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Abstract: To enhance the bending mechanical properties of fiber-reinforced plastics (FRP) and address rapid
damage repair under multiple bending loads, an improved shape memory alloy hybrid composite (ISMAHC)
was developed by embedding layered orthogonal shape memory alloy (SMA) wires into FRP. Three-point
bending and water bath recovery tests were performed on traditional single-layer unidirectional SMA hybrid
composites (SMAHC), ISMAHC and FRP. The effects of layered orthogonal SMA configuration on stiffness,
strength, and recovery capability were compared and investigated. Results demonstrate that SMA wires form
a coupling effect with FRP, increasing the bending modulus. Furthermore, ISMAHC has higher stiffness due
to its orthogonal architecture. The water bath recovery tests indicate that SMAHC and ISMAHC possess good
deflection recoverability and mechanical property recoverability after multiple bending loadings. The
deflection recovery rate of the first bending test is greater than 60%, and that of the second bending test is
greater than 30%. Additionally, the bending modulus and bending strength recover more than 30%, with
ISMAHC showing superior recoverability.
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0 Introduction

Fiber-Reinforced Plastics (FRP) have high specific strength and excellent impact resistance'", rendering
them widely adopted in marine engineering, particularly for ship and offshore structural applications[zﬂ‘].
During marine service, FRP components in ship structures experience diverse loadings, with bending being
the primary load-bearing mode". Consequently, bending mechanical properties are critical for ensuring the
structural integrity of marine FRP components[H]. It is worth noting that ship structures are subjected not

only to single bending loads but also to multiple bending loads in practical service. Enhancing bending

Received date: 2025-10—18
Foundation items: Supported by the National Natural Science Foundation of China (52571364)
Biography: LI Xiao-bin (1971-), male, Ph.D., professor, E-mail: Ixbmark@]163.com; LI Chun-bao (1988—), male, Ph.D.,

assistant professor, corresponding author, E-mail: leecubao@whut.edu.cn.


https://doi.org/10.3969/j.issn.1007-7294.2026.06.008
https://doi.org/10.3969/j.issn.1007-7294.2026.06.008
https://doi.org/10.3969/j.issn.1007-7294.2026.06.008
mailto:lxbmark@163.com
mailto:leecubao@whut.edu.cn

958 fE AR 127 530 5 6 401

performance and developing rapid damage mitigation strategies for FRP under cyclic bending have emerged
as critical challenges in marine engineering. To develop smart composites with high specific strength, high
specific stiffness, and self-recovery capability, researchers have integrated shape memory alloys

12]

(SMA)—notably featuring superelasticity, shape memory effect, and high damping[gf —into FRP matrices,

creating SMA hybrid composites (SMAHC). A series of studies has been conducted on the static mechanical

. 13-19
properties'

and recovery properties[zof%] of SMAHC.

Studies on the static mechanical properties of SMAHC focused on the mechanical properties of the
material under tension and the post-flexural behavior of different structures. Shariat et al™ investigated the
deformation behavior of SMAHC under tensile loading and the shape recovery properties during the heating
process. A constitutive equation was derived to describe the mechanical properties of SMAHC under tensile
loading. Hui et al'* conducted tensile tests with constrained recovery tests on SMAHC. A modified model
based on Brinson's constitutive equation was further developed to effectively predict the relationship between
structural recovery stress and temperature. Akbari et al'” numerically investigated the buckling behavior of
thin-walled composite shells embedded with SMA wires. It was found that the critical buckling load of the
structure was increased by 35% due to the incorporation of SMA wires. Patil et al' investigated the static
deformation and equivalent stresses of SMAHC at different temperatures. Rasid et al™” explored and
analyzed the post-buckling behavior of SMAHC and developed a post-buckling finite element model for
SMA. It was found that the post-buckling path will be more stable with the addition of SMA wires to the
composite plate.

In terms of the recovery properties of SMAHC, Dezaki et al™ focused on combining SMA with fiber
reinforcements to prepare dynamic hybrid composites, and tested their robustness and controllability. It was

found that the surface deflection could be controlled by temperature regulation. Bollas et al*!

investigated the
problem of high restoring force generated by single SMA wires in composites under confined conditions, and
found that these wires act as an internal stress generator in SMAHC. However, the damage mechanisms and
bending mechanical behavior of SMAHC remain underexplored, with particular gaps in understanding the
post-recovery property evolution.

In this study, an ISMAHC was designed to improve the bending mechanical properties of fiber-
reinforced plastics and their damage management ability under multiple bending loads. This paper
investigated the damage characteristics, bending mechanical properties, and the variation of mechanical
properties after heating recovery of SMAHC and ISMAHC under bending loads through three-point bending
and water bath recovery tests. Both experimental tests and theoretical calculations were carried out to analyze

the mechanical and recovery properties of SMAHC and ISMAHC under bending loads.

1 Structure design and preparation

Pinto et al”" stated that the layered cross-shaped wires material can improve the structural stiffness of
composite materials. Moreover, the positive hybridization effect with the composites modifies the energy
dissipation mechanism of the structure and reduces the degree of intralaminar damage in the composite
structure. Rim et al”” demonstrated that composites with monolayer isotropic SMA wires exhibit partial
deflection recovery under post-impact quasi-static loading. To address these limitations, this study engineers
ISMAHC by strategically interleaving layered orthogonal SMA wires within glass fiber composites, targeting
enhanced strength and thermomechanical recoverability. ISMAHC is composed of 12 layers of SW220 glass
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fiber orthogonal nonwoven fabric with SMA wires embedded between the fourth and fifth layers and between
the eighth and ninth layers of the structure. The SMA wires feature nickel-titanium (NiTi) filaments with a

diameter of 0.3 mm and a transverse pitch of 5 mm. The schematic structure is shown in Fig.1(a).

FRP SMAHC ISMAHC
0.5 mm filament spacing

90° SMA

l(:)Ir{tll)logonal plain| 7 /// {////

""" 0.5 mm filament spacing

0° SMA
Fig.1 Schematic of the structures and the specimens of the test

(a) Structure schematic

(b) Structural specimens

To fabricate ISMAHC, SW220 high-strength fiberglass nonwoven is bonded by means of a vinyl resin
adhesive. SW220 high-strength fiberglass nonwoven has a surface density of 240 g/m’, a tensile modulus of
elasticity of 86.4 GPa, a tensile strength of 4.6 GPa, and an elongation at break of 5.3%. SMA wire material
with a diameter of 0.3 mm is selected. The composite structure is manufactured via the Vacuum Assisted
Resin Injection molding (VARI) process. The DARDI's DWJ1425-FC waterjet cutting machine is employed
to cut the initial composite material board by waterjet. For comparative tests, a conventional SMAHC
embedded with a single layer of SMA wires in FRP as proposed in the literature [20,27—28] is fabricated
using the same process. After waterjet cutting, test specimens with a length of 80 mm and a width of 25 mm
are obtained. The FRP specimens are labeled as P-1, P-2, and P-3; the SMAHC specimens are labeled as S-1,
S-2, S-3, S-4, and S-5; and the ISMAHC specimens are labeled as IS-1, IS-2, and IS-3. The specimens of the
FRP, SMAHC, and ISMAHC are shown in Fig.1(b).

2 Design of the experiment

The first three-point bending test was performed on the specimens using an electronic universal testing
machine in accordance with the ASTM D790 standard. After aligning the specimen with the punch of the
universal material testing machine, the specimen was subjected to bending loads at a loading rate of
3 mm/min. In the loading protocol, a load cessation criterion was defined as 60% of the historical maximum
force recorded by the universal testing machine during the test. This design ensured that specimens
underwent a complete bending failure evolution while avoiding complete structural fracture, thus
safeguarding experimental safety. During the test, a video camera was employed to record the bending
damage process of the specimen. Following static three-point bending to failure, the specimen was heated to
investigate its structural recoverability. To uniformly heat the specimens at a constant low temperature and to

clearly observe their recovery behavior, the water-bath heating method was employed. The specimens were
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heated in a 56 °C water bath with a DF-101 collector-type thermostatic heater; this temperature was set just

above the end of the martensitic phase transition

First three-point ‘

First water bath }

temperature of the SMA wires. This enables the Lo Tecovery test Temperafure
SMA wires to generate recovery forces when the < Heating dish £
. . 1 hereb di Second three-
composite 1S not 1n a glassy state, thereby avoiding point bend test
any impact on the strength of the composite. A 1 |
video camera was adopted to record the response
. . J bath test
process and the vernier calipers were utilized to S
measure the deflection during the experiment. Fig.2 Flow chart of the series of experiments

Subsequently, a second three-point bending test was then conducted to investigate the recovery of the
structure's strength and stiffness. Finally, a second water bath recovery test was conducted to investigate the

secondary recoverability of the structure. The flowchart of the series experiment is shown in Fig.2.

3 Experimental results and analysis

3.1 Damage morphology
Fig.3 shows the damage morphology of FRP, SMAHC and ISMAHC after the first three-point bending
test. Although all specimens exhibited similar damage patterns, the different arrangement of shape memory

alloy wires resulted in differences in the spatial layout and strength of damage propagation.

Fig.3 Damage morphology diagram of the specimen after the first three-point bending test
Compressive damage is observed on the upper surface of all specimens during bending. The degree of
compressive damage is reduced by the addition of SMA wires. In conclusion, the compressive damage on the
upper surface of the structure during bending is pronounced in the FRP specimens. Obvious matrix cracking

and fiber breakage are clearly observed in the area directly beneath the indenter. Outside the direct range of
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action of the indenter there is still visible damage with dense "white spots". Compared with the FRP structure,
the compressive damage zone on the upper bending surface of the SMAHC is more concentrated, mainly
focusing on the area directly under the indenter. For the ISMAHC, the compressive damage zone on its upper
bending surface is even more concentrated. Outside the area directly under the indenter, there is almost no
compressive damage in the structure. Furthermore, the edges of the compressive damage region of ISMAHC
are closer to a straight line, which demonstrates that the damage is more uniform.

The tensile damage observed on the lower surface indicates that the embedded SMA wires promote
a more pronounced evolution of tensile damage in the structure, which can be attributed to the load-
transfer mechanism of SMA wires. It is observed that the tensile damage region on the lower surface of the
FRP specimen is small and heterogeneous. The damage patterns are mainly the debonding of the fibers from
the matrix material. The tensile damage of SMAHC is concentrated, with the shape of the damage being
basically straight. SMAHC exhibits significant fiber breakage with the appearance of fiber break zones.
ISMAHC demonstrates nearly double the tensile damage area, featuring dense fiber fractures and matrix
microcracking.

The embedding of SMA wires increases the delamination damage region of the composite structure.
This might be because the fact that the interleaving of SMA wires disrupts the interfacial properties of the
structure. On the contact surface between the SMA wires and the FRP, micro-defects inevitably occur during
the fabrication process due to the different material properties. These micro-defects can lead to delamination
damage of the structure during bending.

Following the first water bath recovery, both SMAHC and ISMAHC specimens exhibited measurable
deflection recovery, attributed to SMA wires actuation above martensitic finish temperature. Damage
morphology analysis revealed unchanged matrix cracking patterns in SMAHC after recovery, despite
deflection reduction. This is because the protruding parts of the cracks detached from the main structure, as
shown in Fig.4. The compressive damage that occurs in the structure during the first three-point bending
remains almost invariable after the recovery. Recovery heating induced fiber layer re-alignment (Fig.4),
mitigating interlaminar delamination but not eliminating matrix cracks. The region of tensile damage
developed during the first three-point bending did not change significantly after recovery, but the fiber breaks
in its center are more conspicuous. The damaged fibers extend outside the main structure due to deflection
recovery, causing the lower surface of the structure to appear rougher. ISMAHC had similar recovery

behavior but less fiber protrusion (Fig.4), consistent with its narrower tensile damage zone.

First three-point bend test

First water bath recovery test

Fig.4 Variation of damage morphology of SMAHC samples after water bath recovery test
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3.2 Stress-strain relationship
Load and deflection data from three-point bending tests were calculated using bending stress and strain
formulas respectively. The bending stress-strain curves were obtained for each specimen.

Fig.5 illustrates the bending stress-strain curve of the FRP during the first three-point bending test.

Linear elastic behavior dominates up to ¢ = 0.015, 350 FRP
corresponding to the elastic deformation of | o
—
. . 300 | o
fiberglass reinforcement. At this stage, the : a :
e e 1 1
structure is primarily subjected to matrix 250 - : :
. . . [ i 1
compressive damage. Upper surface inspection g ! N
p g pp p E 200 | Large cracks i i -
identifies that fiber-matrix debonding zones 2 in the matrix ' P
. . £ 150 cracking ' b ' Second
("white spots") extended bilaterally from the B r e
2 ; latform
. . . x First platform area P
indenter contact line. At a strain of 0.022, the FRP 100L area
reaches its ultimate strain, at which point matrix volutionary
. 50+ irections
cracking occurs on the upper surface.
Consequently, the load-bearing capacity of the L ' ' : ' ' '
0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
structure is diminished. Post-ultimate behavior Bending strain &

features two distinct plateau regions, revealing Fig.5 Bending stress-strain curve of the FRP in the first
damage evolution mechanisms. The first plateau three-point bending test

region is caused by the continued evolution of compressive damage on the upper surface of the structure.
Damage propagates as wedging cracks through the laminate thickness, driven by compressive shear stress.
This results in the formation of the first plateau region where the structural load-carrying capacity cannot
increase. At a strain of 0.027, the structural compressive damage evolution is basically complete and the
structural load-carrying capacity decreases. The structure is in the second plateau region after the ultimate
strength at the strain range of 0.029 to 0.031. At this stage, the tensile damage of the structure continues to
evolve in the thickness direction.

The bending stress-strain curves of the SMAHC during the first three-point bending test are presented in
Fig.6(a). During static bending, the stress-strain relationship of SMAHC is similar to that of FRP. However,
compared with FRP, its first plateau region is shorter. This discrepancy may stem from the fact that SMAHC
compressive failure being primarily localized near the contact surface, in contrast to the FRP evolutionary
behavior observed in the first plateau region. The second plateau region of the structure mainly undergoes
further evolution of tensile failure, which is longer compared to the evolution of FRP in this region. This may
be due to the presence of SMA wires, which transfer the tensile force generated by bending in the structure to
the composite material, resulting in a prolonged evolution of tensile failure and a more complete degree of
evolution.

Fig.6(b) presents the bending stress-strain curve of the ISMAHC during the first three-point bending
test. During static bending, the stress-strain relationship of ISMAHC is similar to that of SMAHC. The
prolonged evolutionary time of the first plateau region in ISMAHC is primarily attributed to the occurrence
of more severe matrix damage during flexural loading. Compared with the second plateau region of the
SMAHC, the second plateau region of the ISMAHC is longer. This may be due to the effect of the transverse
SMA wires, which leads to a more uniform evolution of the structure and a longer time for the evolution of

tensile failure and a more complete degree of failure.
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Fig.6 Bending stress-strain curve of the SMAHC and ISMAHC in the first three-point bending test
3.3 Response capacity

Since SMA has shape memory properties, shape memory metal reinforced composites can be made to
have certain self-recovery effects under heating conditions through the shape memory effect of SMA after
combining it with ordinary FRP materials™ Y. This study aims to investigate whether the composite
structure after adding SMA wires has self-recovery properties and how its self-recovery process evolves. We
firstly studied the deformation of SMAHC and ISMAHC in a series of self-recovery tests, as shown in Fig.7,
it is noteworthy that the incorporation of SMA wires endows the composite structures with a certain
deflection recovery ability after bending damage occurs. Among the tests, the self-recovery effects of the
structures after heating in the water bath are rapid, with all completing the self-recovery process within 5 s.
These results validate rapid bending recovery as a key attribute of SMAHC/ISMAHC, enabled by SMA’s
thermomechanical actuation.

First three-point bend test ~ First water bath recovery test : First three-point bend test First water bath recovery test

Second three-point bend test

(a) SMAHC (b) ISMAHC

Fig.7 Deformation of SMAHC and ISMAHC during recovery test

Following data acquisition of peak deflections in the self-recovery test series, deflection recovery ratios
were calculated and plotted as a bar graph (see Fig.8). The first water bath heating deflection recovery was
found to be high for both SMAHC and ISMAHC structures, with an average deflection recovery of 67.60%
for SMAHC and 80.41% for ISMAHC. This indicates that additional SMA wires are able to considerably
restore the deflection of the structure. The average deflection recovery of ISMAHC is 12.81% higher than
that of SMAHC, which has a better first deflection self-recovery effect. This is likely due to a layered cross of
SMA wires allows the restoring force to be applied more evenly through the wires throughout the bent sheet.
Therefore, it has stronger flexural self-recovery ability.

The bending deformation of the specimens in the second test was larger than that in the first one.

Nevertheless, the composite structure still had the ability to self-recover after the second three-point bending
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the composite structure. During the water bath Fig.8 Bar chart of deflection recovery data of test specimens
heating self-recovery, the recovery rate of

ISMAHC was higher than that of SMAHC. This phenomenon could be ascribed to the transmission of the
recovery force by the transverse SMA wires. It is found that both SMAHC and ISMAHC have the ability to
recover deflection twice, but the second deflection recovery of both is less than the first recovery. The
average deflection recovery of SMAHC is 30.68%, which is 36.92% less than the first recovery. However,
the average deflection recovery of ISMAHC is 57.52%, which is 22.89% less than the first recovery. This
indicates that the ISMAHC has better deflection recovery for secondary bending damage and retains a

stronger self-recovery capability in the case of multiple bending damage.

4 Discussion

4.1 Effect of SMA wires on the mechanical properties of structures

Based on the analysis of the stress-strain curves of FRP, SMAHC and ISMAHC obtained from the
experiments, it is worth noting that the bending modulus of SMAHC and ISMAHC are higher than those of
FRP. The bending modulus of SMAHC is 20.11% higher than that of FRP, and the bending modulus of
ISMAHC is 27.20% higher than that of FRP. To investigate the principle of SMA wires in composite
structures to significantly increase the bending modulus of the structure, SMAHC was used as an example to
analyze and calculate its composite structure.

Firstly, the boundary conditions of the experiment are analyzed. Since the fixture does not fully restrict
the longitudinal displacement of the composite structure during the test, the force on the SMA filament during
three-point bending of the structure is modeled as a simply supported beam based on the flat section
assumption. According to the bending theory of simply supported beams”™” the relationship between the
deflection in the middle of the beam w,,,, and the magnitude of the concentrated force acting in the middle of
the simply supported beam can be obtained by the following equation

FP
1REl (1)
where, F is the mid-span force, / is the span length of the specimen, E is the elastic modulus, and 7 is the

wmax -

moment of inertia. The magnitude of the concentrated load applied at the midspan of a simply supported
beam equals that of the reaction force exerted by the beam on the loading member as a result of the
equilibrium principle in statics. By combining the Eq.(1) and the inertia moment formula of the cylinder, we
obtained the relationship between the reaction force acting on the SMA filament in bending (Fgy4) and the
maximum deflection in the span of the SMA filament can be obtained as
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Fowa = %wmu (2
To obtain the modulus of elasticity of the SMA filament, the SMA filament was loaded using an Instron
5882 electronic universal material testing machine 1200
with equal strain rate control. To be able to remove 000 b 83 i gkﬁj I
the effect of strain rate on the stress-strain
relationship of SMA, quasi-static stretching of a;f 0T
SMA was performed with a strain rate of \; 600 -
I mm/min. After obtaining the experimental data, £ 400 |
linear data fitting was performed on the martensitic
phase of SMA material in the linear elastic stage 20T
using the principle of least squares. The slope of Y Y R —— ()‘"12
the obtained function is the martensitic elastic Strain ¢
modulus Eg of the material. The elastic modulus in Fig.9 SMA wires elastic modulus testing data

Experiment 1 was 9.638 GPa, and the elastic
modulus in Experiment 2 was 9.490 GPa (see Fig.9). The average of the two values was taken as 9.564 GPa
as the martensitic elastic modulus of the material.

In the experiment, each SMAHC specimen was interleaved with 6 SMA wires. The theoretical

calculation of the force provided by the SMA wires 400 - -
. . . - - - Theoretically calculated SMA wires
during structural bending and the maximum 3501 —}S:II\{/II;\HC
deflection of the wire span were converted into the g 300
. . . . =
bending stress and bending strain of the composite 8 230
. . . 8 200
structure using the calculation formula of bending &
. . . . @ 150
stress and bending strain. Thus, the increase in 5 SMA — FRP SMAHC
. . g 100 0.00425 154.16 178.96
strength of the composite structure during the A 5% MPa _ MPa _ MPa
bending process of the composite structure due to 0
the addition of SMA wires in theoretical 0 0005 0010 0015 0020 0025 0.030
calculations can be obtained. When comparing the Bending strain &

theoretical results with experimental data, the Fig.10 Comparison of theoretical calculation intensity
stress at a strain of 0.01 under elastic conditions increase and experimental data

was selected as the reference point (see Fig.10). Theoretical calculations incorporating SMA wires predicted a
strength enhancement of 0.004 25 MPa in the composite structure during bending. This predicted increase
was significantly smaller than the 24.8 MPa improvement observed experimentally. This indicates that the
addition of SMA wire material enhances the bending modulus of the structure, through a coupling effect,
rather than a simple additive effect.

From the morphology of the experimental results, it is clear that after adding SMA wires to the structure,
the tensile failure area of the lower surface of SMAHC significantly increases compared with that of FRP,
and the degree of damage is more severe. It can be found that the interaction between SMA wires and glass
fiber reinforced composite material leads to a more complete evolution of tensile failure of the overall
structure under bending load, thereby achieving higher bending modulus of SMAHC in bending failure.

4.2 Effect of SMA wires on structural recovery capacity
The addition of SMA wires enables the SMAHC to recover deflection after bending failure. To

investigate the recovery of mechanical properties of SMAHC in addition to deflection recovery at the
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macroscopic scale, and to explore the principles of structural recovery ability and secondary bending
resistance, further processing and analysis of experimental data were conducted.

The maximum value of the two stress-strain curves of SMAHC and ISMAHC is taken as the bending

strength o,,,, of the structure. The slope of the

Il SMAHC bending modulus |- 4()()
initial linear segment on the load deflection curve B o ending modus
is processed to obtain the bending modulus of the ISVAIC bendin sreneh 7330
structure. The bending modulus and bending g 300 g
strength of specimens with different structures are é 230 ?%D
presented in Fig.11. It was found that both the i [200 f’o
bending strength and bending modulus of the T: 150 "q‘:
structure recovered to a certain extent after being = : 100 ©
heated in a water bath. Among them, the bending -50
modulus of the SMAHC recovered by 30.85%, and

. First Second First Second
the bending strength recovered by 30.78%. The three-point  three-point three-point  three-point

. bendtest  bendtest  bendtest  bend test
bending modulus of ISMAHC has recovered by encies encies encles encies

30.83%, and the bending strength has recovered by Fig.11 Multiple bending modulus and bending strength data

37.78%. The recovery of the bending modulus and of SMAHC and ISMAHC

bending strength of the structure may be owing to the fact that during the three-point bending test load
application, the SMA wires along the length direction of the specimen transfer force to the high-strength glass
fiber layer, mainly transmitting axial tensile load. The composite structure continues to bear tensile load
outside the already damaged area, and the tensile failure area of the structure continues to expand. The degree
of damage in the damaged area continues to increase. The greater bending strength recovery of the ISMAHC

may be attributed to the more uniform distribution of the recovery force generated by the transverse wires

during heating.
From the stress-strain relationship obtained from the experiments (Fig. 12), it is concluded that

ISMAHC has a more durable load-bearing capacity ~~~First bending test of SMAHC

. . . 350 ;sfxond bending test of SMAHC
during secondary bending failure due to the ” A - ~Fintbending st ISVATC
interleaving of transverse SMA wires. Its second B
bending strength is 24.83% higher than that of % 250
SMAHC. Comparing the second three-point £ 200}
bending failure morphology of SMAHC and %ﬂ 150k
ISMAHC (Fig.13), it is concluded that the fiber 2 100 T -
tensile failure on the lower surface of ISMAHC /,./'y )
evolves more fully to both sides, and the outermost or/ 7

. 0 /'/ 1 1 1 1

fiber has already experienced fracture, and thus 001 0.0 0.03 00F 005
there is less evolution to both sides. The closer the Bending strain &
composite layer embedded with SMA wire is to Fig.12 The stress-strain relationship of SMAHC and
both sides, the more complete the tensile evolution ISMAHC

to both sides. This may be owing to the transmission of tensile force and the enhancement of material strength
by the SMA wires. Compared to SMAHC, the ISMAHC has transverse SMA wires that can cause cracks in
the structural matrix to redirect during evolution due to compression failure. The cracks alternate between

continuing to develop toward the center of the structure and developing laterally between the layers. This
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restricts the damage zone of compressive damage to prevent cracks from propagating directly to fracture,

which would induce the structure to completely lose its flexural load-bearing capacity.

Damage profile of SMAHC after
the second three-point bending test

Damage profile of ISMAHC after
the second three-point bending test

SMA filaments change the direction of
evolution of cracks produced by
compression damage

Fig.13 Comparison of local failure morphology of SMAHC and ISMAHC in the second three-point bending

5 Conclusions

This article aims to investigate the failure characteristics, flexural mechanical properties and variations
in mechanical properties after recovery of SMAHC and ISMAHC under bending loads through three-point
bending tests and water bath recovery tests. The main conclusions obtained are as follows:

(1) The addition of SMA wires reduces the compressive failure area of the structure, increases the
delamination and tensile failure areas, and yields a more uniform damage evolution. Due to the supporting
and transferring effect of tensile force by SMA wires, a longer second plateau region appears in the structure.
In ISMAHC, the lateral force transmission of SMA wires results in more uniform failure and extended second
plateau evolution time compared to SMAHC. During multiple three-point bending, the compressive failure
area remains stable, while tensile failure evolves significantly along both the longitudinal and thickness
directions of the structure.

(2) SMA wires can increase the bending modulus of FRP. Theoretical and experimental results reveal
that the interaction between SMA wire and glass fiber reinforces composite material, which leads to a more
complete evolution of tensile failure of the overall structure under bending load. This mechanism ultimately
enhances the bending modulus of SMAHC during bending failure.

(3) The ISMAHC demonstrates better multiple deflection recoverability. The SMAHC and ISMAHC
also have the ability to recover mechanical properties, with their bending modulus and bending strength
recovering by over 30%. This improvement stems from SMA wires transferring axial tensile loads to high-
strength glass fibers during bending, ultimately leading to an expansion of the tensile failure area of the

structure.
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