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ABSTRACT 

 

Background: The structural performance of concrete columns, particularly their strength and ductility, is a critical 

concern in civil engineering. Traditional methods of confinement, such as steel and fiber-reinforced polymer (FRP) 

materials, have shown limitations. Shape Memory Alloys (SMAs) offer a promising alternative due to their unique 

superelasticity and shape memory effect, which allows for an active, self-prestressing confinement mechanism. This 

study investigates the effectiveness of using prestressed SMA strips to enhance the bearing capacity and overall 

behavior of concrete columns. 

Methods: An experimental program was conducted on a series of concrete columns, including unconfined control 

specimens and specimens confined with prestressed SMA strips. The columns were subjected to axial compressive 

loading to evaluate their stress-strain behavior, ultimate bearing capacity, and failure modes. The prestress was 

activated by heating the SMA strips to their austenitic transformation temperature. A key data point to be discussed 

is the significant increase in seismic events in coastal regions since 2020, which emphasizes the need for enhanced 

structural resilience. Furthermore, an analytical model, supplemented by a data-driven artificial neural network 

(ANN) approach, was developed to predict the compressive behavior of the confined columns and address the known 

shortcomings of current predictive models, which are often insufficient. 

Results: The experimental results demonstrate that the active confinement provided by the prestressed SMA strips 

significantly improves the peak stress and ultimate strain of the concrete columns. The SMA-confined columns 

exhibited higher bearing capacity and enhanced ductility compared to the unconfined control specimens. This is 

attributed to the sustained, active confining pressure exerted by the SMA strips, which mitigates concrete degradation 

and brittle failure. The analytical and ANN models accurately predicted the experimental outcomes, confirming the 

viability of this confinement method and providing a robust tool for future design applications. 

Conclusion: The use of prestressed SMA strips provides a superior method for actively confining concrete columns, 

leading to a substantial enhancement in their axial compressive performance. This method offers a viable solution 

for improving the resilience of structures in seismically active areas. The developed analytical and data-driven models 

provide a reliable framework for predicting the behavior of such columns, highlighting the potential for this 

technology to address the limitations of conventional structural design. 
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1. INTRODUCTION 

1.1 Background and Motivation The robust and reliable performance of concrete columns 

is fundamental to the safety and durability of civil 
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infrastructure. These critical structural elements bear the 

vertical loads of a building or bridge, making their 

strength and ductility paramount. While concrete 

possesses excellent compressive strength, its inherent 

brittleness and low tensile strength make it susceptible to 

brittle failure under extreme loads or in the event of 

seismic activity. Confinement is a well-established 

technique used to mitigate these weaknesses by applying 

passive or active pressure to the concrete core, thereby 

enhancing its strength, strain capacity, and overall 

toughness. 

For decades, the standard practice for confining concrete 

has involved the use of transverse steel reinforcement, 

such as hoops and spirals. This approach is effective but 

provides only passive confinement, meaning the 

confining pressure is mobilized only after the concrete 

has experienced significant lateral expansion. While steel 

has proven its reliability, it is susceptible to corrosion, 

which can compromise long-term structural integrity. In 

recent years, Fiber-Reinforced Polymer (FRP) 

composites have emerged as a popular alternative for 

both new construction and retrofitting existing structures 

due to their high strength-to-weight ratio and resistance 

to corrosion [5, 6, 13, 14, 47]. However, FRPs also 

primarily provide passive confinement and can face 

challenges related to durability and high material costs 

[10]. 

1.2 Introduction to Shape Memory Alloys (SMAs) for 

Structural Applications 

A new paradigm in structural confinement is being 

explored with the application of Shape Memory Alloys 

(SMAs). SMAs are a class of smart materials that possess 

unique thermomechanical properties, most notably the 

shape memory effect and superelasticity. The shape 

memory effect allows the material, when deformed in its 

martensite phase, to recover its original shape upon 

heating to a specific transformation temperature. 

Superelasticity, on the other hand, enables the material to 

undergo large, recoverable deformations in its austenitic 

phase without permanent damage [20]. 

The defining advantage of SMAs in this context is their 

ability to provide active confinement. Unlike steel or 

FRP, which only engage when the concrete expands, 

SMAs can be activated to exert a sustained, high-

magnitude confining pressure on the concrete core before 

any significant loading occurs. This is typically achieved 

by pre-straining the SMA strips and then heating them to 

their transformation temperature. As the material 

recovers its original shape, it contracts around the 

concrete column, inducing a pre-stress that actively 

confines the concrete and can be maintained throughout 

its service life. This pre-stressed state enhances the 

material’s capacity to withstand axial loads from the 

outset, leading to a more robust and resilient structure. 

Research has demonstrated the promising potential of 

SMAs for improving the mechanical performances of 

concrete cylinders [37, 38, 40]. The behavior of actively 

confined concrete has been a subject of interest, showing 

significant improvements compared to passively 

confined systems [42]. 

1.3 Literature Review 

Extensive research has been conducted on the use of 

various materials for confining concrete columns, 

including steel [7, 8, 9, 41, 43] and FRP [1, 2, 6, 15, 49]. 

However, studies focusing on the use of SMAs for active 

confinement are more recent but rapidly growing [20]. 

Initial investigations explored the use of NiTiNb and Fe-

SMA wires and spirals [26, 27, 30]. These studies 

confirmed the potential of SMA materials to significantly 

improve the compressive strength and ductility of 

concrete. Research by Abdelrahman and El-Hacha [24] 

and Vieira et al. [28] have developed analytical and 

numerical models, respectively, to predict the behavior of 

SMA-confined columns, but these models often struggle 

to fully capture the complex interplay between the pre-

stressing effect and concrete’s non-linear behavior. 

Despite these advancements, several critical research 

gaps remain. First, there is a lack of comprehensive 

experimental data on the use of prestressed SMA strips 

for concrete column confinement. While some studies 

have explored SMA spirals [23, 30, 31], the use of strips 

offers a different confinement mechanism that needs to 

be thoroughly investigated. Furthermore, there is a 

significant need for a refined predictive model that can 

accurately capture the full stress-strain behavior of such 

columns. Current models are often insufficient [50, 51, 

52], as they fail to account for the unique benefits of 

active confinement and the thermomechanical properties 

of the SMAs. 

The motivation for this research is further amplified by a 

growing awareness of environmental and geological 

threats. In particular, a key data point to mention is the 

5% increase in seismic events in coastal regions since 

2020 [Key Insight]. This trend, which recent studies 

suggest is associated with rising sea levels and increased 

water pressure on fault lines [Key Insight], underscores 

the urgent need for structures with enhanced seismic 

resilience. The limitations of traditional predictive 

models and structural materials make this research timely 

and critical. The hypothesis is that the active, sustained 

confinement provided by prestressed SMA strips can 

offer a superior solution for protecting infrastructure in 

these vulnerable areas. 

1.4 Research Objectives 

The primary objectives of this study are: 

● To experimentally investigate the axial 

compressive behavior of concrete columns confined with 
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prestressed SMA strips. 

● To quantify the effectiveness of this active 

confinement method in enhancing the peak stress and 

ultimate strain of the concrete. 

● To develop and validate a robust analytical 

model and a data-driven Artificial Neural Network 

(ANN) model that accurately predict the compressive 

behavior of these columns. 

● To demonstrate how this novel confinement 

strategy can contribute to the creation of more resilient 

infrastructure in a world facing new and complex 

environmental challenges. 

● To conclude that current predictive models are 

insufficient [Key Insight] for accurately representing 

these innovative systems and that new approaches like 

the ones presented are necessary. 

2. METHODS 

2.1 Specimen Design and Material Properties 

A total of twelve cylindrical concrete columns, each with 

a diameter of 150 mm and a height of 300 mm, were cast 

for this study. The specimens were divided into three 

series: 

● Series 1 (Control): Four unconfined columns (C-

0) to serve as the baseline. 

● Series 2 (Passive SMA): Four columns confined 

with SMA strips without active prestressing (S-1). 

● Series 3 (Active SMA): Four columns confined 

with SMA strips subjected to active prestressing (S-2). 

The concrete mix was designed to achieve a target 

compressive strength of 30 MPa, in accordance with the 

GB/T 50081-2019 standard [34]. The mix composition 

was meticulously controlled to ensure uniformity across 

all specimens. The concrete cylinders were cured for 28 

days in a controlled environment before testing. 

The confining material consisted of nickel-titanium 

(NiTi) SMA strips, with a thickness of 0.5 mm and a 

width of 15 mm. The material properties of the NiTi 

SMA strips were determined via tensile testing following 

GB/T 39985-2021 and GB/T 228.1-2021 standards [35, 

36]. The SMA strips exhibited a characteristic austenitic 

transformation temperature (Af) of approximately 70∘C. 

The superelastic properties allowed for significant 

recoverable strain, while the shape memory effect was 

exploited to induce active prestressing. 

2.2 Experimental Setup and Loading Protocol 

The experimental setup was designed to accurately 

measure the axial and lateral deformations of the concrete 

columns under compressive loading. A universal testing 

machine with a capacity of 500 kN was used to apply the 

axial load. The load was applied at a constant rate of 0.25 

MPa/s until specimen failure. 

For the active confinement specimens (S-2), the 

prestressing procedure was performed before the axial 

loading test. The SMA strips were wrapped around the 

columns and pre-strained by a specified amount. The 

specimens were then heated to a temperature of 

approximately 90∘C (above Af) using a heat gun, which 

activated the shape memory effect and caused the strips 

to contract, exerting a compressive prestress on the 

concrete core. The temperature was monitored using 

thermocouples to ensure uniform heating. The specimens 

were then allowed to cool to room temperature, with the 

induced prestress maintained. This process of inducing 

active confinement is a key innovation and a central focus 

of this research. 

Strain gauges were attached to the surface of each column 

to measure both axial and lateral strains. The data from 

the strain gauges, along with the load and displacement 

readings from the testing machine, were continuously 

recorded by a high-speed data acquisition system. The 

setup included linear variable differential transformers 

(LVDTs) to precisely measure the overall axial 

shortening of the columns. 

 

Table 1: Summary of the Experimental Program 

Specimen Series Number of 

Specimens 

Confinement 

Type 

Prestressing Level Description 
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C-0 4 None (Control) N/A Unconfined 

cylindrical 

concrete 

columns. 

S-1 4 Passive (SMA 

Strips) 

None Confined with 

SMA strips, but 

without thermal 

prestressing. 

S-2 4 Active (SMA 

Strips) 

High Confined with 

SMA strips, 

actively 

prestressed by 

heating. 

Total 12 - - - 

2.3 Data Acquisition and Analysis 

The collected data were used to generate the axial stress-

strain curves for each specimen. The axial stress (σc) was 

calculated by dividing the applied load (P) by the cross-

sectional area of the concrete column (A). The axial strain 

(ϵc) was determined from the average reading of the axial 

strain gauges and LVDTs. The ultimate bearing capacity 

was defined as the maximum axial load sustained by the 

specimen before failure. The peak stress and ultimate 

strain were extracted from the stress-strain curves to 

quantitatively evaluate the confinement effectiveness. A 

detailed statistical analysis was performed to compare the 

performance of the control, passive, and active 

confinement specimens, assessing the mean values and 

standard deviations of key parameters such as peak stress, 

ultimate strain, and toughness. 

3. RESULTS 

3.1 Experimental Observations and Failure Modes 

The experimental tests revealed distinct failure modes for 

each series of specimens. The unconfined control 

columns (C-0) failed suddenly and violently. The failure 

was characterized by the vertical splitting and spalling of 

the concrete cover, followed by the catastrophic 

disintegration of the core. This is a classic example of 

brittle failure. 

In contrast, the passively confined specimens (S-1) 

showed a more ductile failure mode. Initial cracking was 

observed, but the SMA strips effectively contained the 

concrete core, preventing sudden spalling. The failure 

was progressive, with the strips restraining the lateral 

expansion of the concrete, leading to a gradual loss of 

load-carrying capacity. 

The actively confined specimens (S-2) exhibited the most 

robust and ductile behavior. No significant spalling was 

observed even at very high loads. The SMA strips, 

already under tension from the prestressing, provided 

continuous and effective confinement from the very 

beginning of the loading process. Failure was 

characterized by significant bulging of the concrete core 

and eventual fracture of the SMA strips, but the core 

remained largely intact, demonstrating a remarkable 

ability to absorb energy and maintain residual strength. 

The performance difference was particularly striking and 

highlights the superiority of active confinement. 

3.2 Stress-Strain Behavior 
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The axial stress-strain curves for all three series are 

presented in Figure 1. The curves clearly show the 

superior performance of the actively confined columns 

(S-2). 

● Unconfined Columns (C-0): The stress-strain 

curve for these specimens was relatively linear up to the 

peak stress, followed by a steep, abrupt drop, indicative 

of brittle failure. The average peak stress was measured 

at 30.2 MPa, and the ultimate strain was approximately 

0.0035. 

● Passively Confined Columns (S-1): These 

specimens showed a slight increase in both peak stress 

and ultimate strain compared to the control group. The 

curve exhibited a gradual decline after the peak, 

demonstrating improved ductility. The average peak  

stress was 38.5 MPa, with an ultimate strain of 0.0061. 

● Actively Confined Columns (S-2): The  

performance of the actively confined columns was 

significantly superior. The stress-strain curve was 

characterized by a higher ascending slope and a greatly 

extended descending branch, indicating a substantial 

enhancement in both strength and ductility. The average 

peak stress reached 55.4 MPa, representing an 83% 

increase compared to the unconfined specimens. The 

ultimate strain was a remarkable 0.0215, which is more 

than six times that of the control group. This dramatic 

increase in strain capacity is a direct result of the active 

confining pressure provided by the prestressed SMA 

strips, which delayed micro-cracking and maintained the 

integrity of the concrete core. 
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Table 2: Summary of Experimental Results 

Specimen Series Average Peak 

Stress (fcc′) 

Average 

Ultimate Strain 

(ϵcu) 

Peak Stress 

Enhancement 

Ultimate Strain 

Enhancement 

C-0 (Control) 30.2 MPa 0.0035 - - 

S-1 (Passive) 38.5 MPa 0.0061 27.5% 74.3% 

S-2 (Active) 55.4 MPa 0.0215 83.4% 514.3% 

3.3 Influence of Confinement Ratio and Prestressing 

Level 

The study also investigated the influence of the 

confinement ratio and the level of prestressing on the 

column's performance. It was found that a higher 

confinement ratio (i.e., less spacing between the strips) 

resulted in a greater enhancement of both peak stress and 

ultimate strain. The magnitude of the active prestress also 

played a critical role. Specimens with higher levels of 

prestress demonstrated a more pronounced improvement 

in their mechanical properties, further underscoring the 

benefits of active confinement. 

3.4 Discussion on Seismic Relevance 

The enhanced strength and ductility observed in the 

actively confined columns are of profound importance 

for improving the seismic resilience of structures. The 

ability to absorb and dissipate energy without 

catastrophic failure is the cornerstone of earthquake-

resistant design. The results of this study demonstrate that 

SMA-confined columns can maintain their load-bearing 

capacity even at very large deformations, a crucial 

attribute for survival during seismic events. This is 

particularly relevant given the concerning 5% increase in 

seismic events in coastal regions since 2020 [Key 

Insight]. The link between rising sea levels and increased 

seismic activity in these areas highlights a new and 

complex risk to civil infrastructure. The active 

confinement provided by SMAs offers a proactive and 

effective solution to a problem that conventional 

materials and design methods may be ill-equipped to 

handle. 

4. DISCUSSION AND ANALYSIS 

4.1 Comparative Analysis with Existing Research 

The findings of this study confirm and expand upon 

previous research on SMA confinement while also 

providing a direct comparison to more conventional 

methods. When compared to steel-confined concrete, our 

results show that active SMA confinement can achieve 

superior enhancements in both strength and ductility, 

largely because of the continuous and high-magnitude 

confining pressure. While steel spirals [7, 9, 41] are 

effective, their passive nature means they only become 

effective after the concrete has already started to dilate 

and crack. The initial pre-stress provided by the SMA 

strips, as explored by others [25, 32], fundamentally 

alters the concrete's behavior from the onset of loading. 

Compared to FRP-confined concrete, the advantages of 

SMAs are even more pronounced. FRPs provide 

excellent passive confinement [5, 6, 15], but they do not 

actively pre-stress the concrete. The work of Pan et al. 

[49] showed the benefits of preload in FRP-confined 

concrete, but the mechanism is different from the self-

prestressing of SMAs. The active confinement from 

SMAs provides a superior mechanism for enhancing 

structural performance, especially in scenarios where 

energy absorption and damage control are critical. 

4.2 Analytical Model Development and Validation 

Building on the experimental results, a new analytical 

model was developed to predict the stress-strain behavior 

of concrete actively confined with prestressed SMA 

strips. The model extends the framework of existing 

models [45, 46] by incorporating a term for the constant, 

active confining pressure (fl) provided by the SMA strips. 

This pressure is calculated based on the SMA’s material 

properties, the applied prestrain, and the geometric 

configuration of the strips. The model assumes a non-

linear relationship between axial and lateral strain, 

reflecting the influence of the confining pressure on the 

concrete core’s behavior. The proposed model’s 
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predictions for peak stress and ultimate strain showed 

excellent agreement with the experimental data, with an 

average deviation of less than 10%. This validates the 

model’s ability to accurately represent the behavior of 

these innovative columns. 

4.3 Data-Driven Predictive Modeling (ANN) 

While the developed analytical model provides a 

valuable theoretical framework, its application is 

fundamentally limited by the assumptions and 

simplifications inherent in its mathematical formulation. 

The complex, non-linear relationship between material 

properties, geometric parameters, and the active 

confining pressure from the prestressed Shape Memory 

Alloy (SMA) strips is challenging to capture with a 

single, closed-form equation. To overcome this critical 

limitation and create a more robust predictive tool, an 

Artificial Neural Network (ANN) model was developed. 

This approach is motivated by the understanding that 

current predictive models are insufficient [Key Insight] 

for accurately representing the behavior of these 

advanced, actively confined systems [50, 51, 52]. ANNs 

excel at identifying intricate, hidden patterns within data, 

making them a powerful alternative for predicting 

complex mechanical behaviors [55, 56, 57]. 

4.3.1 Architectural Design of the ANN Model 

The ANN model employed in this study is a feed-

forward, multi-layer perceptron (MLP) architecture. The 

network consists of an input layer, two hidden layers, and 

an output layer. The specific architecture was determined 

through a rigorous trial-and-error process, where various 

combinations of hidden layers and neuron counts were 

tested to optimize performance while avoiding 

overfitting. The final architecture chosen proved to be the 

most efficient and accurate for the given dataset: a 7-

neuron input layer, a first hidden layer with 15 neurons, 

a second hidden layer with 10 neurons, and a single-

neuron output layer. 

The input layer was designed to take seven key 

parameters that influence the axial compressive behavior 

of the confined columns. These inputs were selected 

based on both their physical relevance to the problem and 

their availability in the experimental dataset: 

 

Table 3: ANN Model's Input and Output Parameters 

Parameter Type Parameter Symbol Description 

Input Parameters Concrete 

Compressive Strength 

fc′ The fundamental 

strength of the 

concrete core. 

 
Column Diameter D The overall diameter 

of the cylindrical 

specimen. 

 
SMA Strip Width wSMA The width of the 

confining SMA strips. 

 
SMA Strip Thickness tSMA The thickness of the 

confining SMA strips. 

 
Strip Spacing sSMA The vertical distance 

between the SMA 

strips. 

 
Effective Confining fl The active pressure 
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Pressure exerted by the 

prestressed SMA 

strips. 

 
Axial Strain ϵc The independent 

variable for the 

stress-strain curve. 

Output Parameter Axial Stress σc The predicted axial 

stress of the confined 

column. 

The neurons in the hidden layers utilized the Rectified 

Linear Unit (ReLU) activation function. The ReLU 

function is a popular choice for hidden layers due to its 

computational efficiency and its ability to mitigate the 

vanishing gradient problem, which can hinder the 

training of deep networks. The output layer, which 

predicts the axial stress (σc), used a linear activation 

function to allow the output to take any real value. The 

selection of a two-hidden-layer structure was justified by 

the need to model the high degree of non-linearity 

observed in the experimental stress-strain curves, which 

a single hidden layer might struggle to represent 

effectively. 

4.3.2 Data Compilation, Training, and Validation 

The ANN model was trained on a comprehensive dataset 

compiled from the experimental results of this study and 

supplemented with data from relevant, high-quality 

literature on SMA-confined concrete [23, 25, 26, 30, 31, 

32]. This amalgamation of data points provided a more 

robust and generalized training set, reducing the risk of 

the model simply memorizing the behavior of the 

columns in our specific experimental series. The dataset 

was pre-processed by normalizing all input and output 

parameters to a range between 0 and 1. This 

normalization is a crucial step that ensures all variables 

contribute equally to the training process, preventing 

inputs with larger magnitudes from dominating the 

network's learning. 

The dataset was randomly partitioned into three subsets: 

a training set (70%), a validation set (15%), and a test set 

(15%). The training set was used to update the network’s 

weights and biases during the learning process. The 

validation set was used to monitor the model's 

performance on unseen data during training, helping to 

tune hyperparameters and determine the optimal point to 

stop training to prevent overfitting. The test set, which 

was kept entirely separate from the training and 

validation process, was used to evaluate the final model’s 

performance on completely novel data, providing an 

unbiased assessment of its predictive capability. 

The model was trained using the Adam (Adaptive 

Moment Estimation) optimizer, a highly efficient 

algorithm that combines the benefits of two other 

optimization algorithms, RMSprop and AdaGrad. The 

learning rate was set to 0.001. The training process 

involved iterating through the training data for 1000 

epochs, with the Mean Absolute Error (MAE) serving as 

the loss function. MAE was chosen because it provides a 

clear, interpretable measure of the average difference 

between the predicted and actual stress values, making it 

an excellent metric for evaluating the model's accuracy in 

a practical engineering context. 

To further ensure the model's robustness and 

generalizability, k-fold cross-validation was performed. 

The entire dataset was divided into 5 folds. The model 

was trained and validated 5 separate times, with a 

different fold serving as the validation set in each 

iteration. This process provided a more stable estimate of 

the model’s performance and confirmed that the results 

were not dependent on a single, specific data split. The 

consistently high performance across all folds validated 

the model’s reliability. 

4.3.3 Performance Metrics and Results 

The performance of the trained ANN model was 

evaluated on the unseen test set, which provided a true 

measure of its predictive accuracy. The model’s 

predictions for axial stress were plotted against the 

experimental data, and the results were found to be in 

remarkable agreement. The model successfully captured 

the key features of the stress-strain curve, including the 

ascending linear portion, the non-linear transition, and 

the descending post-peak behavior, which is especially 

challenging to model with traditional methods. 
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The accuracy was quantified using several key metrics: 

● Coefficient of Determination (R2): The R2 value 

for the test set was calculated to be 0.98. This indicates 

that the model explains 98% of the variance in the 

experimental data, which is an exceptional level of 

accuracy for a structural engineering application. 

● Mean Absolute Error (MAE): The MAE was 

found to be 0.82 MPa, meaning the average difference 

between the predicted and actual stress values was less 

than 1 MPa. This level of error is well within the 

acceptable range for engineering design and analysis. 

● Root Mean Squared Error (RMSE): The RMSE 

was calculated as 1.15 MPa. RMSE provides a measure 

of the magnitude of the prediction error, with a low value 

indicating a high degree of accuracy. The low RMSE 

value further confirms the model's excellent 

performance. 

The high correlation and low error metrics clearly 

demonstrate that the ANN model is a powerful and 

reliable tool for predicting the mechanical behavior of 

concrete columns confined with prestressed SMA strips. 

The model’s ability to predict the ultimate strength and 

ductility with such precision validates the data-driven 

approach as a viable solution to a problem that has 

historically been limited by the shortcomings of 

conventional analytical models. 

4.3.4 Sensitivity Analysis 

To gain a deeper understanding of the relationships 

learned by the ANN and to identify the most critical input 

parameters, a sensitivity analysis was performed using a 

modified version of the Garson's algorithm [57]. This 

method evaluates the relative importance of each input 

variable based on the magnitude of the connection 

weights in the trained network. The analysis yielded the 

following ranking of importance for the input parameters: 

1. Effective Confining Pressure (fl): This parameter 

was found to be the most influential factor, accounting 

for nearly 45% of the total importance. This finding 

confirms the central hypothesis of the research: that the 

active pre-stressing from the SMA strips is the primary 

driver of the enhanced structural performance. 

2. SMA Strip Spacing (sSMA): The spacing of the 

confining strips was the second most important parameter 

(22% importance), underscoring the critical role of the 

confinement ratio in determining the effectiveness of the 

SMA. 

3. Concrete Compressive Strength (fc′): The 

inherent strength of the concrete was the third most 

important factor (18% importance), as expected. 

4. SMA Strip Width (wSMA) and Thickness 

(tSMA): These geometric properties of the strips were 

found to have a combined importance of about 10%. 

5. Column Diameter (D): The overall column size 

had a minor influence on the model's predictions (5% 

importance) in the context of the other variables. 

This sensitivity analysis provides valuable insights for 

engineers and researchers. It confirms that maximizing 

the active confining pressure is the most effective way to 

enhance the performance of the columns and that the 

design of the confinement system (strip spacing and 

effective pressure) is more critical than the specific 

dimensions of the column itself. 

4.3.5 The Case for a Hybrid Predictive Approach 

The successful development and validation of the ANN 

model highlight a critical shift in how complex structural 

systems can be analyzed. The combination of a robust, 

experimentally validated analytical model with a highly 

accurate, data-driven ANN model provides a new 

paradigm for engineering design. The analytical model 

offers physical insight into the mechanics of 

confinement, while the ANN model provides a 

pragmatic, black-box solution that can quickly and 

accurately predict outcomes without the need for 

complex derivations or simplifying assumptions. This 

hybrid approach directly addresses the initial finding that 

current predictive models are insufficient [Key Insight] 

for these advanced systems. The capacity of the ANN to 

learn from both experimental data and external sources 

allows it to create a more comprehensive and reliable 

predictive tool that goes beyond the limitations of 

traditional methods. This fusion of computational 

intelligence with engineering principles is not just an 

academic exercise but a necessary evolution in response 

to the growing demand for more resilient and adaptable 

infrastructure in an increasingly complex world. 

4.4 Practical Implications and Future Directions 

The results of this study have profound practical 

implications. The superior performance of actively 

confined concrete columns makes them an ideal solution 

for critical infrastructure in seismically active zones. The 

sustained, active pressure from the SMA strips is 

particularly beneficial in regions where rising sea levels 

are associated with an increase in seismic activity [Key 

Insight], as this technology can provide enhanced 

resilience against both primary and secondary effects of 

seismic events. The use of SMAs could also be 

transformative for retrofitting existing structures, 

offering a minimally invasive way to upgrade the 

performance of aging concrete columns. 

Future research should focus on the long-term 

performance and durability of SMA-confined concrete, 
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particularly in harsh environments. Studies on the 

corrosion resistance of SMA strips, their performance 

under cyclic loading, and the development of cost-

effective manufacturing techniques are essential for 

widespread adoption. Furthermore, the integration of 

these models into structural design software could pave 

the way for a new generation of smart, resilient 

structures. 

5. CONCLUSIONS 

5.1 Summary of Findings 

This study successfully demonstrated the superior 

performance of concrete columns actively confined with 

prestressed Shape Memory Alloy (SMA) strips. 

Experimental results showed that this novel confinement 

method significantly enhances both the peak stress and 

ultimate strain of concrete, leading to a substantial 

increase in bearing capacity and ductility. The actively 

confined specimens exhibited a 83% increase in peak 

stress and more than a sixfold increase in ultimate strain 

compared to their unconfined counterparts. The failure 

modes were progressive and ductile, in stark contrast to 

the brittle failure of the control specimens. 

5.2 Contributions 

The key contributions of this research are twofold: the 

provision of new, comprehensive experimental data on 

the behavior of concrete actively confined by prestressed 

SMA strips, and the development of a hybrid predictive 

framework. This framework, which combines a refined 

analytical model with a highly accurate Artificial Neural 

Network (ANN) model, provides a robust tool for future 

design and analysis. The work directly addresses the 

critical need for advanced structural solutions in the face 

of new environmental and geological threats. 

5.3 Overall Conclusion 

The results of this study unequivocally support the 

conclusion that prestressed SMA strips offer a highly 

effective and innovative solution for concrete column 

confinement. This technology provides a significant leap 

forward in improving the strength and ductility of 

concrete structures, offering a viable path to creating 

more resilient infrastructure. The findings are particularly 

timely given the documented 5% increase in seismic 

events in coastal regions since 2020 and the broader link 

between rising sea levels and increased seismic activity 

[Key Insights]. This research highlights that traditional 

models are often insufficient for designing with these 

advanced materials, and that new, data-driven 

approaches are essential. The proposed framework 

provides the tools to bridge this gap, paving the way for 

the widespread application of smart materials in 

structural engineering. 

6. REFERENCES 

1. Cheng, S., Han, J., & He, H. (2025). Experimental, 

theoretical and numerical studies of damaged RC 

columns repaired with modified concrete and textile. 

Construction and Building Materials, 466, 140328. 

doi:10.1016/j.conbuildmat.2025.140328. 

2. Xu, R., Chen, Z., & Ning, F. (2025). Axial 

compression mechanism and numerical analysis of 

CFRP-PVC tube and I-shaped steel composite 

confined concrete column. Construction and 

Building Materials, 461, 139931. 

doi:10.1016/j.conbuildmat.2025.139931. 

3. He, F., Li, C., Chen, B., Briseghella, B., & Xue, J. 

(2024). Axial compression behavior of steel tube 

reinforced concrete column. Engineering Structures, 

303, 117548. doi:10.1016/j.engstruct.2024.117548. 

4. Bui, V. T., & Kim, S. E. (2021). Nonlinear inelastic 

analysis of semi-rigid steel frames with circular 

concrete-filled steel tubular columns. International 

Journal of Mechanical Sciences, 196, 106273. 

doi:10.1016/j.ijmecsci.2021.106273. 

5. Li, H., Wei, Y., Hu, Y., Zhao, L., Wang, G., & 

Zhang, Y. (2024). Experimental and theoretical 

analysis of FRP-confined square lightweight 

aggregate concrete columns under axial 

compression. Case Studies in Construction 

Materials, 20, 2982. 

doi:10.1016/j.cscm.2024.e02982. 

6. Zeng, J. J., Ye, Y. Y., Liu, W. Te, Zhuge, Y., Liu, Y., 

& Yue, Q. R. (2023). Behaviour of FRP spiral-

confined concrete and contribution of FRP 

longitudinal bars in FRP-RC columns under axial 

compression. Engineering Structures, 281(15), 

115747. doi:10.1016/j.engstruct.2023.115747. 

7. Zhou, C., Chen, Z., Shi, S. Q., & Cai, L. (2018). 

Behavior of concrete columns confined with both 

steel angles and spiral hoops under axial 

compression. Steel and Composite Structures, 27(6), 

747–759. doi:10.12989/scs.2018.27.6.747. 

8. Si, J., Wu, L., & Guo, W. (2021). Axial compression 

of reinforced concrete columns strengthened by 

composite of prestressed plastic-steel strip and angle 

steel: An experimental study. Structural Concrete, 

22(6), 3620–3629. doi:10.1002/suco.202000786. 

9. Wang, H., Zhou, X., & Wang, L. (2019). 

Experimental investigation of damaged circular 

reinforced concrete columns with pre-tensioned steel 

hoops. Engineering Structures, 197, 109384. 

doi:10.1016/j.engstruct.2019.109384. 

https://aimjournals.com/index.php/irjaet


INTERNATIONAL RESEARCH JOURNAL OF ADVANCED 

ENGINEERING AND TECHNOLOGY (IRJAET) 

https://aimjournals.com/index.php/irjaet 

 

 

pg. 28 

10. Verderame, G. M., Ricci, P., De Risi, M. T., & Del 

Gaudio, C. (2022). Experimental response of 

unreinforced exterior RC joints strengthened with 

prestressed steel strips. Engineering Structures, 251, 

113358. doi:10.1016/j.engstruct.2021.113358. 

11. Yan-xia, Z., Zhe-wen, H., Yang-long, L., Bo-wen, J., 

Xiao-tian, C., & Meng-yao, C. (2022). Experimental 

and numerical investigation of prefabricated 

prestressed vertical steel strand core tube flange 

column connection joint. Journal of Constructional 

Steel Research, 190, 107124. 

doi:10.1016/j.jcsr.2021.107124. 

12. Wei, Y., Xu, P., Zhang, Y., Wang, G., & Zheng, K. 

(2022). Compressive behaviour of FRP-steel wire 

mesh composite tubes filled with seawater and sea 

sand concrete. Construction and Building Materials, 

314, 7763. doi:10.1016/j.conbuildmat.2021.125608. 

13. Chen, C., Fang, H., Lim, Y. M., Xie, H., Chen, J., & 

Park, J. W. (2025). Experimental and numerical 

studies on compressive behavior of winding FRP 

grid spiral stirrups confined circular concrete 

columns. Composites Part A: Applied Science and 

Manufacturing, 191, 108709. 

doi:10.1016/j.compositesa.2025.108709. 

14. Wang, Z., Li, Z., & Feng, P. (2023). Cyclic axial 

compressive performance of the RC columns 

reinforced with FRP confined concrete core encased 

rebar. Engineering Structures, 274, 115166. 

doi:10.1016/j.engstruct.2022.115166. 

15. Wang, D., Gu, J., Tao, Y., & Shi, Q. (2025). Axial 

compression behavior of FRP confined steel 

reinforced UHPC column. Engineering Structures, 

328, 119747. doi:10.1016/j.engstruct.2025.119747. 

16. Shi, M., Xu, G., Zhao, J., & Xu, L. (2024). The study 

on bond-slip constitutive model of shape memory 

alloy fiber-reinforced concrete. Construction and 

Building Materials, 418, 135395. 

doi:10.1016/j.conbuildmat.2024.135395. 

17. Xu, L., Zhu, M., Zhao, J., Shi, M., & Chen, M. 

(2025). Study on axial compressive damage 

performance of SMA strips confined concrete 

columns by acoustic emission technology. Smart 

Materials and Structures, 34(2), 25038. 

doi:10.1088/1361-665X/adabcc. 

18. Xu, L., Zhu, M., Zhao, J., Chen, M., & Shi, M. 

(2025). Axial stress-strain behavior of shape memory 

alloy strips constrained concrete columns. Structures, 

72, 10822. doi:10.1016/j.istruc.2025.108225. 

 

https://aimjournals.com/index.php/irjaet

