
  

 

  

Innovative self-centering concrete beam-column connections 
using Shape Memory Alloy 

Raafat El-Hacha1 and Fadi Oudah2 
1 Associate Professor, University of Calgary, Calgary, Canada 
2 Post-doctoral Fellow (formerly PhD Candidate), University of Calgary, Calgary, Canada 
 

ABSTRACT: Self-centering Reinforced Concrete (RC) beam-column connections are emerging 
as alternative design systems to conventional RC beam-column connections in seismic prone 
regions. The self-centering behavior is usually achieved via the use of external and/or internal 
damping systems and energy dissipation devices. However, the use of sophisticated systems in 
achieving the self-centering behavior of RC connections hinders their use in real-life 
constructions. Therefore, an innovative, yet simple, design of RC beam-column connections is 
proposed in this research utilizing the Shape Memory Alloy (SMA) material. The SMA material 
is characterized by its pseudo-elastic behavior and considerably large energy dissipation ability, 
and hence, it is a good candidate for the use in seismic applications. 

In this study, the use of SMA in the design of self-centering connections is optimized by 
proposing a new detail of plastic hinges in concrete structures. The proposed system consists of 
a vertical slot made into the beam member, while the SMA bar is placed only at the bottom fiber 
of the beam. Yet, self-centering behavior is achieved under both positive and negative bending. 
The performance of the system is validated via experimental testing of large-scale beam-column 
connection tested under quasi-static cyclic loading and compared with the behavior of 
conventional system in terms of hysteretic response, cracking, and strain profiles. Test results 
indicated the superior performance of the SMA-reinforced connection in terms of maintaining a 
stabilized performance and less cracking as compared with the conventional connection, and 
hence, substantial savings in the direct costs of construction is achieved via using the proposed 
detail.  

 
 

1 INTRODUCTION 

The need to achieve self-centering behavior of critical structural components (i.e. plastic hinges) 
subjected to lateral loading is emerging in the seismic design of Reinforced Concrete (RC) 
structures. Self-centering refers to the ability of the structure to pull back itself to the initial 
equilibrium position after being exposed to lateral motion. Several designs were proposed in the 
last few decades of self-centering beam-column and column-foundation assemblages. These 
designs, however, incorporate complex details and post-tensioned precast segments (Park, 
2003). More recently, the use of innovate materials, such as Fiber Reinforced Polymer (FRP) 
and Shape Memory Alloys (SMA), was introduced into the design of self-centering components 



  

 

  

(Sharbatdar et al., 2011; Youssef et al., 2008). Nevertheless, the brittle nature and the low 
energy dissipation capacity of FRP represent major drawbacks of using it in the seismic design 
of structures. The pseudo-elasticity response of SMA bar placed at the plastic hinges of concrete 
connections, however, showed superior self-centering performance as compared with 
conventional connections, yet, the design details is much simpler than existing post-tensioned 
precast self-centering connections (Youssef et al., 2008). The extremely expensive direct cost of 
SMA (approximately $1,000/m), nevertheless, is considered to be a major challenge of 
introducing it to the construction industry. In this research, the use of SMA bars in the design of 
self-centering beam-column connections is optimized by proposing a new design detail at the 
location of the plastic hinge that reduces the amount of SMA used, and hence, results in 
substantial savings in the direct cost. 

2 DESIGN PHILOSOPHY 

The proposed design of SMA-reinforced connection builds upon prior research studies 
investigated the use of Slotted-Beam-Column connections reinforced using conventional 
reinforcement (Ohkubo and Hamamoto, 2004; Oudah and El-Hacha, 2014; Oudah 2015; Oudah 
and El-Hacha 2015a, 2015b). In the slotted system, a vertical slot is made in the beam at the 
column face for a length equivalent to the beam depth minus the slab thickness. The inclusion of 
the vertical slot enforces the yielding of the bottom reinforcement under both positive and 
negative bending, while the top reinforcement is proportioned to remain elastic during the 
earthquake excitation. A recent research study by Oudah (2015) concluded that relocating the 
vertical slot away from the face of the column by a distance equal to the effective shear depth 
(distance between the tension and compression forces at the vertical slot section) results in 
improved performance in terms of minimizing the cracking in the joint and yield penetration. 

What if we substitute the bottom steel reinforcement in the Slotted-Beam-Column connection 
by SMA bar? This will result in utilizing the pseudo-elastic performance of SMA under both 
positive and negative bending, and yet, the top steel reinforcement remains elastic during the 
cyclic loading. In other words, placing the SMA at the bottom side will result in self-centering 
behavior under both positive and negative bending, and hence, fifty percent of the direct cost is 
saved (Figure 1). The SMA bar is anchored to the concrete joint with steel mechanical anchors 
and spliced with the longitudinal reinforcement using steel mechanical couplers. The testing and 
validation of the anchors and couplers are included in Oudah (2015).  

 

Figure 1. Schematic drawing of the proposed system 



  

 

  

3 EXPERIMENTAL PROGRAM  

Two large-scale concrete beam-column connections (80% of actual dimensions of connections 
in 7 storey RC building) were tested under quasi-static cyclic loading; Conventional and SMA-
reinforced connections. The specimen details are shown in Figure 2, while the testing regime is 
illustrated in Figure 3. The top and bottom sides of the columns were pinned while quasi-static 
loading was applied at the tip of the beam member. The connections were designed to achieve 
approximately the same resistance moment (47.9 kN·m and 41.1kN·m of Conventional and 
SMA-reinforced connections, respectively).  

 
(a)  Conventional connection  

 

(b) SMA-reinforced connection 

Figure 2. Specimen details 



  

 

  

 

Figure 3. Testing regime 

 

The connections were cast from the same concrete batch. The average 28 days concrete 
compressive strength, according to ASTM C39/C39M (2010), of three 100 mm x 200 mm 
cylinders was 42.5 ± 4.1 MPa. Steel tension coupon tests were conducted according to ASTM 
A370 (2010) on each type of steel reinforcement; 10 M, 15 M, and 20 M. Three steel coupon 
specimens were tested for each type of steel reinforcement. The steel yield stress, fy, yield strain, 
εy, and ultimate stress, fu, for 10 M, 15 M, and 20 M bars are 485 MPa, 484 MPa, 436 MPa, 
2590 µε, 2680 µε, 2240 µε, 730 MPa, 730 MPa and 588 MPa, respectively. The fully annealed 
austentic finish temperature of SMA, Af, ranges between -9º C and 0 º C, while its chemical 
composition consists of 55.8% Ni and 44.2% Ti. The stress-strain relationship was determined 
by conducting a coupon tension test on 300 mm bar as shown in Figure 4.  

 

Figure 4. Stress-strain behavior of SMA bar 
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4 TEST RESULTS  

4.1 Moment-rotation relationships  

The hysteretic responses of the connections are shown in Figure 5. The Conventional 
connection failed by crushing of the concrete followed by the fracture of the steel reinforcement 
in the beam at the face of the column (plastic hinge location), while the SMA-reinforced 
connection experienced a fracture of the SMA bar near the anchor. The ultimate moment of the 
SMA-reinforced connection is 56.9 kN·m and 88.2 kN·m under positive and negative bending, 
respectively, while the average ultimate moment of the conventional connection is 76.0 kN·m. 
The ultimate drift of the SMA-connection is 1.22 times the conventional connection. 

The Conventional connection experienced a typical hysteretic response of RC connections in 
which a sliding shear plane was developed with increasing drift demand. Consequently, the 
stiffness of the system decreased upon the increase in the drift. The SMA-reinforced connection 
achieved a self-centering behavior in which the permanent deformation was negligible upon 
unloading. The difference in the behavior under positive and negative bending is due to the 
difference in the material properties of SMA and steel reinforcement since the tensile resistance 
under positive bending is provided by the bottom SMA bar, while it is provided by the top steel 
reinforcement under negative bending.  

  

 (a)  Conventional connection                                       (b) SMA-reinforced connection 

Figure 5. Stress-strain behavior of SMA bar 

 

4.2 Cracking 

The cracking pattern at the side face of the beams at ultimate is shown in Figure 6. The 
Conventional connection experienced typical cracking pattern at the location of the plastic 
hinge, while cracking in the SMA-reinforced connection was concentrated at the vertical slot 
section. The cracking pattern of the SMA-reinforced connections shows that placing the vertical 
slot at a distance equivalent to the effective shear depth of the slot-section succeeded in 
relocating the plastic hinge, and thus, cracking of the concrete joint was mitigated.  

-100

-50

0

50

100

-6 -4 -2 0 2 4 6
Beam drift (%)

M
om

en
t (

kN
·m

)

Bar 
fracture

-100

-50

0

50

100

-6 -4 -2 0 2 4 6

M
om

en
t (

kN
·m

)

Drift ratio (%)

Bar 
fracture



  

 

  

 

(a) Conventional connection 

 

(b) SMA-reinforced connection 

Figure 6. Stress-strain behavior of SMA bar 

 

4.3 Strain profiles  

 

The envelopes of the moment versus strain relationships of the bottom reinforcement in both 
connections are shown in Figure 7. The strain response of the SMA bar is approximately 
symmetric under positive and negative bending, while the steel reinforcement experienced 
tensile strains under both bending actions. Thus, the observed behavior is in accordance with the 
anticipated deformation mechanism of the self-centering connection as discussed in Section 2 in 
this paper. The average ultimate strain of the SMA bar is 1.6% while the ultimate strain of the 
steel reinforcement under positive bending is 5.4%. It is, therefore, concluded that the proposed 
slotted-beam system succeeded in inducing symmetric strain response of the SMA bar under 
both directions of bending. However, the strain capacity of the system was not fully utilized as 
the SMA bar failed prematurely at the anchor location. 

To further examine the effectiveness of the proposed system, the strain profiles of the top steel 
reinforcement in the SMA-reinforced connection are shown in Figure 8 at four displacement 
amplitudes. Even though the top reinforcement was designed to remain elastic during the cyclic 
loading, it yielded approximately at displacement amplitudes of 40 mm (2.95%). However, the 
strain values are much lower than those experienced in conventional connections (14.3 times 
lower). 



  

 

  

 

Figure 7. Moment-strain envelopes of the bottom reinforcement 

 

Figure 8. Strain profiles of the top steel reinforcement in the SMA-reinforced connection 

5 CONCLUSIONS 

The use of SMA in the design of self-centering concrete connections is optimized in this 
research study by proposing a new design detail at the plastic hinge location in concrete 
structures. The innovative design is primarily based on placing the SMA bar at the bottom side 
of the beam; yet, the self-centering behavior is attained under both positive and negative 
bending. This is achieved by introducing a vertical slot in beam member placed one effective-
shear-depth distance away from the face of the column. Experimental testing of the proposed 
system was conducted and compared with the behavior of conventionally reinforced connection 
in terms of moment-drift relationship, cracking, and strain behavior. Test results indicated the 
superior behavior of the SMA-reinforced connection in mitigating the pinching shear effect and 
maintaining a self-centering behavior. Future research studies shall be directed toward avoiding 
the premature failure of the SMA bar at the anchor location.  
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