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ABSTRACT 

While civil infrastructure systems have played a pivotal role in the provision of essential 

services and facilities for human life and public society, weaknesses of the systems to natural and 

man-made hazards has emerged as a major public concern. As a way to improve the resilience and 

sustainability of the current and future infrastructure systems, utilization of new, smart materials 

such as shape memory alloy (SMA) in civil engineering application has been drawing keen 

attention of industry and academia. Among many, active confinement technique using SMAôs 

shape memory effect (SME) demonstrated a great potential in retrofitting and/or repairing 

seismically deficient RC bridge columns. In order to gain recognition as an effective seismic 

retrofit/repair strategy and systemize its application, however, it is necessary to thoroughly study 

the unique behavior of this new material and its impact on the performance of the structural system 

under diverse circumstances. In this research, three main objectives are established. First, a series 

of shake table test is carried out to investigate dynamic responses of SMA retrofitted/repaired RC 

columns. Two reduced scale (1/6th) RC cantilever columns retrofitted or repaired with SMA spirals 

at the plastic hinge zones are tested under bidirectional seismic excitations at varying levels of 

intensity. The dynamic testing is expected to show the realistic seismic behavior of the SMA 

confined RC columns which were not able to be captured in the previous quasi-static cyclic loading 

tests. Second, this research also numerically studies the seismic performance of a SMA retrofitted 

multiple frame bridge when subjected to sequences of main shock-aftershock ground motions. 

Beyond exploring the responses of the columns at the component level, the impact of retrofitting 

a single or multiple columns with different levels of confinement pressure on the overall 

performance of the bridge is studied including interactions with other bridge components such as 

abutments or expansion joints. Furthermore, the seismic damage status and post-earthquake 



iii  

 

functionality of the SMA retrofitted bridge after multiple earthquake events are assessed. Lastly, 

an advanced evaluation method which effectively combines numerical and experimental 

approaches, named material testing incorporated (MTI) simulation is newly developed. In addition 

to seismic loading, this new method experimentally derives the realistic material behavior of 

SMAs at varying situations affected by chemical and/or thermal changes, and incorporates the 

measured data into the numerical analysis to predict the structureôs overall response.  
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CHAPTER 1 INTRODUCTION  

1.1 PROBLEM  STATEMENT  

Over the course of modern history, despite the advancements in structural engineering, 

strong earthquakes have resulted in massive economical and life losses due to the catastrophic 

failures of structures. Bridges are among the most critical components in the built infrastructure of 

modern societies. As among the primary load carrying bridge components, reinforced concrete 

(RC) bridge columns are required to sustain strong ground shaking while maintaining their 

structural integrity and post-earthquake functionality. That being said, historical earthquakes have 

revealed the vulnerabilities of many existing RC bridge columns designed prior to 1971 according 

to old seismic design provisions. These bridge columns were constructed with poor seismic 

detailing which does not meet the minimum level of safety requirement. One of the major problems 

that are often observed in these old RC columns is lack of flexural ductility, which is mainly 

attributed to insufficient transverse reinforcement that plays a key role in providing effective 

confinement of the concrete at the plastic hinge zones of the columns. Under the continuous threats 

of severe earthquakes, especially those involving strong sequential ground shaking, these 

vulnerable RC columns can pose a serious danger to the structural integrity and post-earthquake 

functionality of the bridge. Therefore, the importance of pre-earthquake retrofit and post-

earthquake emergency repair techniques to maintain and recover the structural integrity of these 

columns, respectively cannot be overemphasized. 

Recent earthquakes such as Northridge (1994), Chi-Chi (1999), Tohoku (2011), and 

Christchurch (2011) are good examples of major earthquake events with strong aftershocks. In 

those earthquakes, a series of seismic events occurred in an unpredictable time intervals that varied 
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from several minutes to days. On January 17, 1994, a strong seismic excitation with a moment 

magnitude (Mw) 6.7 occurred near Los Angeles as a main shock of the Northridge earthquake. 

While the main shock was followed by more than 10,000 aftershocks (Hauksson et al. 1995), the 

two largest aftershocks occurred about a minute and 11 hours after the main shock, respectively, 

and both recorded Mw greater than 6.0 (Thio and Kanamori 1996; Dreger 1997). During the Chi-

Chi earthquake sequence in Taiwan, a main shock of Mw 7.6 occurred on September 21, 1999. 

Among over 20,000 aftershocks followed for more than six months, the largest aftershock (Mw 

6.4) occurred on September 25, 1999 (Chi and Dreger 2002). The 2011 Tohoku earthquake, the 

most devastating earthquake recorded in Japan, had a main shock of Mw 9.0. Japan experienced 

over 1,000 aftershocks exceeding Mw 4.0 (Abdelnaby and Elnashai 2014). Especially, the three 

largest aftershocks occurred within 40 minutes after the main shock with Mw 7.4, 7.7 and 7.5 

(Hirose et al. 2001; Nishimura et al. 2011). In New Zealand, the main shock (Mw 6.2) of the 2011 

Christchurch hit the Canterbury region on February 22, 2011. Several aftershocks exceeding Mw 

4.0 occurred on the same day with time intervals ranging from several minutes to hours, and the 

largest aftershock (Mw 6.0) was reported on June 13, 2011 (Kaiser et al. 2012). The previous 

historical earthquakes have shown that, subjected to those impending and continuing earthquakes, 

RC bridge columns can experience serious structural degradations without adequate retrofit or 

repair procedure, which could eventually lead to total collapse.  

Great effort has been made over the last few decades to solve the problem of seismically 

deficient RC columns by providing lateral supplementary confinement for concrete. The two 

primary types of concrete confinement methods developed up to date are: 1) passive confinement 

and 2) active confinement. In the case of passive confinement, the confinement pressure is exerted 

due to the hoop stresses developing in the lateral reinforcement as a result of the lateral expansion 
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(dilation) of the concrete under loading (i.e. Poissonôs effect). Unlike passive confinement which 

inevitably entails a certain level of concrete damage, active confinement applies lateral 

prestressing pressure without the need for concrete dilation, and shows more enhanced capability 

in increasing concrete ductility and delaying damages under compression, compared to its passive 

confinement counterpart. Andrawes and Shin (2008) proposed and studied a new technique to 

apply active confinement using prestressed shape memory alloy (SMA) spirals/hoops. This novel 

method took advantage of the shape memory effect (SME), a heat-triggered phenomenon observed 

in a class of smart material known as SMAs to apply confinement. The capability of the SMA 

spirals to enhance or restore the seismic capacity of RC columns was even evaluated 

experimentally through quasi-static cyclic tests (Shin and Andrawes 2011a, 2011b). 

While the substantial influence of SMA confinement on the columnsô seismic capacity was 

proven in the quasi-static tests, such tests were unable to adequately derive the realistic dynamic 

responses of the columns under seismic excitations. The predetermined unidirectional 

displacement loading protocol of those tests is quite different from realistic multi-directional 

ground shakings. The seismic performance of the SMA confined columns would be more 

realistically assessed through a set of dynamic tests where the columns are directly excited by 

ground accelerations and inertial effect in real time. Also, the feasibility of the SMA confinement 

technique in rapidly and readily performing seismic retrofitting and emergency repair for RC 

columns under the imminent seismic threats needs to be investigated. To date, this new 

confinement technique has been studied at the component level. The impact of actively confining 

a single or multiple columns with different levels of confinement pressure on the overall seismic 

performance of a bridge system including the interaction with different bridge components is yet 

to be clearly understood. Further, it is not clear how the SMA confined bridge columns would 
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behave and affect the post-earthquake functionality of the bridge after undergoing strong, 

sequential ground shakings (e.g. main shock-aftershock sequence) which were commonly seen 

during previous seismic events such as the Chi-Chi (1999), Tohoku (2011), and Christchurch 

(2011) earthquakes.  

For this emerging technique to be fully accepted as an effective retrofit/repair strategy, it 

is crucial to have a strong grasp of its influence on the response of the bridge system in likely 

situations from a global prospective. On top of strong ground shakings, the vulnerability of the 

bridge system becomes more critical when it is exposed to varying conditions affected by radical 

chemical and/or thermal changes in its surrounding environment, especially when equipped with 

a relatively new material whose behavior was not sufficiently studied for civil engineering 

application such as SMAs. Construction materials under such extreme circumstances may be 

subjected to an excessive additional load or unexpected variations in their behavior which can 

greatly govern the structural performance at the component level, and eventually affect the global 

response of a structural system. In-depth understanding and accurate prediction of material 

behavior under those conditions represent integral part of the performance evaluation of the 

structural system. Many material models which have been extensively used in a variety of analysis 

platforms, however, are not able to fully capture such complex material behavior. It is also quite 

challenging to set up testing environments and perform multiple experimental tests in conventional 

ways, considering the cost and effort required to control testing devices and fabricate physical test 

specimens. Therefore, there is a need for a new advanced evaluation method which is capable of 

accurately assessing structural performance in the face of combined threats of natural and man-

made hazards by incorporating realistic material behavior in a cost effective way.  
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1.2 RESEARCH OBJECTIVE S 

This research focused on broadening the knowledge pertinent to the application of SMA 

confinement technique in seismic retrofitting and repair of RC bridge columns under extreme 

earthquake loadings. The following three main objectives are addressed in this dissertation: 

¶ Investigating the dynamic response of SMA retrofitted/repaired RC columns through a 

series of shake table tests.  

¶ Understanding the impact of implementing the new SMA retrofit technique on the global 

seismic behavior of bridge systems including various bridge components (e.g. abutments, 

expansion joints, etc.).  

¶ Establishing a new experimental-numerical simulation framework, namely Material 

Testing Integrated (MTI) simulation, and utilizing it to explore the seismic performance of 

SMA retrofitted RC columns. 

To accomplish those objectives, current study utilized experimental tests, numerical 

simulations and a combination of both approaches. First, two reduced-scale RC column specimens 

were constructed, and dynamically tested under a set of bidirectional seismic loads. In each test 

run, input motions were scaled to attain specific target performance levels, and dynamic responses 

of the columns retrofitted and repaired using SMA spirals were studied. Based on obtained 

experimental results of the RC columns, computational models which characterize the responses 

of the SMA confined RC column were developed in the earthquake simulation software OpenSees 

(McKenna et al. 2000). Beyond the earthquake simulation of the reduced-scale RC columns at the 

component level, the study was extended to numerically analyze full -scale RC bridge system under 

sequential ground motions. Multi -frame RC bridges retrofitted with different levels of SMA 

confinement were numerically modeled in OpenSees, and subjected to main shock-aftershock 
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earthquake ground motions. Damage status on both local and global scales and functionality of the 

bridges under the sequential seismic loading were evaluated in relation to SMA retrofitting. 

Furthermore, to explore performance of SMA retrofitting in a more cost effective way without 

relying solely on costly experiments of large specimens or full  numerical simulations, a new 

method which combines experimental testing of materials into conventional numerical simulation 

of a full structure was established. To demonstrate and validate the proposed concept, a framework 

which consists of simulation coordinator, finite element analysis (FEA) program and material test 

data of concrete was constructed and used in MTI simulation of a SMA retrofitted RC bridge 

column previously tested under quasi-static cyclic loading. MTI simulation was further utilized to 

investigate seismic performance of 1) RC cantilever columns retrofitted with SMA or steel spirals 

and 2) RC bridges supported by high strength concrete (HSC) columns confined with FRP wraps 

and/or SMA spirals. 

1.3 DOCUMENT OUTLINE  

Current dissertation is composed of the following chapters: 

Chapter 1 highlights the motivation of the current research and presents the research 

objectives. 

Chapter 2 presents literature review on concrete confinement techniques (passive and 

active) and previous studies on SMA confinement. Evolution and implementations of pseudo-

dynamic hybrid simulation are also reviewed. 

Chapter 3 presents experimental study of a series of shake table tests carried out to 

investigate dynamic responses of RC columns retrofitted/repaired with NiTiNb SMA spirals. 
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Chapter 4 covers numerical study of a multi-frame RC bridge system retrofitted with SMA 

spirals, and assesses post-earthquake functionality and damage status of the bridge system under 

sequential seismic excitations.  

Chapter 5 discusses conceptual background of MTI simulation and development of a new 

framework. The proposed concept is validated through comparison with the previous RC column 

test results. 

Chapter 6 investigates seismic performance of RC bridge columns and RC bridge systems 

equipped with different types of concrete confinement by applying MTI simulation and 

incorporating previous test data of concrete cylinders. 

Chapter 7 presents conclusions of current research and future research work.  
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CHAPTER 2 LITERATURE REVEIW  

2.1 CONCRETE CONFINEMENT TECHNIQUES  

The existence of old RC bridge columns with poor seismic detailing has motivated many 

researchers to focus on the development of various external supplemental confinement techniques 

to promote ductile behavior of the columns. Depending on the mechanism through which lateral 

confining pressure is triggered, the confinement techniques can be divided into passive 

confinement and active confinement. Passive confinement which is the more commonly used 

approach primarily relies on the lateral expansion (dilation) of the axially loaded concrete due to 

Poissonôs effect. On the other hand, active confinement provides continuous prestressing pressure 

throughout the structureôs service life without requiring the lateral expansion of the concrete. 

Studies on the development and implementation of both confinement techniques are addressed in 

this chapter. 

2.1.1 Passive Confinement  

2.1.1.1 Steel reinforcement 

One of the early works exploring the effect of transverse steel reinforcement on concrete 

behavior was conducted by Richart et al. (1929). Richart et al. (1929) carried out compression tests 

of circular concrete columns (254 mm × 1016 mm) confined with external steel spirals. Six 

different confinement groups were considered by applying different types and amounts of spirals. 

The tested columns showed increased compressive strength in relation to the applied lateral 

compressive pressure.  

Ahmad and Shah (1982) experimentally studied stress-strain responses of spirally confined 

concrete, taking into account the effect of compressive strength of concrete, yield strength of steel 
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spiral and spacing of spiral. While the confined specimens exhibited enhanced peak strength and 

post-peak behavior, the confinement was less effective for concrete with increased strength or 

lightweight aggregate. Based on the experimental results, theoretical stress-strain model of 

confined concrete was developed.  

Scott et al. (1982) carried out experimental testing of square RC columns (450 mm × 450 

mm × 1200 mm) confined with internal steel hoops under concentric or eccentric loading applied 

at different strain rates. The authors concluded that the increment both in volumetric ratio of the 

steel hoops and longitudinal strain rate contributed to greater compressive strength of the confined 

concrete, higher longitudinal strain at initial fracture of the hoops and more gradual slope of the 

post-peak behavior. The use of larger hoop diameter and increased hoop spacing, however, 

reduced the confinement effect. They also proposed an approach to estimate the ultimate strain of 

confined concrete as a function of the yield strength and volumetric ratio of steel hoops.  

Mander et al. (1988a) developed a generalized stress-strain model of confined concrete 

which encompasses the effect of different types of transverse reinforcement into effective 

confinement pressure. By utilizing an energy balance approach which assumes that energy stored 

in confined section corresponds to the strain energy capacity of transverse reinforcement, the 

ultimate state of confined concrete was predicted. Circular and square RC columns and rectangular 

RC walls with various reinforcement configurations were tested under concentric compressive 

loading by Mander et al. (1988b), and experimental results were compared with the proposed 

theoretical model. 

The concept of applying external steel jacket has been also widely considered to enhance 

performance of RC columns.  Chai et al. (1991) proposed and experimentally studied the use of 
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bonded steel jackets to enhance flexural performance of circular RC columns. The proposed 

retrofit scheme used steel jackets to confine the plastic hinge regions of the RC columns and the 

gap between the column and jacket was grout-filled. Test results of six circular RC columns (607 

mm × 3658 mm) including three retrofitted columns under lateral cyclic loading indicated that 

steel jacketing was effective in preventing bond failure of lap-spliced reinforcing bars and crushing 

of concrete, eventually improving the deformation capacity of the deficient columns.  

Priestley et al. (1994a, 1994b) performed theoretical and experimental studies on the 

application of circular and elliptical steel jackets to retrofit circular and rectangular RC columns, 

respectively (see Fig. 2.1). After conducting lateral cyclic loading tests on fourteen large-scale RC 

columns, the authors concluded that the steel jackets contributed to stable and ductile hysteretic 

responses of the RC columns which showed brittle failure in early stages of the tests in the as-built 

condition.  

 

Figure 2.1 Elliptical steel jacket to retrofit rectangular columns (Priestley et al. 1994a). 

Daudey and Filiatrault (2000) also experimentally investigated seismic retrofitting of RC 

columns with a grooved rectangular section (see Fig. 2.2). Five RC columns were retrofitted with 
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circular and elliptical steel jackets and tested under lateral cyclic loading. The retrofitted columns 

exhibited enhanced hysteretic responses with higher flexural ductility compared to the as-built 

columns.  

 

Figure 2.2 Use of circular and elliptical steel jackets to confine non-circular RC columns (Daudey 

and Filiatrault 2000). 

Xiao and Wu (2003) proposed a steel jacketing strategy using steel plates and stiffeners 

welded together in performing retrofitting of square RC columns. Fig. 2.3 shows supplementary 

stiffeners in various forms used in experimental testing of square RC columns. Test results 

revealed that the added stiffeners helped increase the confinement effect and lateral load carrying 

capacity of the columns.  
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Figure 2.3 Steel jacketing strategies using welded steel plates and stiffeners (Xiao and Wu 2003). 

Li et al. (2005) tested concrete cylinders confined with external steel jackets with different 

thickness along with various forms of internal reinforcements to develop a constitutive model of 

confined concrete. 

2.1.1.2 Fiber reinforced polymer (FRP) reinforcement 

Installation of fiber reinforced polymer (FRP) jacket or strand is also widely used in the 

passive confinement application due to the high strength-to-weight ratio and excellent corrosion 

resistant of FRP. Fardis and Khalili (1981) carried out experimental testing of concrete cylinders 

encased with glass-FRP (GFRP). High strength and ductility were observed for the GFRP confined 

concrete cylinders when loaded in uniaxial compression.  

Katsumata et al. (1988) applied carbon fibers in the form of continuous spirals to strengthen 

the lateral load capacity of the RC columns. RC columns retrofitted with different amount of fiber 
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spirals were tested under lateral cyclic loading, and exhibited increased lateral deformation and 

energy absorption capacities in proportion to the amount of the applied fibers.  

Saadatmanesh et al. (1994) proposed analytical stress-strain models predicting the strength 

and ductility of FRP confined columns. The analytical study indicated that RC columns retrofitted 

with carbon fiber straps showed higher axial loading and ductility capacities compared to columns 

with E-glass straps. Saadatmanesh et al. (1996, 1997a, 1997b) also experimentally investigated the 

earthquake resistant capacity of circular and rectangular RC columns retrofitted/repaired with E-

glass FRP straps (see Fig. 2.4) in the plastic hinge region. The FRP retrofitting enabled both 

circular and rectangular RC columns to achieve higher lateral strength and displacement ductility 

with stable hysteretic responses.  

 

Figure 2.4 Prefabricated FRP straps used in column repair (Saadatmanesh et al. 1997b). 

Toutanji (1999) performed experimental and analytical studies on behaviors of concrete 

cylinders (76 mm ×305 mm) confined with carbon and glass FRP wraps. While both FRP materials 

enhanced the behaviors of the concrete cylinders in terms of strength, ductility and energy 

dissipation, carbon FRP wrap which provided greater lateral pressure achieved higher concrete 
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strength compared to glass FRP wrap. The obtained responses of the specimens were utilized to 

construct stress-strain model of FRP confined concrete.  

Haroun and Elsanadedy (2005) experimentally studied the use of carbon and glass FRP 

jackets to improve vulnerable responses of RC columns associated with insufficient lap-splice 

length in the plastic hinge region. Three as-built and ten FRP retrofitted columns were tested under 

inelastic cyclic lateral loading. While the FRP jackets were quite effective in increasing flexural 

ductility of the circular columns, limited improvement was seen for the columns with square 

section.  

Xiao and Wu (2000) studied responses of carbon-FRP (CFRP) confined concrete cylinders 

under monotonic compressive loading, considering different CFRP thickness and concrete 

strength. Concrete showed increased strength and ductility with the CFRP wrapping. Failure 

occurred due to the rupture of FRP. The confined concrete exhibited bilinear stress-strain 

responses with varying slopes of the second phase depending on the level of confinement. 

Empirical equation of the stress-strain curve was attained based on the experimental results.  

Lam and Teng (2003) developed a simple stress-strain model of FRP confined concrete 

based on experimental results of 76 previous tests. This model included important characteristics 

of the FRP confined concrete responses such as actual rupture strain of FRP, sufficiency of FRP 

jacket for strength increment, and impact of FRP stiffness on the ultimate state of confined 

concrete.  

Mirmiran and Shahawy (1996) suggested a concept of using prefabricated FRP tube which 

can serve as confinement jacket and formwork for concrete columns (see Fig. 2.5). Since multiple 

fiber layers alternately placed in the circumferential and longitudinal directions, this FRP tube 
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served as longitudinal reinforcement for the columns in addition to providing lateral confinement. 

Concrete cylinders encased with prefabricated FRP tubes were tested under uniaxial compression 

by Mirmiran and Shahawy (1997). The tested concrete cylinders showed bilinear stress-strain 

relationships along with improvement both in strength and ductility when encased with FRP tubes.  

 

Figure 2.5 Prefabricated FRP tube for RC columns (Mirmiran and Shahawy 1996). 

2.1.2 Active Confinement 

One of the early works which stimulated vibrant research activities in the field of active 

confinement is the study conducted by Richart et al. (1928) who investigated the behavior of 

concrete cylinders under triaxial stress state using a triaxial pressure vessel (see Fig. 2.6). Concrete 

cylinders with different compressive strength were subjected to axial compression along with a 

wide range of lateral pressure varied even greater than 600% of the compressive strength in the 

unconfined condition. The authors found that the strength of the confined concrete increased by 

about 4.1 times the amount of the applied lateral pressure, and that the axial deformation of the 

confined concrete cylinders at the peak force greatly increased ranging from 0.5% to 7% of the 

specimen length.  
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Figure 2.6 Schematic drawing of a triaxial testing device (Richart et al. 1928). 

 Experimental studies on concrete behavior under confining pressure in multiple directions 

followed by subjecting concrete cylinders, cubes or plates to biaxial and/or triaxial loading 

condition(s) using a triaxial pressure vessel (Hobbs 1971; Attard and Setunge 1996; Imran and 

Pantazopoulou 1996) or a triaxial testing machine (Wang et al. 1987; Kupfer et al. 1969; Mills and 

Zimmerman 1970; Launay and Gachon 1972; Lan and Guo 1997).  

Remarkable performance of active confinement to enhance compressive behavior of 

concrete and mitigate concrete damage has attracted great attention in academia. Many researchers 

attempted to utilize active confinement as a way to increase the seismic capacity of RC columns, 

and one of the most widely used methods to apply active confinement pressure is to use 

prestressing materials such as steel strands or FRP straps. Saaticoglu and Yalcin (2003) used 

external prestressing strands to actively confine full -scale circular and rectangular RC columns 

and performed lateral cyclic loading test (see Fig. 2.7). Seven-wire steel strands wrapped around 

the columns were prestressed by using a hydraulic jack and secured using twisted ring anchors. 
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The test results showed that the proposed active confinement technique enhanced the flexural 

ductility and prevented the shear failure of the columns.  

  
                                 (a)                            (b) 

Figure 2.7 Application of active confinement using prestressed strands to retrofit square columns: 

(a) Retrofitted RC column and (b) cross section of the column (Saaticoglu and Yalcin 2003). 

Furthermore, attempts were made to actively confine RC columns using prestressed FRP 

belts/straps (Nesheli and Meguro 2006; Nakada and Yamakawa 2008). In a retrofitting technique 

proposed by Nesheli and Meguro (2006), two different types of prestressed FRP belts made of 

carbon and aramid FRP composite were wrapped around square RC columns (see Fig. 2.8). 

Prestressing of FRP belts was applied by tightening screw bolts connecting steel blocks where 

FRP belts were attached. The retrofitted columns exhibited improved flexural ductility and shear 

strength in cyclic lateral loading tests. 
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(a) (b) 

Figure 2.8 Prestressed FRP belts using (a) carbon fiber and (b) aramid fiber (Nesheli and Meguro 

2006).  

Nakada and Yamakawa (2008) also used prestressed aramid fiber belts to actively confine 

square columns which were tested under axial compressive loading. Active confinement using the 

aramid fiber belts contributed to improving the concreteôs compressive strength and post peak 

behavior. Although the effectiveness of active confinement has been demonstrated in many 

experimental studies, those techniques have not been widely used in the field. This could be 

attributed mainly to the excessive mechanical hardware, labor and time needed to apply sufficient 

prestressing force in the field. To resolve the issues associated with the application of active 

confinement, researchers sought alternative ways for applying active confinement using 

unconventional materials. For example, Saadatmanesh et al. (1996, 1997a, 1997b) attempted to 

apply active confinement in retrofitting and repairing of RC columns using oversized FRP straps 

and pressurized resin epoxy. Yan et al. (2005) utilized expansion of cementitious material confined 

by prefabricated FRP jackets as a result of chemical reaction to actively confine rectangular or 

square RC columns. Krstulovic-Opara and Thiedeman (2000) combined SMA fibers with high 

performance fiber reinforced concrete which generated heat-induced active confining pressure for 

concrete cylinders. 
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2.1.3 Shape Memory Alloy Confinement 

Over the last two decades, the application of SMAs in civil structures has gained great 

interest, thanks to their unique thermomechanical characteristics, namely shape memory effect 

(SME) and superelasticity (Dolce et al. 2000; DesRoches 2004; Saiidi et al. 2007; Nehdi et al. 

2010; Wierschem and Andrawes 2010; Miller et al. 2012; Zafar and Andrawes 2013; Shajil et al. 

2013 among many others). One of the emerging potential applications of SMA in concrete 

structures is the use of SMA to provide active confinement for concrete. Andrawes and Shin (2008) 

proposed and studied the idea of using thermally prestressed SMA rings to actively confine 

concrete. The idea of using SMAs in providing active confinement for concrete is based on 

utilizing the large recovery stress (prestress) associated with the SME of prestrained SMAs when 

subjected to heating. Fig. 2.9 illustrates how the SME is thermally triggered, as a consequence of 

the atomic phase transformation from the martensite phase to the austenite phase. As illustrated in 

Fig. 2.9(a), when SMA remains below the martensite finish temperature (ὓ ), it is fully in the 

martensite phase. The SMAs start to transform to the austenite phase at the austenite start 

temperature (ὃ) and become fully austenite above the austenite finish temperature (ὃ ). As 

depicted in Fig. 2.9(b), in its martensite phase, SMA experiences large residual strain when 

unloaded after being excessively deformed. When the alloy is heated above ὃ , the SME is 

triggered and the SMA recovers its original shape. If the SMA is constrained and not able to 

recover its original shape, a large recovery stress (prestress) would develop in the material and 

sustain until the constraint is removed.  
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(a) Thermal hysteresis (b) Thermomechanical behavior 

Figure 2.9 Thermal hysteresis and thermomechanical behavior of SMAs. 

 Shin and Andarwes (2010) carried out an experimental study to explore the compressive 

behavior of concrete confined with SMA sprials. Prestrained NiTiNb SMA wires were applied to 

a concrete cylinder in the form of continuous spirals and heated to provide active confinement (see 

Fig. 2.10). The performance of the SMA confinement was compared with that of GFRP and hybrid 

(GFRP-SMA) confinement methods. The experimental study revealed that while both active and 

passive confinement improved the compressive behavior of concrete, the SMA spirals showed 

superior capability to the GFRP wraps in increasing the ultimate strain of concrete. The responses 

of concrete with the hybrid confinement proved that even small amount of SMA spirals greatly 

contributed to delaying the concrete damage and maintaining relatively high residual concrete 

strength.  
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        (a)                                    (b) 

Figure 2.10 Application of active confinement using SMA spirals: (a) prestrained SMA spirals 

wrapped around the concrete cylinder and (b) thermally triggered active confinement pressure. 

The capability of NiTiNb SMA spirals to enhance the seismic capacity of RC columns was 

investigated experimentally by Shin and Andrawes (2011a). Four circular cantilever columns with 

insufficient transverse reinforcement were constructed, and three of them were retrofitted at the 

plastic hinge with SMA spirals, GFRP wraps and SMA spirals/GFRP wraps (see Fig. 2.11). Under 

the cyclic loading applied quasi-statically, the SMA retrofitted column achieved considerably 

enhanced flexural ductility and energy absorption, compared to the passively confined column 

with the GFRP only. The column with the hybrid confinement also exhibited ductile responses 

with stable hysteretic loops comparable to those of the SMA confined column. Shin and Andrawes 

(2011b) also explored the use of SMA active confinement technique to repair severely damaged 

RC columns. The plastic hinge region of the columns which experienced severe crushing core 

concrete and rupture of longitudinal reinforcing bars was repaired and actively confined with SMA 

spirals within 15 hours. Subjected to lateral cyclic loading, the repaired RC columns fully 

recovered their lateral strength and showed enhanced flexural ductility. Further, Shin and 

Andrawes (2012) developed an analytical model to validate the response of the SMA confined 

column, and analytically explored the effectiveness of the SMA confinement for columns with 
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various parametric conditions. The authors concluded that SMAôs active confinement pressure of 

about 1.38 MPa is sufficient to attain highly ductile responses for the RC columns considered in 

the study.  

 

Figure 2.11 Testing of RC columns retrofitted with different confinement methods (Shin and 

Andrawes 2011a).  

The previous experimental studies have demonstrated that the SMA confinement has far 

better performance than the conventional passive confinement in improving behavior of concrete 

at both material and component levels. The concrete cylinders confined with the SMA spirals 

exhibited ultimate compressive strain about 8 to 10 times higher than those confined with GFRP 

warps (Shin and Andrawes 2010) and about 110% to 135% higher than those confined with steel 

wires (Chen 2015). Furthermore, the cantilever RC column retrofitted with SMA spirals achieved 

displacement ductility (‘) of 8 which was about 242% greater than that of GFRP confined RC 

column (Shin and Andrawes 2011a). Another advantage of the SMA confinement technique lies 

in its easy and fast implementation. Once SMA wires are wrapped around critical regions of a 

concrete column, an instant heat application less than a minute using a torch or a simple electric 
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device is sufficient to trigger the confinement effect. Therefore, this SMA-based technique is 

highly desirable in an imminent earthquake situation, compared to traditional FRP confinement 

which may take up to several days for curing of resins under ambient climate conditions. 

Furthermore, the fact that SMA confinement is thermally activated, makes it superior to other 

active confinement techniques in that it does not require special tools and excessive labor, which 

are typically needed to apply active confinement pressure in a conventional mechanical manner. 

Besides NiTiNb SMA wires, Choi et al. (2010) explored the use of NiTi SMA wires, which 

have a relatively narrow thermal hysteresis, for concrete confinement. They investigated recovery 

and residual stresses of NiTi SMA and NiTiNb SMA wires, and carried out uniaxial compression 

tests of concrete cylinders confined with the two types of SMA wires. Choi et al. (2012) also used 

NiTi SMA and NiTiNb SMA wires in seismic retrofitting of lap-spliced RC columns, and tested 

the columns under quasi-static lateral cyclic loading. Experimental results indicated that, compared 

to NiTi SMA wires, NiTiNb SMA wires showed higher residual stress and better performance in 

terms of increasing the ductility of the columns. 

On the material level, Dommer and Andrawes (2012) conducted experimental tests on 

prestressed NiTiNb SMA wires to investigated their thermomechanical behavior under various 

loading conditions and the suitability of this type of alloy for seismic retrofitting of RC columns 

(see Fig. 2.12). From the test results it was shown that the NiTiNb wires exhibited excellent shape 

memory effect and stable recovery stress under a wide range of temperature from ï10 ęC to 55 ęC. 

Although nonlinear behavior of the wires under cyclic loading caused slight reduction in the 

recovery stress, the wires were expected to exhibit promising confinement capability. 
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(a) (b) 

Figure 2.12 Investigation of thermomechanical behavior of NiTiNb alloys: (a) test setup in a 

thermal chamber and (b) cyclic stress-strain responses under different ambient temperatures 

(Dommer and Andrawes 2012).  

 Aggressive chemical conditions are another important factor that need to be taken into 

account since they can cause serious degradation of metallic materials and compromise structural 

integrity of civil infrastructures. To investigate the durability and long-term performance of the 

SMA confinement technique, Zhao and Andarwes (2017) studied mechanical behaviors of NiTiNb 

wires under harsh corrosive conditions. In this experimental study, NiTiNb wires were subjected 

to an accelerated corrosion test protocol through repeated wet-dry cycles in 3.5% NaCl solution, 

and corrosion status of the specimens was continuously monitored. From the test, the NiTiNb wires 

exhibited much higher corrosion resistance than carbon steel wires which experienced serious 

surface deterioration under the identical corrosive conditions. It was revealed that passive film 

(oxide layer) developed on the surface of NiTiNb wires played a crucial role in protecting the 

NiTiNb material from corrosion. The NiTiNb wires adequately protected by the passive film 
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successfully maintained their prestressing capability and mechanical properties after experiencing 

the harsh chemical attacks.  

 Studies on the corrosion resistance of NiTi-based SMAs for other engineering applications 

have been also conducted, especially in the biomedical area. Those studies mainly focused on 

corrosion behaviors, chemical compositions and surface treatment of NiTi -based alloys to 

investigate their biocompatibility in human body (Rondelli et al. 1990; Rondelli 1996; Thierry et 

al. 2000; Starosvetsky and Gotman 2001; Pun and Berzins 2008; Vojtech et al. 2010 among many 

others). Corrosion behaviors of other types of SMAs were studied as well. Montecinos and 

Simison (2011) studied the impact of microstructure on the corrosion behavior of Cu-Al -Be alloys 

to explore their implementation in seismic dampers in a marine environment. The Cu-Al -Be alloy 

was fabricated as 15 mm diameter bars and immersed in 3.5% NaCl solution with various exposure 

durations (10 minutes ~ 40 days) at a room temperature. The experimental result revealed that the 

alloy with two phase (ɼ ɾ) microstructure showed better corrosion resistance than that of the 

single phase (ɼ) Cu-Al -Be alloy. Söderberg et al. (1999) experimentally investigated the effects of 

chemical composition and training process of Fe-Mn-Si-Cr-Ni alloys on their corrosion behavior. 

The study revealed that while the higher Cr and lower Mn contents achieved enhanced corrosion 

resistance, it decreased the shape memory effect of the alloys. On the other hand, the cold rolling 

training process conducted for the alloys reduced their corrosion resistance. Della Rovere et al. 

(2012) also studied characteristics of passive films developed on the surface of Fe-Mn-Si-Cr-Ni-

(Co) alloys. They found that a high content of Si existed in the passive films and greatly contributed 

to the protectiveness of the films through the incorporation with Cr oxyhydroxide. 

More recently, Chen and Andrawes (2017a) performed uniaxial compression testing of 

concrete cylinders under monotonic and cyclic loading to obtain in-depth understanding of 
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behavior of actively confined concrete. Concrete cylinders with various compressive strength were 

subjected to different levels of confinement pressure from 0.91 to 3.92 MPa provided by NiTiNb 

alloy wires (see Fig. 2.13). The experimental tests results showed the characteristics of the SMA 

confined concrete under varying confinement levels, including peak stress, ultimate strain, residual 

stress and damage propagation. Based on this experimental work, the authors proposed an 

empirical stress-strain model of concrete confined with NiTiNb alloys, reflecting those 

characteristics of the SMA confined concrete. 

 

Figure 2.13 Concrete cylinders confined with NiTiNb alloy spirals at varying spacing (Chen and 

Andrawes 2017a).   

The test results of the concrete cylinders obtained by Chen and Andrawes (2017a) were 

further utilized to develop a plasticity-based model of SMA confined concrete which incorporated 

yield criterion, hardening/softening function and flow rule (Chen and Andrawes 2017b). This 

model is capable of better describing the 3-D stress-strain behavior of NiTiNb alloy confined 

concrete, considering the nature of SMA confinement which relies on both active confinement 

thermally triggered and passive confinement associated with dilation of concrete. Based on this 3-

D constitutive model, 1-D stress-strain relationship of NiTiNb alloy confined concrete was derived 

and constructed as uniaxial material (Chen 2015), namely, óConcreteSMAô in OpenSees, which 


















































































































































































































































































































































































