlarging
section of SMA-ECC Materials.

Keywords: shape memory alloys; engineered cementitious composites; composites materials; self-
recovery capacity; bending behavior

1. Introduction

At present, among many structural forms in China, reinforced concrete (RC) structure
is the most widely used structural type. As the service time of the structure increases, the
performance of reinforced concrete will be affected by factors, such as adverse environment,
aging, concrete carbonization, etc. [1]. These factors will not only affect the mechanical
performance of RC structure, but also threaten the personal safety of the users. Therefore,
in order to make existing RC structure meet the requirements of using functions and safety,
it is great significance to carry out the research on the strengthening and retrofitting of
existing RC structures. In recent years, many scholars have proved that the use of high-
performance materials and intelligent structural members can better serve the strengthening
and retrofitting of existing RC structures [2].

Shape Memory Alloys (SMA) is a new type of intelligent material with shape memory
effect, super-elasticity, high damping, and fatigue resistance. If SMA is used as the lon-
gitudinal reinforcement of concrete beam, it can provide good self-recovery capacity for
concrete beam. However, due to the high price of SMA, it is rarely used in new structures.
It can still be used in the strengthening works of some important structures. Many scholars
in the world have carried out a series of research on the self-recovery structural system
based on SMA. For example, energy dissipation bracings [3,4], dampers [5–8], composite
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isolation bearings [9–12], energy dissipation coupling beams [13,14], etc. Great progress
has been made in such areas. For the seismic performance of structural members, e.g., SMA
reinforced beams [15–17], SMA reinforced pier columns [18–20], SMA reinforced shear
walls [21,22] and joints [23–25], as well as the structural strengthening and retrofitting
technology based on SMA materials [26–28], have been studied.

Engineered Cementitious Composites (ECC) is a kind of high-performance cemen-
titious composite with obvious strain hardening characteristics and good crack control
ability [29,30]. Ding et al. [31], Wu et al. [32], Yang et al. [33], and Said et al. [34] have
carried out the research on beams, columns, walls, joints, and other components casted
with ECC, respectively. These studies indicates that, compared with ordinary concrete,
ECC has excellent tensile performance, fine cracking mechanism, and good ductility. It
can solve various problems in engineering maintenance and strengthening works, such
as improving impermeability, crack resistance, structural durability, and so on. ECC can
also improve the bearing capacity and seismic performance of those engineering structural
members at the same time.

For the composite structure of SMA reinforced ECC, scholars have studied beams [35,36],
pier columns [37,38], shear walls [39], joints [40], and other structural members. This
research indicates that the combination with SMA and ECC can insure both ECC and SMA
in use with their optimal capacity respectively, and thereby satisfy the structural demands.

Enlarged section method is a traditional strengthening method of concrete structure.
It is a strengthening method to improve the bearing capacity of original members by
increasing section area and reinforcement area. This method can significantly improve the
mechanical performance of members because of the increase of member section. However,
the component size becomes larger after strengthening, which may affect the serviceability
of the structure. Therefore, the premise of this strengthening method is that it does not
affect the serviceability of the structure. At present, the strengthening method of concrete
structure pasted with FRP has also been widely studied [41–43]. Its advantage is that the
strength and durability of structural members can be improved without increasing the
self-weight of the structure and the member section. However, the fire resistance of FRP is
poor, and the fire prevention treatment further increases the cost of strengthening works.

In summary, the durability of concrete can be improved significantly by the super-
elasticity of SMA and high toughness and fine cracking mechanism of ECC. Therefore, this
paper proposes to use the enlarge section area of SMA reinforced ECC to strengthen the ex-
isting RC beams. Four types of strengthened beams were designed and fabricated. Through
monotonic cycle loading tests, the influences on the bearing capacity, energy dissipation
performance, and self-recovery capacity of the test beams with different strengthening
materials are investigated, especially the bending behavior of the beams strengthened by
SMA reinforced ECC.

2. Test Overview
2.1. Specimen Design

Due to the limitation of the loading capacity of the testing device, the section of the
specimen needs to be controlled below then 130 × 130 mm. At the same time, in order to
meet the requirements of the minimum thickness of concrete/ECC cover of enlarged section,
the height of enlarged section must meet the minimum requirements of 30 mm. Based on the
above principles, the member section is determined as: the existing beam length is 1000 mm,
and the original beam section is a rectangle of width × height = 120 mm × 80 mm before
the strengthening, and the upper and lower reinforcements are 2 HRB355 steel bars with
diameter of 6 mm, and the stirrup is HPB300 steel bars with diameter of 6 mm and spacing
of 100 mm. Strengthening is carried out after the existing beam has been fully cured. The
strengthening method is: firstly, chisel off the 10 mm protective layer at the bottom of the
test piece and then roughen the bottom surface; finally, the enlarged section will be poured
at the beam bottom by secondary pouring, as shown in Figure 1. The cross section of the
beam after strengthening is 120 mm × 110 mm, the enlarged section at the bottom of beam
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is ∆h = 40 mm (including the chiseled 10 mm protective layer). The specifications of the
test specimens are shown in Figure 1.
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Figure 1. Specifications of the test specimens.

A total of 6 specimens with the same shape and size were produced in this test, of
which SJ-1 is strengthened with steel reinforced concrete, SJ-2 is strengthened with SMA
reinforced concrete, SJ-3 is strengthened with SMA reinforced ECC, and SJ-4 is strengthened
with steel reinforced ECC. SJ-5 and SJ-6 are two spare test pieces, which are designed as the
same as SJ-1 and SJ-3, respectively. The reinforcement ratio of enlarged section is designed
according to the principle of the same total tensile bearing capacity of reinforcements in the
enlarged section. The design parameters of specimens are shown in Table 1.

Table 1. The design parameters of specimens.

Serial Number
of Specimen

Strengthening
Material

Section Size
(mm)

Beam Length
(mm) Reinforcement Reinforcement

Diameter

SJ-1 Steel-concrete 120 × 110 1000 2 HRB355 steel bars 6 mm
SJ-2 SMA-concrete 120 × 110 1000 3 SMA bars 5.5 mm
SJ-3 SMA-ECC 120 × 110 1000 3 SMA bars 5.5 mm
SJ-4 Steel-ECC 120 × 110 1000 2 HRB355 steel bars 6 mm
SJ-5 Steel-concrete 120 × 110 1000 2 HRB355 steel bars 5.5 mm
SJ-6 SMA-ECC 120 × 110 1000 3 SMA bars 5.5 mm

2.2. Material Test of Specimens
2.2.1. Shape Memory Alloy

In the material test, the test specimen of SMA bar has a diameter of 5.5 mm, a length
of 250 mm, and a gauge length of 150 mm, as shown in Figure 2. The composition of SMA
is Ti-56.35at%Ni, and the completion temperature of reverse martensitic transformation
(Af) is −10 ◦C. After the test piece is processed into an annealed state, it will be heat-
treated. The heat treatment process of SMA bar is at 400 ◦C for 30 min, followed by water
quenching [44].
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The test device adopts the CMT (Crane Motor Traction) electro-hydraulic servo univer-
sal material testing machine controlled by a microcomputer, as shown in Figure 3. In order
to ensure the stability of the material performance of SMA, the SMA bar should be treated
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under thermal-cooling cycle treatment before the material test. The thermal-cooling cycle
treatment method requires that the SMA bars should be placed in boiling water (100 ◦C) for
5 min, and then taken out and placed in cold water for 5 min. This treatment method was
performed alternately five times before the test. Finally, the test specimens should be taken
out from boiling water and cooled naturally at room temperature. The material tensile tests
were performed on SMA bars with increasing strain amplitudes as 1%, 2%, 3%, 4%, 5%,
6%, etc. The material tensile tests data are shown in Figure 4.
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Through the analysis of the material tensile test results, it can be concluded that:

(1) With the increase of strain amplitude, the phase transformation stress of the hyper-
elastic SMA bar gradually decreases, the recovery stress gradually increases, and
finally tends to be stable with the decrease of strain amplitude. Therefore, the SMA
bar is stretched under circulation of loading and unloading is conducive to the stability
of its material properties before it is used.
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(2) The phase transformation stress and recovery stress tend to be stable with the in-
crease of loading cycle; the residual strain gradually increases during the loading
process, and the variation range becomes smaller and smaller. Therefore, SMA bars
are stretched under circulation of loading and unloading before use, which is also
conducive to improve the super-elasticity of SMA.

(3) As the strain amplitude increases, the residual strain of SMA gradually increases,
and the maximum residual strain is only 0.003, indicating that the SMA bars used in
the material tests have good recovery ability. With the increasing loading cycle, the
increasing rate of residual strain gradually slows down, and the residual strain tends
to be stable.

In summary, monotonic cycle loading can make the mechanical properties of SMA
more stable, in order to ensure that the material properties of SMA can be significantly
displayed in the tests.

2.2.2. ECC and Ordinary Concrete

This test uses concrete with a strength grade of C30, and ECC adopts high-strength
PVA (polyvinyl alcohol) fiber-reinforced cement mortar. Its components include cement,
water, fly ash, fine sand, PVA fiber, and admixtures, which are configured according to the
mix proportion given in Table 2. Among them, the content of PVA fiber is 2% by volume,
the specification of PVA fiber is A 0.02 × 8, and the tensile strength is 1400 MPa. Tensile
tests are performed on 3 ECC test specimens, and the test results are given in Table 3. The
average tensile strength of the test pieces was 3.87 MPa, which indicates that ECC has good
ductility. ECC tensile stress–strain curve is shown in Figure 5.

Table 2. Mix proportion of ECC.

Element Cement Water Fly Ash Fine Sand Admixture PVA Fiber

Proportion 1 1.43 1.43 0.86 0.18 2%

Table 3. Tensile test results of ECC specimens.

Specimen Number First Group Second Group The Third Group Average Value

Tensile strength (MPa) 4.26 3.89 3.46 3.87

Materials 2021, 14, x FOR PEER REVIEW 5 of 19 
 

 

is stretched under circulation of loading and unloading is conducive to the stability 
of its material properties before it is used. 

(2) The phase transformation stress and recovery stress tend to be stable with the in-
crease of loading cycle; the residual strain gradually increases during the loading 
process, and the variation range becomes smaller and smaller. Therefore, SMA bars 
are stretched under circulation of loading and unloading before use, which is also 
conducive to improve the super-elasticity of SMA. 

(3) As the strain amplitude increases, the residual strain of SMA gradually increases, and 
the maximum residual strain is only 0.003, indicating that the SMA bars used in the 
material tests have good recovery ability. With the increasing loading cycle, the in-
creasing rate of residual strain gradually slows down, and the residual strain tends 
to be stable. 
In summary, monotonic cycle loading can make the mechanical properties of SMA 

more stable, in order to ensure that the material properties of SMA can be significantly 
displayed in the tests. 

2.2.2. ECC and Ordinary Concrete 
This test uses concrete with a strength grade of C30, and ECC adopts high-strength 

PVA (polyvinyl alcohol) fiber-reinforced cement mortar. Its components include cement, 
water, fly ash, fine sand, PVA fiber, and admixtures, which are configured according to 
the mix proportion given in Table 2. Among them, the content of PVA fiber is 2% by vol-
ume, the specification of PVA fiber is A 0.02 × 8, and the tensile strength is 1400 MPa. 
Tensile tests are performed on 3 ECC test specimens, and the test results are given in Table 
3. The average tensile strength of the test pieces was 3.87 MPa, which indicates that ECC 
has good ductility. ECC tensile stress–strain curve is shown in Figure 5. 

Table 2. Mix proportion of ECC. 

Element Cement Water Fly Ash Fine Sand Admixture PVA Fiber 
Proportion 1 1.43 1.43 0.86 0.18 2% 

Table 3. Tensile test results of ECC specimens. 

Specimen Number First Group Second Group The Third Group Average Value 
Tensile strength (MPa) 4.26 3.89 3.46 3.87 

 
Figure 5. ECC tensile stress–strain curve. Figure 5. ECC tensile stress–strain curve.



Materials 2022, 15, 12 6 of 19

2.3. Monotonic Cycle Loading Test
2.3.1. Test Device and Loading System

This test loading device adopts the CMT microcomputer controlled electro-hydraulic
servo universal testing machine in the Structure Laboratory of Zhengzhou University, and
the measuring range of force sensor is 2000 kN. The test adopts four-point bending loading,
and the force were applied to the trisection point of the beam by the distributing beam. All
test data are automatically collected by the test software of Power Test V3.4. The loading
device is shown in Figure 6. The measuring points of strain of reinforcements are arranged
in the middle of the span.
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2.3.2. Loading Protocol

Using variable amplitude displacement control loading mode. Firstly, the test speci-
men should be preloaded once before the formal loading, in order to check whether the
loading equipment and instruments can work normally. The value of preloading should
be less than the design cracking load Pcr. Then, the vertical ultimate displacement ∆ in
the middle of the span should be determined by monotonic loading test on the specimen
of SJ-5. The results of monotonic loading test on the specimen of SJ-5 shows that the ∆ is
about 15 mm. Therefore, in the formal loading, the displacement of the initial loading cycle
is 1.5 mm, and then the displacement of each cycle increases by 1.5 mm progressively. The
monotonic cycle loading protocol is shown in Figure 7.
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3. Test Results and Analysis
3.1. Failure Process

(1) SJ-1 (Strengthened by Steel reinforced concrete)

Six cracks were observed in the pure bending section of the specimen. As the load
increased, the width of the cracks increased, and finally part of the concrete was crushed.
After unloading, the number of cracks and the crack widths remain basically unchanged,
and the ultimate bearing capacity was 32.16 kN. The failure mode of the specimen after
unloading is shown in Figure 8a.
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(2) SJ-2 (Strengthened by SMA reinforced concrete)

The failure mode of specimen SJ-2 was similar to that of SJ-1, and the number of
vertical cracks observed by SJ-2 is slightly reduced. After unloading, the maximum crack
width at the beam bottom decreased, some small cracks were closed, and the ultimate
bearing capacity was 27.17 kN. The failure mode of the specimen after unloading is shown
in Figure 8b.

(3) SJ-3 (Strengthened by SMA reinforced ECC)

Due to the characteristics of ECC, there was no obvious main crack in the strengthened
section at the bottom of the beam until the end of loading. In the existing beam section,
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there were still main cracks that appeared. With the increase of loading cycle, the number
of micro-cracks in the strengthened section of the specimen increased, but the width of
these cracks increased slowly. Finally, more than 70 micro-cracks were counted in the pure
bending section of the strengthened section. The crack distribution of specimen SJ-3 was
shown in the Figure 9. After unloading, most of micro-cracks were closed, only 3 cracks
were still observed, and the ultimate bearing capacity of the specimen was 25.31 kN. The
failure mode of the specimen after unloading is shown in Figure 8c.
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(4) SJ-4 (Strengthened by steel reinforced ECC)

ECC material was also used in specimen SJ-4, so the development of cracks during
loading was basically similar to SJ-3, mainly a large number of fine micro-cracks. With the
increase of the load, the number of micro-cracks in the strengthened section of the specimen
increased obviously. Finally, more than 40 micro-cracks were counted in the pure bending
section of the strengthened section. The width of the cracks was small, and it appeared
as obvious multiple micro-cracking when it failed. After unloading, the crack width was
basically unchanged, and the ultimate bearing capacity was 30.16 KN. The failure mode of
the specimen after unloading is shown in Figure 8d.

It can be clearly seen from Figures 8 and 9 that there are no obvious cracks at the
connection interface between the enlarged section and existing beam section of all spec-
imens, which indicates that the bonding performance between the enlarged section and
existing beam section is reliable. After strengthening, the enlarged section and existing
beam section are commonly worked together and deformed harmoniously.

3.2. Load–Displacement Curves

The load–displacement curves for all the specimens are shown in Figure 10. By
comprehensively comparing the load–displacement curves of the four specimens, it can be
seen that:

(1) Comparing the number of loading cycles of the load–displacement curves of the four
specimen, it can be found that the number of loading cycles of beams strengthened by
ECC is more than that of beams strengthened by concrete, indicating that strengthen-
ing with ECC can significantly improve the ductility of specimens. Among all tested
members, the ductility of SJ-3 is the best, followed by SJ-4, and the ductility of SJ-1
and SJ-2 are the worst.

(2) The ultimate bearing capacities of SJ-1 and SJ-4 are higher than that of the other two
specimens, because both SJ-1 and SJ-4 are reinforced by steel bars. The total tensile
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capacity of steel reinforcements is slightly greater than that of SMA bars, and the bond
strength of ribbed steel bar in concrete or ECC is better than that of the SMA bar.

(3) The residual deformation of SJ-2 and SJ-3 after unloading is smaller than the other
two specimens. However, the self-recovery performances of SJ-2 and SJ-3 are still
not obvious, and the super-elasticity of SMA is not significantly displayed while
strengthening beams.
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3.3. Skeleton Curves

The skeleton curves of 4 specimens are shown in Figure 11. By comprehensively
comparing those skeleton curves, it can be seen that:

(1) All the test processes of the four specimens have gone through three stages, respec-
tively, which are elastic stage, elastic-plastic stage, and failure stage.

(2) Replacing the steel bars in the concrete enlarged section by SMA bars with equivalent
strength, the ultimate bearing capacity of the beam reduces by 15.5%. If the concrete is
replaced by ECC, the ultimate bearing capacity decreases by about 6%. However, the
number of loading cycles of ECC specimen is significantly more that of the concrete
specimen, which shows that ECC can improve the ductility of specimens.
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(3) After reaching the ultimate bearing capacity, the bearing capacity of SJ-3 decreases
significantly slower than that of the other three members, followed by SJ-4, and SJ-1
decreases the fastest. It indicates that the ductility of SJ-3 and SJ-4 is significantly
improved while being strengthened by ECC.
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Figure 11. Skeleton curves.

3.4. Maximum Crack Width

The curves of maximum crack width distribution during loading and unloading are
shown in Figure 12. The following conclusions can be drawn from the comparison between
those curves:

(1) As the number of loading cycle increases, the cracks continue to develop and the crack
width becomes wider. After unloading, the values of maximum crack width for all
specimens reduce, but the reductions are quite different.

(2) By comparing the maximum crack width before and after unloading, it can be seen
that the reduction of the maximum crack width of SJ-1 and SJ-4 after unloading is
very small and can be basically ignored. The maximum crack width of SJ-2 and SJ-3
decreases obviously after unloading, the decreasing rates are 19.2% and 31.8%, which
indicates that the self-recovery performances of specimens can be improved while
strengthening with SMA. Due to the use of plain SMA bars as the reinforcement,
the bond strength between SMA bars and concrete/ECC is small. Therefore, the
super-elasticity of SMA cannot be fully utilized in the deformation process of the
specimen. That is the reason why the specimens of SJ-2 and SJ-3 can only be partially
recovered after unloading.

(3) By comparing the values of maximum crack width for all specimens, the maximum
crack widths of SJ-3 and SJ-4 are much smaller than the other 2 specimens, which are
less than 500µm before the 16th loading cycle. Due to its good ductility, the specimen
of SJ-3 can be continuously loaded until the vertical displacement in mid-span reaches
42 mm (the 28th loading cycle). The maximum crack width of SJ-3 at this time is only
1078 µm, which is still less than the maximum crack widths of SJ-1 and SJ-2. It proves
that using ECC as reinforcement layer can effectively control the development of crack
width in the tensile zone of the beam section.
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3.5. Number of Cracks

The curves of number of cracks for each specimen is shown in Figure 13. By comparing
the results of data analysis, it can be found that:

(1) For specimens strengthened with ECC, the number of cracks in the tensile area of
beam section is significantly more than that of concrete specimens. With the increase
of loading cycles, ECC strengthened specimens will quickly produce new cracks,
but the crack width does not increase significantly. However, after the cracking of
concrete specimens, the crack width increases with the increasing load in order to
form obvious main cracks, and the number of cracks does not increase significantly in
the later cycles of loading.

(2) By comparing the curves of number of cracks of SJ-2 and SJ-3, it can be seen that
the number of cracks of SJ-2 does not reduce significantly after unloading, but the
number of cracks of SJ-2 decreases significantly after unloading. It indicates that
the development of fine cracks is conducive to the shape memory effect and super-
elasticity of SMA. The self-recovery performance of beams can be better realized by
strengthening beams with SMA reinforced ECC layer.

(3) By comparing the curves of number of cracks of SJ-1 and SJ-2, two curves are basically
the same, and the number of cracks after unloading does not decrease. This is because
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the bonding performance between SMA and concrete is poor, so the super-elasticity
of SMA is not effective under this situation.
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(d) SJ-4.

3.6. Mid-Span Deflection

The curves of mid-span deflection for all the specimens are shown in Figure 14. By
comparing these curves, it can be seen that as the loading cycle increases, the mid-span
deflection of the specimen increases linearly. After unloading, the mid-span deflections of
the four specimens recover, while the self-recovery performance of SJ-3 is obviously the
best, followed by SJ-2 and SJ-4, and the value of recovered mid-span deflection for SJ-1 is
the minimum. The maximum recovery rates for all components are 28.4% for SJ-1, 42.7%
for SJ-2, 26.1% for SJ-3, and 27.1% for SJ-4, respectively. It indicates that: (1) The mid-span
deflection of the strengthened beam can be actively recovered by use of shape memory
effect and super-elasticity of SMA; (2) The self-recovered value of mid span deflection of
beams strengthened with ECC is obviously better than that of concrete beams, which proves
that the failure mode of fine cracks of ECC can provide good conditions for self-recovery of
the strengthened beams after unloading; (3) The recovery value of mid span deflection of
ECC members is large, but due to the low stiffness of ECC members, the recovery rate is
less than that of concrete members; (4) The recovery value of mid span deflection of ECC
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members is large, but due to the low stiffness of ECC members, the recovery rate is less
than that of concrete members
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reinforcements at the bottom section of the beam do not yield obviously during the tests. 
Therefore, there is no obvious difference in the energy consumption capacity between 
each specimen. 
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3.7. Energy Consumption Capacity

The energy consumption capacity of the specimen can be determined by the area
enveloped by the load–displacement curve of each level of loading. The curves of energy
consumption capacity for all the specimens are shown in Figure 15. It can be seen that the
energy consumption capacity of the specimen SJ-3 is the highest. Before the 22nd cycle,
the energy dissipation capacity is mainly borne by ECC, which is in the strain-hardening
stage. At the 23rd cycle, the ECC layer began to failure, the energy consumption capacity is
mainly borne by SMA at this moment, and it is significantly reduced. Before the specimen
is completely failed, the values of energy consumption for all specimens are basically
the same. This is because the steel bars inside the original beam section are still retained
after strengthening of the beams. With the reinforcement of the enlarged section, all the
reinforcements at the bottom section of the beam do not yield obviously during the tests.
Therefore, there is no obvious difference in the energy consumption capacity between
each specimen.



Materials 2022, 15, 12 14 of 19
Materials 2021, 14, x FOR PEER REVIEW 14 of 19 
 

 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

20

40

60

80

100

En
er

gy
 d

is
si

pa
tio

n(
kN

·m
)

Number of cycles

 SJ-1
 SJ-2
 SJ-3
 SJ-4

 
Figure 15. The curves of energy consumption capacity. 

3.8. Mechanical Performance of Reinforcements 
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Figure 16. The load–strain relationship between the reinforcement. (a) The steel bar in existing beam 
section; (b) The reinforcements in enlarged section. 

4. Flexural Capacity Formula 
4.1. Basic Formula 

According to the “Code for design of strengthening concrete structure” (GB50367-
2013) [45], the flexural bearing capacity of the existing beam section should be determined 
according to Formula (1): 
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3.8. Mechanical Performance of Reinforcements

Figure 16 shows the load–strain relationship between the reinforcement in the enlarged
section and the steel bar in original section. It can be concluded from the analysis of those
results that: (1) The strain development of the original reinforcements is basically similar,
which shows that all the strengthening methods of the specimens can give full play to the
material properties of the original reinforcements, and the mechanical performances of
the strengthened specimens are good. (2) The strain development of reinforcements in
the enlarged section is also relatively stable in the elastic stage. With the increase of load,
the reinforcement of SJ-1 yields first, followed by SJ-2 and SJ-4, and the reinforcement of
SJ-3 yields last. This shows that ECC in the enlarged section can bear part of the tensile
force, which makes the reinforcements in the tensile area yield later so as to improve its
recovery ability.
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4. Flexural Capacity Formula 
4.1. Basic Formula 

According to the “Code for design of strengthening concrete structure” (GB50367-
2013) [45], the flexural bearing capacity of the existing beam section should be determined 
according to Formula (1): 

Figure 16. The load–strain relationship between the reinforcement. (a) The steel bar in existing beam
section; (b) The reinforcements in enlarged section.
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4. Flexural Capacity Formula
4.1. Basic Formula

According to the “Code for design of strengthening concrete structure”
(GB50367-2013) [45], the flexural bearing capacity of the existing beam section should
be determined according to Formula (1):

M ≤ αs fy As(h0 −
x
2
) + fy0 As0(h01 −

x
2
) + f ′y0 A′s0(

x
2
− a′ ) (1)

where:

M—Design value of bending moment after strengthening of member (kN·m)
αs—Strength utilization factor of reinforcements in enlarged section, taken as αs = 0.9
f y—Design value of tensile strength of reinforcements in enlarged section (N/mm2)
As—The cross-sectional area of the reinforcements in enlarged section (mm2), as shown
in Figure 17.

Materials 2021, 14, x FOR PEER REVIEW 15 of 19 
 

 

≤ x x xM α f A h f A h f A a' ' '
s y s 0 y0 s0 01 y0 s0( - ) + ( - ) + ( - )

2 2 2
 (1)

where： 
M—Design value of bending moment after strengthening of member (kN·m) 
αs—Strength utilization factor of reinforcements in enlarged section, taken as αs = 0.9 
fy—Design value of tensile strength of reinforcements in enlarged section (N/mm2) 
As—The cross-sectional area of the reinforcements in enlarged section (mm2), as shown in 

Figure 17. 
h0, h01—Effective height of section after strengthening and before strengthening (mm), as 

shown in Figure 17. 
x—Height of compression zone of the section concrete (mm) 
fy0, f’y0—Design value of tensile and compressive strength of steel bars in existing structure 

member (N/mm2) 
As0, A’s0—The cross-sectional area of the tensile reinforcements and compressive reinforce-

ments (mm2), as shown in Figure 17. 
a’—The distance from the resultant force point of longitudinal compressive reinforce-

ments to the edge of compression zone of the beam (mm), as shown in Figure 17. 

 
Figure 17. Dimensions of strengthened beam. 

4.2. Flexural Capacity of ECC Reinforced Beams 
Through the verification of the test results, it is found that when ECC is used to 

strengthen the tensile zone of the beam, due to the excellent tensile performance of ECC, 
the contribution of ECC to the bending capacity of the strengthened beam must be con-
sidered. Therefore, formula 1 needs to be revised. The revised formula is shown as For-
mulas (2) and (3). 

×≤ ' ' ' 1
s y s 0 y0 s0 01 y0 s0 t,ecc( - ) + ( - ) + ( - ) + ( - - )

2 2 2 2 2
hx x x xM α f A h f A h f A a F h  (2)

= × ×t,ecc t,ecc 1F f b h  (3)

where: 
ft,ecc—Equivalent strength of ECC (N/mm2), Use value of σtc in the tensile stress–strain re-

lationship curve of the ECC shown in Figure 18 [46] 
b—Section width (mm) 
h1—The height of enlarged section strengthened by ECC (mm), h1 = 40 mm in these tests 

Figure 17. Dimensions of strengthened beam.

h0, h01—Effective height of section after strengthening and before strengthening (mm), as
shown in Figure 17.
x—Height of compression zone of the section concrete (mm)
f y0, f’y0—Design value of tensile and compressive strength of steel bars in existing structure
member (N/mm2)
As0, A’s0—The cross-sectional area of the tensile reinforcements and compressive reinforce-
ments (mm2), as shown in Figure 17.
a’—The distance from the resultant force point of longitudinal compressive reinforcements
to the edge of compression zone of the beam (mm), as shown in Figure 17.

4.2. Flexural Capacity of ECC Reinforced Beams

Through the verification of the test results, it is found that when ECC is used to
strengthen the tensile zone of the beam, due to the excellent tensile performance of ECC,
the contribution of ECC to the bending capacity of the strengthened beam must be con-
sidered. Therefore, formula 1 needs to be revised. The revised formula is shown as
Formulas (2) and (3).

M ≤ αs fy As(h0 −
x
2
) + fy0 As0(h01 −

x
2
) + f ′y0 A′s0(

x
2
− a′ ) + Ft,ecc × (h− x

2
− h1

2
) (2)

Ft,ecc = ft,ecc × b× h1 (3)
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where:

f t,ecc—Equivalent strength of ECC (N/mm2), Use value of σtc in the tensile stress–strain
relationship curve of the ECC shown in Figure 18 [46]
b—Section width (mm)
h1—The height of enlarged section strengthened by ECC (mm), h1 = 40 mm in these tests
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4.3. Verification of the Revised Formula

By using the parameters of material properties in Tables 4 and 5, the theoretical value
of flexural bearing capacity of each specimen can be calculated through the revised formula.

Table 4. Yield strength of longitudinal reinforcement.

Material SMA Tensile Longitudinal Bar Compressed Longitudinal Bar

Yield Strength (MPa) 296.17 397.17 397.17

Table 5. Concrete strength.

Material Concrete ECC

Compressive strength (MPa) 17.48 18,021

Tensile strength (MPa) - 5.1

The theoretical values and the experimental value of flexural bearing capacity for
all 4 specimens are shown in Table 6, where Mcu is the calculated theoretical value of
the bearing capacity of the beam strengthening with increasing section area, Mtu is the
experimental value of the bearing capacity of the beam strengthening with increasing
section area, which can be determined by the loading when the reinforcements are yielded,
and Mcu/Mtu is the ratio of the theoretical value to the experimental value.
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Table 6. The theoretical values and the experimental values of bending capacity for the
strengthened beams.

Specimen
Number

Reinforcement
Material Mcu (kN·m) Mtu (kN·m) Mcu/Mtu

SJ-1 Steel-Concrete 2.75 2.96 0.92
SJ-2 SMA-Concrete 2.51 2.76 0.91
SJ-3 SMA-ECC 2.51 2.78 0.90
SJ-4 Steel-ECC 2.75 2.93 0.94

It can be seen from Table 6 that the bending capacity calculated by Formula (2) for all
the specimens are in good agreement with the test value, and the errors are all within 10%,
indicating that the accuracy of the revised formula can be guaranteed. The values of Mcu
are always less than the value of Mtu, representing that the theoretical values calculated by
Formula (2) are much safer compared with the actual value, and the revised formula can be
well applied to beam strengthening with increasing section of ECC.

5. Conclusions

(1) The effects of heat treatment, strain amplitude, and number of loading cycle on the
mechanical properties of SMA were studied. The results show that the mechanical
properties of SMA can be improved by heat treatment significantly; the stability of
mechanical properties of SMA can be significantly improved by increasing the strain
amplitude and loading cycle.

(2) The reinforced concrete beam strengthened with increasing section of ECC have good
toughness, the cracking characteristics of the strengthened beam is the fine cracks
when it fails. The strengthened beam can continue to bear the load beyond the ultimate
bearing capacity, and the bearing capacity decreases slowly, indicating that the beam
strengthening with increasing section of ECC has good energy dissipation capacity.

(3) The total tensile capacity of steel reinforcements is slightly greater than that of SMA
bars, and the bond strength of ribbed steel bar in concrete or ECC is better than that
of SMA bar. Therefore, the bearing capacity of specimens strengthened with steel is
better than that of SMA bar.

(4) The crack width, number of cracks, and recovery performance of concrete beams
strengthened with SMA bars are better than those of ordinary reinforced concrete
beams. In order to give full play to shape memory effect and super-elasticity of SMA,
the bond strength between SMA and concrete/ECC should be improved. The effect
of temperature on the material properties of SMA cannot be ignored.

(5) The combination of SMA and ECC gives full play to their own respective advan-
tages, respectively. ECC provides good toughness and cracking characteristics, and
SMA provides excellent recovery ability. These two materials working together can
significantly improve the reliability of the structure.

(6) Based on the design formula of bending capacity recommended by the design code
and considering the tensile capacity provided by ECC in the strengthened section, a
revised design formula for the bending bearing capacity of RC beams strengthened
with increasing section of ECC is proposed. The revised design formula are well
demonstrated by the test results, indicating that the revised formula can be well
applied to the beam strengthening with increasing section of ECC.

The purpose of this paper is to reveal the bending capacity, failure mode, and self-
recovery capacity of concrete beams strengthened with SMA/ECC enlarged section based
on full-scale beam specimens with small dimensions. In the follow-up research, the influ-
ence of different design parameters, such as section size, flexure reinforcement ratio, and
material strength, etc., on the flexural performance of concrete beams strengthened with
SMA/ECC enlarged section will be further analyzed theoretically and experimentally to
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improve the design principle of the strengthening method and provide a theoretical basis
for design of strengthening works.

Author Contributions: Conceptualization, H.Q. and X.Z.; methodology, Q.Z. and E.D.; software,
Q.Z., E.D. and J.G.; validation, X.Z. and J.G.; formal analysis, Q.Z.; investigation, Q.Z. and X.Z.;
resources, E.D.; data curation, Q.Z.; writing—original draft preparation, X.Z.; writing—review and
editing, H.Q.; visualization, J.G.; supervision, X.Z.; project administration, H.Q.; funding acquisition,
X.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, Grant number
51987631, 51478438; The Key Research Projects of Henan Higher Education Institutions, Grant
number 20A560002.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pan, Y. Durability Analysis of Concrete Structure. Appl. Mech. Mater. 2013, 2382, 312. [CrossRef]
2. Tabrizikahou, A.; Kuczma, M.; Nowotarski, P.; Kwiatek, M.; Javanmardi, A. Sustainability of Civil Structures through the

Application of Smart Materials: A Review. Materials 2021, 14, 4824. [CrossRef] [PubMed]
3. Qiu, C.X.; Zhu, S.Y. Shake table test and numerical study of self-centering steel frame with SMA braces. Earthq. Eng. Struct. Dyn.

2017, 46, 117–137. [CrossRef]
4. Qiu, C.X.; Zhu, S.Y. Performance-based seismic design of self-centering steel frames with SMA-based braces. Eng. Struct. 2017,

130, 67–82. [CrossRef]
5. Mirzai, N.M.; Mansouri, I.; Tezcan, J.; Awoyera, P.O.; Hu, J.W. Estimating optimum parameters of a new SMA damper under

different earthquake ground motions. Structures 2021, 33, 2700–2712. [CrossRef]
6. Mirzai, N.M.; Cho, H.M.; Hu, J.W. Experimental study of new axial recentering dampers equipped with shape memory alloy

plates. Struct. Control. Health Monit. 2020, 28, e2680. [CrossRef]
7. Wang, W.; Tang, Y.C.; Xu, W.K. Experimental and FEA Studies of a New Type SMA Viscous Damper. Appl. Mech. Mater. 2013,

2545, 353–356. [CrossRef]
8. Wang, B.; Zhu, S. Super-elastic SMA U-shaped dampers with self-centering functions. Smart Mater. Struct. 2018, 27, 55003.

[CrossRef]
9. Wilde, K.; Gardoni, P.; Fujino, Y. Base isolation system with shape memory alloy device for elevated highway bridges. Eng. Struct.

2000, 22, 222–229. [CrossRef]
10. Jiang, S. The Earthquake Response Analysis of Re-Centring Isolation Structure with Shape Memory Alloys. Master’s Thesis,

Xi’an University of Architecture and Technology, Xi’an, China, 2004. (In Chinese).
11. Narjabadifam, P.; Noori, M.; Cardone, D.; Eradat, R.; Kiani, M. Shape memory alloy (SMA)-based Superelasticity-assisted Slider

(SSS): An engineering solution for practical aseismic isolation with advanced materials. Smart Struct. Syst. 2020, 26, 89–102.
12. Shinozuka, M.; Chaudhuri, S.R.; Mishra, S.K. Shape-Memory-Alloy supplemented Lead Rubber Bearing (SMA-LRB) for seismic

isolation. Probabilistic Eng. Mech. 2015, 41, 34–45. [CrossRef]
13. Qian, H.; Xu, J.; Zhang, X.; Deng, E.; Liu, Y.; Fan, J. Seismic performance of shear wall structure with self-centering energy-

dissipating coupling beam. J. Civ. Environ. Eng. 2021, 43, 9–15. (In Chinese)
14. Li, S.B.; Liang, Q.G.; Li, J.P. Finite Element Analysis for the Crack Self-Repairing Behavior of the Concrete Beam Embedded Shape

Memory Alloy. Appl. Mech. Mater. 2014, 2972, 507. [CrossRef]
15. Deng, Z.; Li, Q.; Sun, H. Behavior of concrete beam with embedded shape memory alloy wires. Eng. Struct. 2006, 28, 1691–1697.

[CrossRef]
16. Elbahy, Y.I.; Youssef, M.A. Flexural behaviour of superelastic shape memory alloy reinforced concrete beams during loading and

unloading stages. Eng. Struct. 2019, 181, 246–259. [CrossRef]
17. Azadpour, F.; Maghsoudi, A.A. Experimental and analytical investigation of continuous RC beams strengthened by SMA strands

under cyclic loading. Constr. Build. Mater. 2020, 239, 117730. [CrossRef]
18. Saiidi, M.S.; Wang, H. Exploratory study of seismic response of concrete columns with shape memory alloys reinforcement. ACI

Struct. J. 2006, 103, 436–443.
19. Billah, A.H.M.M.; Alam, M.S. Probabilistic seismic risk assessment of concrete bridge piers reinforced with different types of

shape memory alloys. Eng. Struct. 2018, 162, 97–108. [CrossRef]
20. Zheng, Y.; Dong, Y. Performance-based assessment of bridges with steel-SMA reinforced piers in a life-cycle context by numerical

approach. Bull. Earthq. Eng. 2019, 17, 1667–1688. [CrossRef]
21. Wang, B.; Zhu, S. Seismic behavior of self-centering reinforced concrete wall enabled by superelastic shape memory alloy bars.

Bull. Earthq. Eng. 2018, 16, 479–502. [CrossRef]
22. Cortes-Puentes, L.; Zaidi, M.; Palermo, D.; Dragomirescu, E. Cyclic loading testing of repaired SMA and steel reinforced concrete

shear walls. Eng. Struct. 2018, 168, 128–141. [CrossRef]

http://doi.org/10.4028/www.scientific.net/AMM.313-314.312
http://doi.org/10.3390/ma14174824
http://www.ncbi.nlm.nih.gov/pubmed/34500913
http://doi.org/10.1002/eqe.2777
http://doi.org/10.1016/j.engstruct.2016.09.051
http://doi.org/10.1016/j.istruc.2021.06.019
http://doi.org/10.1002/stc.2680
http://doi.org/10.4028/www.scientific.net/AMM.353-356.1815
http://doi.org/10.1088/1361-665X/aab52d
http://doi.org/10.1016/S0141-0296(98)00097-2
http://doi.org/10.1016/j.probengmech.2015.04.004
http://doi.org/10.4028/www.scientific.net/AMM.507.455
http://doi.org/10.1016/j.engstruct.2006.03.002
http://doi.org/10.1016/j.engstruct.2018.12.001
http://doi.org/10.1016/j.conbuildmat.2019.117730
http://doi.org/10.1016/j.engstruct.2018.02.034
http://doi.org/10.1007/s10518-018-0510-x
http://doi.org/10.1007/s10518-017-0213-8
http://doi.org/10.1016/j.engstruct.2018.04.044


Materials 2022, 15, 12 19 of 19

23. Youssef, M.A.; Alam, M.S.; Nehdi, M. Experimental Investigation on the Seismic Behavior of Beam-Column Joints Reinforced
with Superelastic Shape Memory Alloys. J. Earthq. Eng. 2008, 12, 1205–1222. [CrossRef]

24. Nahar, M.; Islam, K.; Billah, A.M. Seismic collapse safety assessment of concrete beam-column joints reinforced with different
types of shape memory alloy rebars. J. Build. Eng. 2020, 29, 101106. [CrossRef]

25. Azariani, H.R.; Esfahani, M.R.; Shariatmadar, H. Behavior of exterior concrete beam-column joints reinforced with Shape Memory
Alloy (SMA) bars. Steel Compos. Struct. Int. J. 2018, 28, 83–98.

26. Nguyen, H.D.; Choi, E.; Nguyen, S.N.; Pham, T.K. Performance of self-centering devices containing superelastic SMA bars and
their application via finite element analysis. Eng. Struct. 2021, 237, 112113. [CrossRef]

27. Gholampour, A.; Ozbakkaloglu, T. Understanding the compressive behavior of shape memory alloy (SMA)-confined normal- and
high-strength concrete. Compos. Struct. 2018, 202, 943–953. [CrossRef]

28. Qian, H.; Ren, Z.; Xiong, J.; Kang, L. Experimental investigation on seismic performance of RC pier columns confined with shape
memory alloy wires. China Civ. Eng. J. 2020, 53, 265–271. (In Chinese)

29. Zhang, J.; Leung, C.K.; Cheung, Y.N. Flexural performance of layered ECC-concrete composite beam. Compos. Sci. Technol. 2006,
66, 1501–1512. [CrossRef]

30. Yuan, F.; Pan, J.; Leung CK, Y. Flexural behaviors of ECC and concrete/ECC composite beams reinforced with basalt fiber-
reinforced polymer. J. Compos. Constr. 2013, 17, 591–602. [CrossRef]

31. Ding, Y.; Yu, K.; Yu, J.; Xu, S.L. Structural behaviors of ultra-high performance engineered cementitious composites (UHP-ECC)
beams subjected to ending-experimental study. Constr. Build. Mater. 2018, 177, 102–115. [CrossRef]

32. Wu, C.; Pan, Z.F.; Su, R.K.L.; Leung, C.K.; Meng, S. Seismic behavior of steel reinforced ECC columns under constant axial loading
and reversed cyclic lateral loading. Mater. Struct. 2017, 50, 78–92. [CrossRef]

33. Yang, J.; Liang, S.T.; Zhu, X.J.; Wu, D.Y.; Wang, G.Y. Research on the Design Method of a Scale Model of ECC Reinforced Concrete
Precast Shear Wall Structure. Appl. Mech. Mater. 2016, 858, 29–33. [CrossRef]

34. Said, S.H.; Abdul Razak, H. Structural behavior of RC engineered cementitious composite (ECC) exterior beam–column joints
under reversed cyclic loading. Constr. Build. Mater. 2016, 107, 226–234. [CrossRef]

35. Li, X.; Li, M.; Song, G. Energy-dissipating and self-repairing SMA-ECC composite material system. Smart Mater. Struct.
2015, 24, 025024. [CrossRef]

36. Liu, X. The Characterization and Control of Shape Memory Alloy Cables for Reinforcement of Engineered Cementitious
Composite Beams. Master’s Thesis, University of Houston, Houston, TX, USA, 2013.

37. Wang, H. A Study of RC Columns with Shape Memory Alloy and Engineered Cementitious Composites. Master’s Thesis,
University of Nevada Reno, Reno, NV, USA, 2005.

38. Hosseini, F.; Gencturk, B.; Lahpour, S.; Gil, D.I. An experimental investigation of innovative bridge columns with engineered
cementitious composites and Cu-Al-Mn super-elastic alloys. Smart Mater. Struct. 2015, 24, 085029. [CrossRef]

39. Rojas, M.A.S. Behavior of Engineered Cementitious Composite Repaired Superelastic-Shape Memory Alloy Reinforced Shear
Walls. Master’s Thesis, YORK University, Toronto, ON, Canada, 2020.

40. Khan, M.S. Seismic performance of deficient RC frames retrofitted with SMA-reinforced ECC column jacketing. Innov. Infrastruct.
Solut. 2021, 6, 157. [CrossRef]
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