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Abstract

The prestressed shape memory alloy (SMA) strips confined columns are a novel reinforcement method, which not only exerts
active confinement stress on the core concrete but also avoids the common stress hysteresis problem in reinforcement. This
paper performed axial compression tests on eight sets of concrete columns with varying SMA strip width, net spacing, and pre-
strain, and the impacts of these variables regarding the failure pattern, bearing capacity, and deformability of the specimens
were investigated. A calculation model for the bearing capacity of SMA strips actively confined to concrete columns was
established and contrasted with the prediction performance of the BP neural network. The results indicate that compared to the
unconfined column, SMA strip-confined columns exhibit obvious ductile failure under compression, with the highest increase
of bearing capacity and deformability reaching up to 20.27% and 24.96%, respectively. The confinement effect becomes better
and better with the increasing strip width or the decreasing strip net spacing. When the strip pre-strain gradually increases, the
bearing capacity of confined columns gradually improves, while the deformability first enhances and then weakens. The
experimental data of other scholars is used to verify that the calculation results accord with the experimental results well, and
the prediction precision of the proposed calculation model exceeds that of the BP neural network. Meanwhile, it is confirmed
that the BP neural network exhibits a high fitting level in bearing capacity prediction (R?raining=0.990 and R?.st=0.965), offering
a novel approach for predicting the bearing capacity of structures.
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1. Introduction

As a critical load-bearing component in the building structural system, concrete columns play a significant role in
bearing both vertical and lateral loads, with their mechanical properties directly affecting the stability and safety of the
entire structure [1, 2]. However, due to the influence of multiple factors such as material aging, environmental erosion,
human factors, and disaster effects, concrete structures frequently experience performance degradation, resulting in
insufficient load-bearing capacity to meet the current code requirements. Therefore, it is urgent to take effective
reinforcement and repair measures.

Traditional strengthening techniques primarily employ passive restraint mechanisms, including steel tube confined
concrete [3, 4], fiber-reinforced polymer (FRP) confined concrete [5, 6], and high-strength spiral stirrup confined
concrete [7]. Although these techniques can enhance the axial compressive performance of concrete columns to a certain
extent, the stress lag effect is common during the strengthening process. To overcome these limitations, researchers have
proposed active restraint reinforcement techniques, mainly including prestressed steel (such as steel strips [8-10] and
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steel strands [11, 12]) and prestressed FRP [13-15]. The key advantage of this kind of technology lies in the application
of preloading stress, which not only significantly improves the material utilization rate but also effectively alleviates the
stress lag effect of the reinforced structure. However, steel has inherent defects such as easy corrosion and insufficient
durability, while FRP materials rely on epoxy resin adhesives for surface bonding, which poses a risk of interface
debonding. It is worth noting that the application of prestress for these two materials requires specialized tensioning
equipment, resulting in complex construction techniques and high costs. Consequently, there are still many technical
bottlenecks in the existing concrete column reinforcement technology. It is urgent to develop more efficient, economical,
and reliable reinforcement solutions through technological innovation and method optimization.

Shape memory alloys (SMASs), as intelligent metallic materials, have attracted extensive attention in recent years
[16-19]. Existing studies [20-22] have demonstrated that SMAs exhibit significant application potential in the active
restraint reinforcement of concrete columns. Compared with traditional prestressed steel and prestressed FRP
reinforcement techniques, the advantage of SMAs lies in that their prestress is achieved through the austenite-martensite
phase transformation mechanism induced by thermal excitation, which provides a new technical path for structural
reinforcement. Jung et al. [23] and Abdelrahman & El-Hacha [24] evaluated the mechanical properties of reinforced
concrete (RC) columns strengthened with SMA wires and FRP under static and fatigue loading. It was found that active
strengthening with SMA wires significantly improved the strength and stiffness of concrete columns more effectively
than passive strengthening with FRP. Zerbe et al. [25], Chen & Andrawes [26], and Chen et al. [27] investigated the
influence of various factors (like loading schemes, initial confining pressure, and external strip restraint ratio) on the
compressive performance of SMA strips confined to concrete columns. The outcomes indicated that the active restraint
effect of SMA strips remarkably enhances the axial bearing capacity and deformation capability. Based on experimental
data, the corresponding finite element prediction model was further established [28, 29]. Moreover, Yeon et al. [30]
explored the uniaxial compressive behavior of concrete columns confined by SMA spiral stirrups. The findings
demonstrated that the activation of SMA spiral stirrups markedly improves the ductility of concrete columns, and the
restraint effect is more pronounced when the stirrup spacing is smaller and the concrete strength is lower. Cui et al. [31]
further examined the effects of prestress level, stirrup spacing, curing conditions, and concrete type on the performance
of ultra-high-performance concrete (UHPC) columns reinforced with SMA spiral stirrups. The research found that the
active restraint of SMA spiral stirrups effectively mitigates the brittleness of UHPC and significantly enhances the
ultimate compressive strain of the specimens. Hong et al. [32] compared the influence of active and passive SMA
restraints on the axial performance of large-scale concrete columns, finding that active restraint not only improves
strength and ductility but also more effectively reduces concrete damage. Subsequently, Han et al. [33] compared the
effects of different constraint methods (SMA active constraint, FRP passive constraint, and hybrid SMA-FRP constraint)
on the performance of concrete columns under large eccentric compression. The results revealed that the active
constraint with SMA strips was more effective in improving the bearing performance than the passive constraint with
FRP. Moreover, the hybrid constraint of SMA and FRP exhibited a synergistic effect, further improving the structural
performance.

The above-mentioned research has proved that SMA shows significant advantages in enhancing the bearing capacity
and ductility performance of structural members. Currently, scholars at home and abroad have achieved relatively
systematic results in the experimental research of SMA active reinforcement technology. However, there are still
obvious deficiencies in the relevant theoretical analysis. Based on this research background, this study employs a
combination of experimental research, theoretical analysis, and machine learning (ML) to explore the influence of
different factors (SMA strip width, net spacing, and pre-strain) on the restraint effect of concrete columns, as illustrated
in Figure 1. Firstly, the effects of different parameters on the failure mode, load-bearing capacity, and deformation
capacity of SMA-strip-confined concrete columns were analyzed through experimental research. Subsequently, based
on the experimental results and comprehensively considering the constraint effect of SMA strips on the core concrete,
a bearing capacity calculation model with good applicability was established. Furthermore, to improve the computing
efficiency and reduce the engineering application cost, the BP neural network method was introduced to predict the
bearing characteristics of confined concrete columns and compared with the traditional calculation method. The research
findings not only provide a theoretical foundation and technical guidance for SMA strengthening design in engineering
practice but also open a new research approach for the prediction of structural bearing capacity.

Experimental study Theoretical analysis Bearing capacity prediction
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Figure 1. Schematic diagram of the research framework
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2. Research Methodology

The steps for conducting this study are as follows: Firstly, the key parameters were determined, and the specimen
preparation and loading scheme were described. Next, the failure modes of specimens under axial loading are analyzed,
and the load-deflection curves as well as the variation laws of bearing capacity are investigated. Theoretically, by
comparing various constraint models, the bearing capacity calculation formula of concrete columns confined by SMA
strips was corrected and established based on the Richart model, and its reliability was verified. Meanwhile, the BP
neural network is innovatively employed to predict the bearing capacity, and the influence degree of each factor is
evaluated through parameter sensitivity analysis. Finally, the research conclusions are summarized. The technical
flowchart shown in Figure 2.
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Figure 2. Flowchart of the research method

3. Experimental Overview
3.1. Material Properties

The experiment utilized commercial concrete with a strength grade of C30, and its mix proportion is detailed in
Table 1. The specimens underwent curing under standard conditions (temperature 20£2°C, relative humidity>95%) for
28 days. Three cubic specimens with dimensions of 150mmx150mmx150mm were reserved for the test. Based on GB/T
50081-2019 [34], its average cubic compressive strength is 33.31 MPa.
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Table 1. Concrete mix proportion

Matrix Water cement Water Stone Medium sand Cement
strength ratio (kg/m®)  (kg/m®) (kg/m®) (kg/m®)
C30 0.48 185 1255 586 385

In accordance with the standards of GB/T 39985-2021 [35] and GB/T 228.1-2021 [36], the SMA material was cut,
ground and polished to prepare standard specimens with a gauge length of 60mm, a width of 30mm and a thickness of
0.5mm, as depicted in Figure 3-a. The uniaxial tensile test was performed using an electronic universal testing machine
produced by Steel Yanak Testing Technology Co., Ltd. The loading process and failure mode are depicted in Figures 3-
b and 3-c, respectively. The mechanical properties of the SMA strips measured are listed in Table 2.
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Figure 3. SMA standard sample and tensile test: (a) dimension of the standard sample (unit: mm); (b) the process of the
tensile test; (c) the failure mode of the sample

Table 2. Mechanical properties of SMA strips

Yield strength (MPa)  Tensile strength (MPa)  Ultimate strain (%) Elastic modulus (GPa)
167.0 1127.3 314 10.3

3.2. Specimen Design and Preparation

Atotal of 8 groups of specimens were designed for the experiment, with each group comprising 3 specimens prepared
under the same conditions, amounting to 24 specimens in total. The primary variables investigated included the SMA
strip width (30mm, 40mm and 50mm), the SMA strip net spacing (50mm, 70mm and 90mm) and the SMA strip pre-
strain (4.22%, 8.44% and 12.66%). All specimens were fabricated using materials of the same specifications and batch,
with dimensions of height H=300mm and diameter D=150mm. The detailed design parameters are provided in Table 3.

Table 3. Design parameters of specimens

Specimen number SMA strip width SMA strip net spacing SMA strip pre-strain Pre-stretching length

b (mm) S’ (mm) &;s (%) Al (mm)
NC - - - -
AC30-50-8.44 30 50 8.44 40
AC40-50-8.44 40 50 8.44 40
AC50-50-8.44 50 50 8.44 40
AC40-70-8.44 40 70 8.44 40
AC40-90-8.44 40 90 8.44 40
AC40-50-4.22 40 50 4.22 20
AC40-50-12.66 40 50 12.66 60

Note: NC denotes the comparison specimen without SMA strip confinement, while AC denotes the actively confined specimens. The specimen
numbering follows the format of width-net spacing-pre-strain. For example, the number AC30-50-40 denotes that the specimen uses SMA strips with
the width of 30mm, the net spacing of 50mm and the pre-strain of 4.22%. The pre-stretching length of the strip is calculated using the formula Al =
1y X &5, Where [, represents the original gauge length of the SMA strip, which is calculated as l, = | — 2l. = 560 — 2 X 43 = 474mm, where [
denotes the total length of the strip, I, corresponds to the length of the clamped portion by the fixture.

The fabrication of specimens primarily involves two key steps: concrete pouring and curing, and SMA strip binding.
The focus lies on the SMA strip binding process, and the specific steps are as follows: (1) SMA strip cutting: According
to the specimen size requirements, the SMA plates were cut into strips with a dimension of thickness x length = 0.5mm
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x 560mm; (2) SMA strip pre-stretching: The SMA strips were pre-stretched using a universal testing machine. The
corresponding stretching lengths for the specimens with pre-strain of 4.22%, 8.44% and 12.66% were 20mm, 40mm
and 60mm, respectively, as shown in Figure 4-a. (3) Drilling and positioning: Based on the perimeter of the concrete
column, the drilling positions at both ends of the SMA strips were pre-calculated and marked. A deep throat press
machine was used to perform precise drilling at the marked locations, as shown in Figure 4-b. (4) SMA strip binding:
At the overlapping part of the strips, anchorage connections were made using bolts with a diameter of 8mm and a length
of 25mm, along with steel plates of 2mm thickness. The specific anchoring details are illustrated in Figure 4-c. (5)
Prestress application: A hot gun was used to uniformly heat the SMA strips on the outer surface of the specimen (the
hot gun should continuously and evenly heat the SMA surface for over five minutes to guarantee the alloy was
sufficiently activated to recover). After heating, the SMA strip generated recovery stress due to its unique SME, thereby
applying circumferential prestress to the concrete column before loading, as illustrated in Figure 4-d.

Figure 4. Binding process of SMA strips: (a) SMA strip pre-stretching; (b) drilling; (c) SMA strip binding; (d) activating SMA strip

3.3. Test Loading Device

The experiment was conducted on a 5000kN hydraulic testing machine, with the loading device presented in Figure
5. The loading process employed a force-displacement mixed control mode. Pre-loading was performed first to verify
the normal operation of the instrument and eliminate the clearance between the specimen and the loading platform.
During the formal loading phase, the load control with a rate of 20 kN/min was initially employed. Once the load attained
the peak load, the displacement control with a rate of 0.1 mm/min was applied to continue loading until the specimen
was damaged. During the test process, the axial displacement of the specimen was measured by two displacement meters
positioned diagonally on the upper and lower loading plates, while the axial load was determined by the integrated data
acquisition system of the testing machine.

Reaction
frame

Support plate

Figure 5. Test loading device

4. Results and Discussion
4.1. Failure Mode
4.1.1. Comparison Specimen NC

During the initial loading stage, no significant damage was observed on the surface of the specimen due to the
relatively minor axial load. When the load rose to around 80% of the peak load, vertically inclined microcracks emerged
at both ends of the column and propagated around it radially. With the load being continuously applied, the cracks
progressively widened and spread towards the middle of the specimen, accompanied by the spalling of concrete debris.
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When the load attained its peak, vertical cracks in the middle of the specimen rapidly propagated, forming an inverted
conical failure surface, which led to a swift decline of its bearing capacity. Throughout the entire failure process, the
NC specimen exhibited typical brittle failure characteristics, with no obvious warning signs prior to failure. The final
failure pattern of the specimen is illustrated in Figure 6-a.

4.1.2. Confined Specimens

During the initial loading stage, the confined specimens were similar to the NC specimen, showing no significant
visible changes, with the minimal deformation of the core concrete and the weak restraining effect of the SMA strips.
As the load kept rising, the lateral deformation of the confined columns raised significantly and the concrete in the
middle gradually expanded. The SMA strips began to exert the restraining effect, accompanied by a “popping” sound,
and the slight cracks emerged on the concrete surface between the strips. Upon the load attaining approximately 80% of
the peak load, the concrete around the cracks started to peel and crack. Once the peak load was attained, the concrete
experienced localized crushing. Subsequently, the load showed a slow declining trend, and the concrete was further
crushed and spalled, with the specimen being not completely crushed at the end of the experiment. Compared to the NC
specimen, the confined columns exhibited cracking without fragmentation, showing good ductile failure characteristics,
which is consistent with the research results of Choi et al. [37, 38] and Andrawes et al. [39]. The final failure modes of
the specimens are illustrated in Figures 6-b to 6-h.

/)

]40mm y

lSOmm I

Figure 6. Failure modes of specimens: (a) NC; (b) AC30-50-8.44; (c) AC40-50-8.44; (d) AC50-50-8.44; (e) AC40-90-8.44; (f)
AC40-70-8.44; (g) AC40-50-4.22; (h) AC40-50-12.66

As illustrated in Figure 4, the parameter setting of SMA strips has a significant impact on the final failure mode of
the confined columns, which is specifically manifested in the following three aspects. (1) Effect of strip width: As the
strip width increases, its restraining effect on the core concrete shows an obvious enhancement trend. The wider SMA
strips not only more effectively suppressed the spalling of surface concrete but also markedly delayed the propagation
of cracks, which can be clearly observed in Figures 6-b to 6-d. (2) Influence of strip net spacing: The reduction of the
strip net spacing significantly improved the failure mode of the specimens. A smaller net spacing effectively slowed
down the crack propagation rate in the concrete between the strips, thereby reducing the degree of concrete spalling.
Consequently, specimens with smaller strip net spacing exhibited relatively lighter concrete spalling at failure, as
illustrated in Figures 6-c, 6-e, and 6-f. (3) Effect of pre-strain: Increasing the pre-strain of the SMA strip enhanced its
contact effect with the concrete interface, thereby significantly improving the restraining effect on the core concrete
within the restraint zone. This enhanced restraint promoted the expansion of the concrete plastic zone, resulting in a
more pronounced damage pattern at the final failure, as illustrated in Figures 6-c, 6-g, and 6-h.
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4.2. Load-Displacement Curve

Figure 7 illustrates the axial load-displacement curves of specimens under varying influencing factors. As clearly
observed in Figure 7, the load-displacement curves exhibited a similar trend, which is categorized into three primary
stages: elastic stage, elastoplastic stage and descending stage. Taking the AC40-50-40 specimen as an example.

() Elastic stage. At this stage, there is a linear correlation between the load and displacement, and the curves of each
specimen almost coincided. This phenomenon indicates that the restraining effect of the SMA strips is not pronounced
because of the minimal lateral deformation of the concrete. However, the presence of SMA strips delays to some extent
the initiation and propagation of microcracks within the specimen.

(I1) Elastoplastic stage. When the load attained 50%~65% of the peak load, a distinct inflection point emerged on
the load-displacement curve, marked by a declining slope of the curve. The reason is that when the load increased to a
certain extent, the concrete underwent expansion deformation under the applied load, while the external SMA strips
exerted a restraining effect on this deformation. During this process, tensile-shear friction was generated between the
SMA strips and the surface of the concrete, causing the SMA strips to emit a “popping” sound.

(111) Descending stage. After attaining the ultimate bearing capacity, the load of the unconfined specimen exhibited
a rapid decline, with a steep curve and limited deformation capacity in the later stage. In contrast, the bearing capacity
of the confined specimens decreased relatively slowly, with a flatter curve and its ultimate deformation was significantly
greater than that of the unconfined specimen. This clearly demonstrates that the restraining effect of SMA strips
effectively improves the ductility of the concrete column, facilitating the transition from brittle failure to ductile failure
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Figure 7. Load-displacement curve: (a) different SMA strip width; (b) different SMA strip net spacing; (c) different SMA
strip pre-strain

4.3. Bearing Capacity and Deformability Performance Analysis

Table 4 presents the peak load and peak displacement of each specimen, where N, represents the ultimate bearing
capacity, Au represents the peak displacement, which is the displacement corresponding to the peak load of the specimen.
To quantitatively evaluate the influence of varying factors on the bearing capacity and deformability characteristics of
confined columns, this study introduces two parameters: (1) Bearing capacity improvement coefficient K, which is
expressed as K = N,;/N,,,, Where N,; represents the ultimate bearing capacity of the confined columns and N,
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represents the ultimate bearing capacity of the unconfined column. (2) Deformability improvement coefficient A, which
is expressed as A = Au; /Au,, where Au; represents the peak displacement of the confined columns and Auw, represents
the peak displacement of the unconfined column.

Table 4. The peak load and peak displacement of each specimen

Specimen number N, (kN) K Au (mm) y!

NC 518.00 1.000 1.258 1.000
AC30-50-8.44 581.70 1.123 1.525 1.212
AC40-50-8.44 606.90 1172 1.571 1.249
AC50-50-8.44 614.00 1.185 1.565 1.244
AC40-70-8.44 532.12 1.027 1.341 1.066
AC40-90-8.44 581.33 1.122 1.481 1.177
AC40-50-4.22 578.67 1.117 1.353 1.076
AC40-50-12.66 623.00 1.203 1.336 1.062

As illustrated in Table 4, the specimens confined with prestressed SMA strips exhibited varying degrees of
improvement in both ultimate bearing capacity and deformability characteristics compared to the NC specimen.
Specifically, the bearing capacity increased by 2.73%~20.27% and the deformability improved by 6.20%~24.96%. This
enhancement effect is primarily attributed to the self-prestress generated by the SMA strips under thermal activation,
which allows the concrete to be subjected to initial lateral confining pressure before axial compression, thereby enabling
the SMA strips to work in coordination with the concrete. During the loading process, internal cracks in the concrete
gradually propagated and lateral deformation also increased as the continuously increasing load, resulting in the
corresponding increase of restraining effect exerted by the SMA strips Meanwhile, this restraining effect effectively
suppresses the further development of concrete cracks and enhances the ultimate compressive strain of the concrete,
ultimately causing the improvement of the ultimate bearing capacity and deformability of the concrete. However, in the
study of Tran et al. [40], the peak strength and ductility of the active restrained columns increased by 7% and 11%,
respectively, whereas this study achieved a more significant improvement (with maximum increases in bearing capacity
and deformation capacity reaching 20.27% and 24.96%, respectively). This can likely be attributed to the optimized
design of the SMA strip width and pre-strain adopted in this study.

4.3.1. SMA Strip Width

By comparing the four groups of NC, AC30-50-8.44, AC40-50-8.44 and AC50-50-8.44 specimens, it can be
observed that with the growing SMA strip width, the ultimate bearing capacity of the specimens rises, whereas the
deformability presents a tendency of first rising and then gradually declining, as shown in Figure 8-a. When the SMA
strip width is 30 mm, 40 mm and 50 mm, the ultimate bearing capacity enhances by 12.30%, 17.16% and 18.53%, and
the deformability improves by 21.22%, 24.88% and 24.40% compared to the NC specimen. This improvement in
mechanical performance is primarily attributed to the increased width of the SMA strip, which raises the volumetric
stirrup ratio and thereby expands the contact area between the strips and the concrete matrix. Under the action of axial
load, wider SMA strips exert a stronger restraining effect on the lateral expansion deformation of the concrete.
Nevertheless, it is worth noting that when the strip width increases to 50mm, the deformation improvement coefficient
of the specimen shows a slight decline. This phenomenon is explained as follows: under the condition of fixed strip
spacing, overly wide strips significantly enhance the constraint effect on the end and middle areas of the concrete, which
inhibits the full development of lateral deformation of the concrete to a certain extent. Consequently, although the
increase of the SMA strip width effectively enhances the bearing capacity of concrete columns, there exists an optimal
threshold for improving deformation performance. When the strip width exceeds a certain value, the improvement of
the deformation capacity tends to be gentle, which aligns with the nonlinear growth law of the constraint effect proposed
by Gusson & Paultre [41].

4.3.2. SMA Strip Net Spacing

By comparing the four groups of NC, AC40-90-8.44, AC40-70-8.44 and AC40-50-8.44 specimens, it is found that
with a reduction in the SMA strip net spacing, the ultimate bearing capacity and deformability of the specimens show a
progressive upward trend, as illustrated in Figure 8-b. When the SMA strip net spacing is 90 mm, 70 mm and 50 mm,
the ultimate bearing capacity of the specimens increases by 2.73%, 12.23% and 17.16%, while the deformability
improves by 6.60%, 17.73% and 24.88% compared to the NC specimen. This is primarily due to the enhanced restraint
mechanism of SMA strips on the concrete. Specifically, compared to the strip-wrapped regions, the concrete in the inter-
strip zones experiences relatively weaker constraint, resulting in relatively weaker sections within the specimen. Under
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the axial loading, the failure of the specimen typically occurs first at these control sections with insufficient restraint. It
is notable that as the strip net spacing decreases, the constraint effect on the strips on the core concrete is significantly
enhanced. The smaller net spacing enables the SMA strips to form a denser restraint network, thereby more effectively
restricting the lateral deformation of the concrete and suppressing the initiation and propagation of cracks. This
strengthened constraint mechanism not only delays the failure process of the control section but also significantly
improves the overall bearing capacity and deformation performance of the specimen by optimizing the stress
distribution.
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Figure 8. The influences of diverse influencing factors on bearing capacity and deformability: (a) different SMA strip
width; (b) different SMA strip net spacing; (c) different SMA strip pre-strain

4.3.3. SMA Strip Pre-strain

By comparing the four groups of NC, AC40-50-4.22, AC40-50-8.44 and AC40-50-12.66 specimens, it is observed
that as the SMA strip pre-strain increases, the ultimate bearing capacity of the specimens gradually improves, while the
deformability first rises and then diminishes, as shown in Figure 8-c. When the SMA strip pre-strain is 4.22%, 8.44%
and 12.66%, the ultimate bearing capacity of the specimens increases by 11.71%, 17.16% and 20.27%, while the
deformability improves by 7.55%, 24.88% and 6.20% compared to the NC specimen. This is explained that with the
increase of the SMA strip pre-strain, its lateral restraint effect on concrete exhibits a strengthening trend. This enhanced
constrain not only significantly expands the plastic deformation area within the concrete but also promotes the
homogenization of stress distribution. From the perspective of mechanical behavior, this restraint effect causes the
specimen to enter the strengthening stage earlier, and effectively inhibits the initiation and expansion process of vertical
cracks, thereby markedly improving the overall bearing capacity and deformation performance of the specimen.
However, when the pre-strain reaches a value of 12.66%, the SMA material has exceeded its elastic deformation limit,
resulting in incomplete shape recovery after thermal activation. This irreversible plastic deformation leads to a certain
degree of attenuation of the constraint efficiency of SMA on concrete during the later loading stage, which results in a
relatively limited increase in the deformation capacity of the specimen. This phenomenon agrees with the findings of
Shin & Andrawes [42], who pointed out that excessive pre-strain may cause the SMA material to prematurely enter the
plastic phase, thereby weakening its constraint effect.
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5. Calculation Model of SMA Actively Confined Concrete Columns
5.1. Calculation Model of the Bearing Capacity

By applying thermal excitation to pre-stretched SMA strips using a hot air gun, self-prestress generated within the
SMA strips exerts lateral confining pressure on the concrete, which effectively restricts the lateral deformation of the
concrete and achieves active confinement. Due to the spacing between the SMA strips, the restraining effect along the
column is non-uniform. Based on the “arch action” principle, the mid-region between two SMA strips is the weakest
part of the specimen. Therefore, the cross-sectional area of this region is defined as the effective constraint area, as
shown in Figure 9. To quantify the impact of SMA strip spacing and concrete diameter on the restraining effect, this
paper introduces an influence coefficient 8, and its expression is as follows:

72, s\’
a0 sV 1
peit=—m=(1-3) ®
4
where A, denotes the cross-sectional area of the concrete column, A4,, denotes the effective constraint area of the SMA

strip, D denotes the diameter of the core concrete, S’ denotes the net spacing of the SMA strip.

(a) Effective constraint area (b)

Y

"\\ . .
% % Ineffective constraint area

Ineffective
S tonstraint area

B |- SMA strip

m SMA strip
N

WV

Figure 9. Effective constraint diagram: (a) circular column constrained with SMA strips; (b) cross section at 1-1

Table 5 shows the typical peak stress calculation model [41, 43-47]. The experimental data are substituted into each
model for calculation, with the results presented in Table 6.

Table 5. Typical peak stress calculation model

Presenter Calculation model
Saatcioglu & Razvi [43] fo=f 4k X fi, k, = 6.7(f)7°
Richart et al [44] foc = f> + k; X f,, Richart recommends that k, take 4.1
S 7.94f, _f;
Mander et al. [45] foo=fix| —1.254+2254 [1+——~—2=
fe fe
f 0.7
Gusson & Paultre [41] foo=fix|14+21 (171) ]
c
f (le)—0.0E
Lim & Ozhakkaloglu [46] £l =+ 5.2(f)0" (]Tl)
c
ft_ 0.86
Fardis and Khalili [47] fee=fox |1+ 3.7(RLf,> ]
c

Note: /... denotes the peak stress of confined concrete, £, denotes the peak stress of comparison specimen, k; denotes the coefficient of
effective confinement stress, f; denotes the effective confinement stress, f,, denotes the yield strength of the strengthening material, ¢ denotes
the thickness of the strengthening material, R denotes the radius of the concrete.
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Table 6. Comparison of results of each model

The ratio of calculated values to experimental values from different references

Specimen number

Saatcioglu & Razvi Richartet al Mander et al. Gusson & Lim & Fardis &
[43] [44] [45] Paultre [41] Ozbakkaloglu [46] Khalili [47]
NC
AC30-50-8.44 1.112 1.029 1.105 1.080 1.126 1.088
AC40-50-8.44 1.067 0.986 1.059 1.035 1.079 1.043
AC50-50-8.44 1.054 0.975 1.047 1.023 1.067 1.031
AC40-70-8.44 1.113 1.030 1.106 1.081 1.127 1.089
AC40-90-8.44 1.217 1.125 1.208 1.181 1.231 1.190
AC40-50-4.22 1.118 1.034 1.111 1.085 1.132 1.094
AC40-50-12.66 1.042 0.964 1.035 1.011 1.055 1.019
Average value 1.103 1.035 1.096 1.071 1.117 1.079
Standard deviation 0.068 0.057 0.058 0.057 0.059 0.058
Coefficient of variation 0.062 0.055 0.053 0.053 0.053 0.05
Computational simplicity Yes Yes No Yes Yes Yes

Based on multiple factors such as the average value, standard deviation, coefficient of variation and computational
simplicity of the results from various models, an appropriate base model was selected. After the comprehensive
comparison, the Richart model from reference [44] was ultimately chosen as the base model for calculating the peak
stress. On this foundation, the basic formula was modified by introducing influencing factors such as width, spacing and
pre-strain, resulting in the following fitted expression:

fee = fe + 1.55(fo + fis) @

where f.. denotes the strength of the confined concrete, £, denotes the strength of the comparison specimen, f,; denotes

the effective confinement stress of the SMA strip, f,; = 8 2';;’%, t, denotes the thickness of the SMA strip, f; denotes the

yield stress of the SMA strip, D denotes the diameter of the core concrete, 8 denotes the influence coefficient, f,; denotes
the initial effective confinement stress of the prestressed SMA strip, f;; = 8 @ &;s denotes the SMA strip pre-strain,
T, denotes the equivalent thickness of the SMA strip, T, = % b and E, are the width and elastic modulus of the SMA
strip, respectively, S denotes the length from the center to the center of the SMA strip.

Based on theoretical analysis, the following basic assumptions are adopted when establishing the axial compression
capacity calculation model. Firstly, it is assumed that the constraint stress of SMA strips on the same section is uniformly
distributed. Secondly, the possible impact of the concrete softening effect is temporarily not considered. According to
the principle of axial force balance of concrete columns, the axial compressive bearing capacity of SMA strip confined
concrete columns comprises two components: the load borne by the unconfined concrete N, and the additional load
borne by the enhanced concrete strength N, due to the restraining effect. Based on this, the expression for the axial
bearing capacity N, is as follows:

Ne = Ngo + Nee = feAc + (foe — f)Ac = feAc + 1.55(fo — ﬁ;)Ac (3)

5.2. Model Validation

The bearing capacity of each set of specimens was computed using Equation 3, and the results were contrasted with
the experimental measured values. The specific data are presented in Table 7. The average value of the ratio between
the calculated and the experimental values is 0.986, with the standard deviation of only 2.9%, which demonstrates that
the calculation model has high precision and reliably predicts the bearing capacity of SMA strips confined concrete,
thereby proving the validity of this calculation model.
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Table 7. Comparison between experimental and calculated bearing capacity

Experimental value Calculated value

Specimen number N, (kN) N, (kN) N./N,
NC 518.00 517.69 0.999
AC30-50-8.44 581.70 580.17 0.997
AC40-50-8.44 606.90 587.82 0.969
AC50-50-8.44 614.00 593.94 0.967
AC40-70-8.44 532.12 569.51 0.980
AC40-90-8.44 581.33 556.54 1.046
AC40-50-4.22 578.67 552.01 0.954
AC40-50-12.66 623.00 607.09 0.974
Average value - - 0.986
Standard deviation - - 0.029

To verify the applicability and practicality of the derived calculation model for the bearing capacity, the experimental
data of actively confined concrete columns from Zhang et al. [48] and Pan et al. [49] (detailed in Appendix I; Table Al)
were selected to validate the model. The comparison between the calculated and the experimental values is presented in
Figure 10. The average value of the ratio of calculated to experimental values is 0.982, with the standard deviation of
10.29%. Among the data, 85% of the experimental results exhibit errors between the experimental and calculated values
within £15%, and almost all experimental data show errors within £20%. In conclusion, the calculation model effectively
fits the bearing capacity of actively confined concrete columns, demonstrating its high reliability and good applicability.
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*  Reference [48] . s Reference [49] +15%
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Figure 10. Comparison between experimental values and calculated values: (a) Zhang et al. [48]; (b) Pan et al. [49]

6. Prediction of Confined Concrete Columns Bearing Capacity Based on BP Neural Network

With the continuous in-depth research on confined concrete and its increasingly widespread engineering
applications, scholars have proposed various methods for calculating the bearing capacity, which to some extent address
the deficiencies and limitations in relevant theories and standards. However, due to the differences in the applicability
of various calculation methods, there is a lack of a unified calculation theory for bearing capacity, which brings great
difficulties to the scheme selection of engineering designers. In recent years, BP neural network, as an emerging
computational approach, has provided new research perspectives and technical approaches to address this issue.

6.1. Principle of BP Neural Network

As a bionic computational model, the BP neural network simulates the basic characteristics of biological neural
networks and is composed of multiple interconnected neuron units. This model effectively solves complex problems
through the processing of input data and adaptive learning, serving as an efficient method for solving nonlinear problems
[50-52]. Its training process is primarily achieved through the backpropagation algorithm, which inputs training samples
into the network, and the weight is adjusted by comparing the deviation between the actual and desired outputs to
minimize the error. Its advantage lies in the ability to effectively handle nonlinear problems, learn and memorize large
amounts of data information, and it is widely applicable in various fields including pattern recognition, classification,
prediction and control. The BP neural network is constituted of an input layer, a hidden layer and an output layer, with
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each neuron receiving all outputs from the neurons in the previous layer and calculating its output through weight
parameters and activation functions. The computation model P; is shown in Equation 4, and the architecture of the BP
neural network is illustrated in Figure 11.

P = fi(uy) = fi(Xi2, wijx; + byj) (4)

where x; represents the input value of node i of the input layer; w;; represents the linking weight between input layer
node i and hidden layer node j; by represents the value of hidden layer node j; n represents the quantity of neurons within
the input layer; and f; represents the transfer function existing between the input layer and the hidden layer.

Weight 1 Weight 2

' Input layer i Hidden lay;:r- K Output layer 1

Figure 11. BP neural network architecture diagram

6.2. Model Establishment and Validation
6.2.1. Model Establishment

To validate the effectiveness of the BP neural network, this study collected experimental data from relevant literature
[48, 49] and combined it with the data from 7 groups of specimens designed in this experiment to construct a database
containing 49 groups of training samples. It is found from the Equation 3 that the section height H, the section diameter
D, the compressive strength of the concrete cylinder f., the thickness of the constraint material ts, the yield stress fs, the
elastic modulus Es, the width b, the center-to-center spacing S, and the pre-strain ¢;, all influence the bearing capacity
of the component. Therefore, this section selects 9 different input parameters to establish the BP neural network. During
the data processing stage, the dataset was partitioned into a training set and a test set at an 8:2 proportion, and finally 39
groups of training samples and 10 groups of test samples were obtained. To enhance the prediction accuracy of the
network, the input and output data were normalized according to the Equation 5 [53], mapping them to the interval [-1,
1]. On this basis, the tansig transfer function was employed for the hidden layer, as well as the purelin transfer function
was chosen for the output layer. The maximum number of training iterations was set to 1000, with the learning rate of
0.01 and the minimum training target error of 1e®.

)NC — X" *min (5)

where x takes the input variable; Xmax and Xmin take the maximum and minimum values of the input variable; % is the
standardized input variables.

6.2.2. Model Validation

An in-depth investigation was conducted on the bearing capacity prediction performance of confined concrete
samples using the BP neural network. The predicted values, calculated and experimental values of the samples were
compared, as shown in Figure 12. It can be observed that for the experiments in this paper and those in Pan et al. [49],
the calculated values are closer to the experimental values compared to the predicted values, with smaller error levels.
However, for the experiments in Zhang et al. [48], the predicted values are closer to the experimental values than the
calculated values, exhibiting relatively smaller errors. This indicates that the BP neural network effectively predicts the
bearing capacity of confined concrete within the maximum value range of parameters, demonstrating superior
computational ability. To quantitatively assess the accuracy of the calculated and predicted values, this study calculated
the ratios of predicted values to experimental values and calculated values to experimental values, respectively, and
introduced the following two parameters: (1) Mean. This parameter is used to describe the central tendency of the data
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distribution and reflect the concentration characteristics of the data, helping to deeply understand the overall features of
the data. (2) Variance. This parameter is used to quantify the degree of data dispersion, with a larger variance value
indicating more significant fluctuations in the data. It is calculated that the mean and variance of the ratio between the
calculated values and the experimental values are 0.981 and 0.096, respectively, while the mean and variance of the
ratio between the predicted values and the experimental values are 0.956 and 0.100, respectively. The proposed
computation model exhibits a smaller degree of dispersion compared to the experimental values, indicating that the
model has low overall error and good predictive stability. Its computation accuracy is superior to the prediction outcomes
of the BP neural network, thereby strongly demonstrating that the proposed computation mode has high accuracy.
Notably, compared to the proposed computation model, the BP neural network exhibits relatively lower prediction
accuracy for the bearing capacity. The main reason is that the number of training sample data is limited, which results
in the generalization ability of the model failing to achieve the expected performance.
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Figure 12. Comparison of calculated value, predicted value and experimental value of bearing capacity

In summary, the BP neural network has demonstrated excellent predictive performance in estimating the bearing
capacity of confined concrete. The determination coefficients (R?) of the training and test sets are 0.990 and 0.965,
respectively, implying that the BP neural network has strong explanatory power for the bearing capacity of confined
concrete and shows a high degree of fitting with the experimental values. Additionally, previous studies [54-56] have
confirmed that the BP neural network is capable of effectively capturing the interaction relationships among the main
influencing parameters, demonstrating good adaptability and serving as a reliable computational method. Therefore,
with the continuous advancement of experimental research on confined concrete, new test specimens can be
continuously added to improve the completeness of the learning sample dataset, thus further expanding the application
of neural network analysis model in predicting the bearing capacity and enhancing the calculation accuracy.

6.3. Sensitivity Analysis

In the neural network analysis model, the training process iteratively optimizes the connection weights between the
nodes of each hidden layer and the inter-layer threshold through the error backpropagation mechanism until the model
meets the predetermined accuracy requirements, thereby establishing a nonlinear mapping relationship between input
variables and output variables. Therefore, the connection weights and threshold parameters in the model play a crucial
role in sensitivity analysis. This study employs the improved Garson algorithm [57] for parameter sensitivity analysis.
Its basic principle lies in quantifying the relative contribution and influence degree of input variables on output variables
by calculating the product of network weights between neurons in the hidden layers. The specific calculation method
Qi is shown in Equation 6.

Z§‘=1(|Wij”jk|/zy=1|w’"i|)

N (R I )

Qi (6)

where wj; represents the network weight between the i-th input node and the j-th hidden node, with N input nodes and L
hidden nodes; vj represents the mesh weight between the j-th hidden node and the k-th output node; YN_; |Wr]'
represents the absolute value of the mesh weight between all input nodes and the j-th hidden node. The purpose of taking
the absolute value lies in removing the issue of positive and negative cancellation in the network weight synthesis
formula.
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Figure 13 reveals the contribution values of 9 input variables (H, D, f;, t;, fs, Es, b, S, &;5) to the output variable (the
bearing capacity Nc). It can be observed that the concrete column parameters (H, D and f;) and the constraint material
parameters (ts, fs, Es, b, S and ¢;) exert a certain impact on the bearing capacity. Moreover, the sensitivity coefficients
of each influencing factor are sequenced as follows: D > E, > t, > f, > S > b > f, > €, > H, as shown in Table 8.
The sensitivity coefficients of the five input parameters (D, Es, ts, fs and S) all exceed 0.1, indicating that they present a
notable influence on the bearing capacity of the confined concrete column. Of these, the section diameter D and elastic
modulus Es have the most remarkable contribution to the bearing capacity, with a sensitivity coefficient of 0.177 and
0.149, respectively. Therefore, the influence of parameters such as D, Es, ts, fs and S on the bearing capacity can be
considered in future research. Moreover, a multivariate mathematical relationship between these variable indexes and
the bearing capacity can be established to adequately reflect the mechanical behaviour of the structure during service.
However, the width b and pre-strain level g;; are also concerned influencing parameters in the experiment, the analysis
results indicate that the sensitivity coefficient is low. The reason is that the test dataset of the confined concrete columns
is small, which leads to a small degree of influence of these two parameters on the bearing capacity. Further research
needs to expand more effective learning samples to optimize this model.
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Figure 13. Sensitivity analysis results of neural network prediction model

Table 8. Ranking of the sensitivity coefficients of each influencing factor

Input variable Sensitivity coefficient Ranking of influence degree
Section diameter D 0.177 1
Elastic modulus Eg 0.149 2
Thickness of the constraint material t; 0.148 3
Yield stress f; 0.138 4
Center-to-center spacing S 0.128 5
Width b 0.086 6
Compressive strength of the concrete f; 0.061 7
Pre-strain &;¢ 0.060 8
Section height H 0.054 9

7. Conclusions

In this paper, the axial compression behaviour of concrete confined by prestressed SMA strips is explored through
experiments and theoretical analysis. The findings are presented as follows:

o Prestressed SMA strips are capable of exerting the lateral confining force on concrete, thereby providing effective
confinement. The specimen experiences a state of triaxial compression under axial loading, which retards the
initiation and propagation of cracks and transforms the failure mode of the concrete from brittle to ductile.

e The bearing capacity and deformability of the specimen are remarkably raised with the increasing SMA strip
width and the decreasing net spacing. However, as the strip pre-strain grows, the deformability of the specimen
initially rises and then declines. This is primarily because when the pre-strain is 12.66%, the SMA strips exceed
the elastic deformation zone and fail to fully recover after activation, leading to a reduction in the restraining
effect of the SMA strips during the later stages of loading.
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e This paper establishes a bearing capacity computation model regarding the SMA strips actively restrained
concrete. The comparison with experimental data from other scholars demonstrates that the calculated values
obtained by the proposed model align well with the experimental values, indicating its high applicability and
providing a reliable reference for engineering design applications.

o The BP neural network is employed to estimate the bearing capacity of confined concrete columns, which proves
its good fit with the test results (R%ining=0.990 and R%.5=0.965), as well as its feasibility and validity in bearing
capacity prediction. On this basis, the improved Garson algorithm is employed to compute the sensitivity
coefficient of the input variables, revealing that the section diameter D and the elastic modulus Es exert a more
notable influence on the bearing capacity.
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Appendix |
Table Al. Data of actively confined concrete columns

Reference Colzjr:]nmn)size Concr(e’\t: PS;; ength SFnizng NL}Z}Z?; of Prestress level (Ilgﬁ) (gl\cl) N./N,
400x1000 C20 150 1 2.5x10-3 3903 3313 0.849
400x1000 C20 150 3 2.5x10-3 4020 4433 1.103
400x1000 C20 100 1 2.5x10-3 4233 3434 0.811
400x1000 C20 100 3 2.5x10-3 5178 4793 0.926
300x750 C20 150 1 2.5x10-3 2362 1922 0.814
300x750 C20 150 3 2.5x10-3 2460 2667 1.084
300x750 C20 100 1 2.5x10-3 2070 2028 0.980
300x750 C20 100 2 2.5x10-3 2802 2507 0.895
300x750 C20 100 3 2.5x10-3 3706 2985 0.805
400x1000 C30 150 1 2.5x10-3 4204 4674 1.112
400x1000 C30 150 2 2.5x10-3 4606 5233 1.136
400%1000 C30 100 1 2.5x10-3 4356 4794 1.101
[48] 400%1000 C30 100 2 2.5x10-3 4958 5474 1.104
400x1000 C30 50 1 2.5x10-3 5170 5015 0.970
400x1000 C30 50 2 2.5x10-3 6850 5916 0.864
300x750 C30 150 1 2.5x10-3 2752 2687 0.976
300x750 C30 150 2 2.5x10-3 2846 3059 1.075
300x750 C30 100 1 2.5x10-3 2755 2793 1.014
300x750 C30 100 2 2.5x10-3 2983 3059 1.026
300x750 C30 75 1 2.5x10-3 2434 2867 1.178
300%750 C30 75 2 2.5x10-3 3447 3419 0.992
300x750 C30 75 3 2.5x10-3 4515 3970 0.879
300x750 C30 50 1 2.5x10-3 3235 2979 0.921
300x750 C30 50 2 2.5x10-3 4017 3643 0.907
300x750 C30 50 3 2.5x10-3 5263 4307 0.818
110x200 C20 0 1 0.22 347 300 0.863
110x200 C20 0 1 0.32 342 307 0.896
110x200 C20 0 1 0.43 334 314 0.941
110x200 C20 0 1 0.52 324 321 0.990
110x200 C20 0 1 0.64 313 329 1.051
110x200 C20 0 1 0.71 297 334 1.124
110200 C20 0 2 0.23 512 447 0.874
110x200 C20 0 2 0.31 502 459 0.914
110x200 C20 0 2 0.41 488 473 0.969
110x200 C20 0 2 0.54 471 491 1.042
[49] 110x200 C20 0 2 0.61 446 501 1.123
110x200 C30 0 1 0.24 392 356 0.908
110x200 C30 0 1 0.34 387 363 0.938
110x200 C30 0 1 0.44 379 370 0.976
110x200 C30 0 1 0.56 370 378 1.023
110x200 C30 0 1 0.62 358 382 1.068
110x200 C30 0 1 0.72 341 389 1.142
110x200 C30 0 2 0.23 569 502 0.883
110x200 C30 0 2 0.35 558 519 0.930
110x200 C30 0 2 0.46 542 535 0.986
110x200 C30 0 2 0.54 524 546 1.042
110x200 C30 0 2 0.63 501 558 1.115
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