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Abstract 9 

In this study, a detailed experimental and numerical investigation is carried out to study the efficacy of prestressed SMA 10 

diagonal compression loops in seismic retrofitting of non-seismically detailed RC beam-column joints. Prestressed 11 

diagonal compression loops exert active confinement to the joint core which is found to perform better than the 12 

conventional passive confinement in terms of improving the shear strength, ductility, and energy dissipation capacity. In 13 

this study, active confinement of the joint core is achieved by applying in-plane diagonal compression forces using 14 

externally fastened prestressed NiTiNb shape memory alloy (SMA) diagonal loops. In the experimental part, two different 15 

techniques were investigated to prestress the SMA loops, which are: 1) rapid heat-activated prestressing technique 16 

utilizing the shape memory feature of SMAs; and 2) conventional prestressing by mechanical means. In the finite element 17 

analysis, a wide range of prestress values (post-tension force) is studied, keeping the basic arrangement same. The efficacy 18 

of the retrofitting technique is evaluated in terms of enhancement in strength, ductility, energy dissipation capacity, 19 

damage reduction in the specimens, and the ease of application. The results from this study suggest that depending on the 20 

applied confinement level, the retrofitting scheme can increase the ultimate strength in the range of 20 — 30% and the 21 

energy dissipation capacity in the range of 60 — 70% however, no significant enhancement in ductility of the retrofitted 22 

specimen may be achieved using this approach. The study also highlights the complexity involved in controlling the 23 

material behaviour of NiTiNb SMA wires and the risks associated with the application of SMAs in practical problems. 24 

Keywords 25 

Seismic retrofitting; Beam-column joint; Shape memory alloys; SMA; Active confinement; Heat-activated prestressing, 26 

Heat-activated post-tensioning.   27 

mailto:rsuhail01@qub.ac.uk


2 

 

1. Introduction 1 

Past research [1], [2], [3]–[11] on the seismic performance of the existing reinforced concrete buildings designed for only 2 

gravity loads, as typical of pre-1970-80’s design and construction practices, has revealed many structural deficiencies in 3 

this approach. The absence of capacity design and poor reinforcement detailing in these buildings result in inadequate 4 

ductility both at local and global levels. Consequently, these kinds of buildings perform poorly under moderate to strong 5 

seismic excitations [12], [13]. Poor reinforcement detailing at critical locations such as beam-column can have detrimental 6 

consequences as it may lead to a global failure mechanism. To prevent shear failure of non-seismically detailed beam-7 

column joint (NSD-BCJ) cores, researchers in the past have come up with several retrofitting techniques such as fibre 8 

reinforced polymer (FRP) wrapping [14]–[18], concrete jacketing [19], [20] and joint enlargement by shape modification 9 

and haunch retrofitting systems [21]–[25], each having their own pros and cons. Joint enlargement achieved by any 10 

means, for example, Shafaei et al. [23] proposed stiffened steel angles and plates with prestressed cross ties to actively 11 

confine the joint core region, are generally found to be very effective in relocating the plastic hinge away from the joint 12 

core. However, the joint enlargement technique has its own drawback, in that, beams and columns framing into the joint 13 

core are subjected to greater shear forces due to the shortening of their lengths which may cause their shear failure unless 14 

the shear strength reserve in the beams and columns exceeds the additional shear force caused due to joint enlargement. 15 

Consequently, an additional need for retrofitting beams and columns in the joint region might arise. 16 

Among the other techniques, one technique in particular employs a minimalistic approach (i.e., focusing on minimal 17 

design intervention) using only the diagonal reinforcement to enhance shear strength of the joint core [26]–[28]. Au et 18 

al., [26] studied the effectiveness of diagonal reinforcement in the joint core and showed that at lower drift (ductility 19 

factors) values beam–column joints reinforced with diagonal bars perform better, in terms of strength and stiffness 20 

degradation, than those specimens reinforced with horizontal hoops. However, they reported that at high ductility factors 21 

(large displacement values), specimens with diagonal bars experienced greater strength and stiffness degradation than 22 

specimens with hoops.  Ghobarah and Said [27] investigated the efficacy of FRP strips bonded externally to the joint core 23 

in the diagonal direction. While this retrofitting design was successful in delaying shear failure sufficiently to achieve 24 

near maximum flexural capacity of the beam, it could not prevent the shear failure in the joint core. A logical progression 25 

in this design approach is to study the application of prestressed bars/wraps anchored in the diagonal direction of the joint 26 

core. Unlike a typical passive shear steel reinforcement, prestressed SMA wires could provide active confining pressure 27 

to the joint core in the direction opposite to the maximum principal stresses. Active confinement of concrete is found to 28 

be more effective in resisting applied loading than passive confinement which becomes effective only when concrete 29 

starts to dilate [29]–[34] [23][24]. 30 
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Recently, researchers, for example Suhail et al. [35], [36] and Yurdakul et al., [37] proposed the use of prestressed 1 

diagonal compression shape memory alloy (SMA) bars/loops for seismic retrofitting of a non-seismically detailed beam-2 

column joint core. Yurdakul et al., tested beam-column joints with and without post-tensioned bars anchored diagonally 3 

at the joint core. Their results suggested that specimens retrofitted with post-tensioned shape memory alloy (SMA) bars 4 

performs better in terms of an increase in peak-load and yield drift when compared with analogous specimen retrofitted 5 

with prestressed steel diagonal bars and an as-built specimen. However, other than the marginal contribution due to active 6 

confining pressure no significant improvement in the ductility of the specimen was reported by them. 7 

The introduction of SMAs in civil engineering has created greater need and opportunity for research aimed at exploiting 8 

the unique material properties of SMAs in different civil engineering applications. Results from the studies such as 9 

Yurdakul et al., [37] suggest that SMAs could be effectively used in seismic retrofitting of non-seismically detailed RC 10 

beam-column joints. Due to their unique material properties, SMA represent a highly desirable and functional material 11 

for many civil engineering applications. In addition to high ductility and corrosion resistance, the two prominent features 12 

of SMAs are superelasticity, which is the ability of the material to recover large ‘pseudoelastic’ strain through removal 13 

of the applied load; and the shape memory effect, which is the ability of the material to recover large ‘pseudoplastic’ 14 

strain by heating [38], [39]. The shape memory effect of SMAs can be utilized to develop a convenient method for rapid 15 

heat-activated prestressing [40], [41] of diagonal reinforcement in the joint core. Although several studies [37], [42]–[49] 16 

in the past have been conducted to utilize the unique material properties of SMAs for improving the seismic performance 17 

of new build reinforced concrete buildings, mostly as superelastic bracing systems, but for seismic retrofitting of NSD-18 

BCJs only a few studies exist and none exists on utilizing the shape memory feature for active confinement of joint core. 19 

The reason for this is perhaps the complex material behaviour and relatively high material cost of SMAs, and expertise 20 

required to manipulate the unique material features of SMAs.  21 

In this study, a detailed experimental and numerical study is conducted to investigate the efficacy of prestressed SMA 22 

diagonal compression loops in seismic retrofitting of non-seismically detailed beam-column joints. First, experimental 23 

testing of two full-scale beam-column joints is carried out, one of which is retrofitted with prestressed SMA diagonal 24 

compression loops, while the other is tested as a control specimen. Two different prestressing techniques were 25 

investigated, which are: 1) rapid heat activated prestressing exploiting the shape memory feature of SMAs; 2) 26 

conventional mechanical prestressing. Following the experimental testing, a detailed finite element analysis of the test 27 

specimen experimental response is carried out. Finally, a parametric study investigating the effect of varying prestress 28 

forces on the performance of the retrofitting scheme is carried out to comprehensively investigate the efficacy of this 29 

retrofitting scheme.  30 
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2. Experimental programme  1 

Two full-scale reinforced BCJ specimens were investigated in this study. One of the two specimens (i.e., SP-1) was 2 

selected to be a control specimen, and other specimen (SP-2) was retrofitted using prestressed SMA diagonal compression 3 

loops. Both specimens were cast with exactly the same dimensions and reinforcement detailing. No shear reinforcement 4 

was provided in the joint core region, which was a typical practice adopted in 1970-80’s. This study forms a part of larger 5 

study [50] investigating the use of SMAs in various civil engineering applications.  6 

SP-1, used as a control specimen, was tested as-built under reverse cyclic loading until its failure in Test-1. SP-2 was 7 

retrofitted first with scheme. RS-A. RS-A was designed to exploit the shape memory effect of SMA for active 8 

confinement of the joint core of SP-2. Due to insignificant level of recovery stress (prestress) developed in RS-A during 9 

the heating process (i.e., during the rapid heat activated prestressing), it was decided to uninstall RS-A from SP-2 as it 10 

did not achieve its intended purpose. After this, a modified version of RS-A, which involved mechanical post-tensioning 11 

of SMA wires and which ensured that the desired level of active confinement of the joint core is achieved, was designed 12 

and installed on SP-2. The modified retrofitting scheme is referred to as RS-AM in this study. Specimen SP-2 once 13 

retrofitted with RS-AM was tested under reverse cyclic loading until its failure in Test-2. For the benefit of the readers, 14 

both the retrofitting schemes (RS-A and RS-AM) are discussed in detail in this study and an attempt is made to highlight 15 

the risks associated with practical application of SMAs. Table 1 gives the summary of the tests performed in this study. 16 

Table 1: Test matrix 17 

Test No. Specimen No. 𝐑𝐞𝐭𝐫𝐨𝐟𝐢𝐭𝐭𝐢𝐧𝐠  

installed 

Loading 

Test-1 SP-1 None Reverse cyclic displacement  

Test-2 SP-2 RS-AM Post-tensioning & reverse cyclic displacement 

 18 

3. Design of as-built specimens 19 

3.1 Geometry and reinforcement details 20 

A typical exterior BCJ in a reinforced concrete building built prior to 1970-80’s was chosen for this investigation. The 21 

schematics of the BCJ chosen is shown in Figure 1. The initial design of the BCJ was carried out following a typical 22 

construction practice adopted in 1970’s-80’s. Several modifications to the initial design were carried out due to practical 23 

limitations. The slab and the transverse beam were excluded from the final design. Beam longitudinal reinforcement was 24 

appropriately increased to prevent early degradation of the beams and to ensure the failure takes place in the joint core 25 

region. Increasing the beam longitudinal reinforcement meant that a relatively higher joint shear force was expected to 26 
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develop in the joint core. To keep the specimen connection simple and exclude the influence of lap splice length, no lap 1 

splice in column reinforcement was provided. No shear reinforcement was provided in the joint core region of the BCJ 2 

to reproduce common practice adopted in 1970-80’s. The dimensions and the reinforcement detailing of the specimens 3 

is given in Figure 1. 4 

The column section, 300 x 300 mm, was provided with four longitudinal rebars of 20 mm diameter resulting in a cross-5 

sectional percentage of steel equal to 1.4% in column. The beam section, 250 x 375 mm deep, were provided with eight 6 

20 mm diameter rebars, four at the top side and four at the bottom side. Each beam longitudinal rebar was provided with 7 

a 90o bend of 220 mm length at joint end. The shear stirrups of 10 mm diameter were placed at 130 mm spacing. Their 8 

spacing was reduced to 75 mm near the supports and at the location of applied load to provide for stress concentration 9 

anticipated during the tests at these locations. Shear stirrups were provided with 90o bend at both ends instead of 135o 10 

hooks recommended in modern seismic design codes. However, the bent length in the shear stirrups were extended by 11 

70 mm beyond the corner. Concrete cover of 45 mm was provided to main reinforcement in both column and beam 12 

section.  13 

 14 

 15 

Figure 1: Schematic of as-built specimens; dimensions and section details (without retrofitting).  16 
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3.2 Material properties  1 

Concrete: Ready-mix concrete was ordered to cast all specimens at the same time. The maximum aggregate size used in 2 

the concrete was 10 mm. The concrete mix was designed to achieve a strength of 20 MPa at 28 days. The actual 28 days 3 

strength, obtained by testing cylinders of 100 mm diameter and 200 mm height, was 19 MPa. The mean cylinder 4 

compressive strength of specimens on the day of test is given in Table 2. 5 

Table 2:  Compressive strength of concrete used in BCJ specimens on the day of test. 6 

Specimen No. 𝒇𝒄𝒎 [MPa] 

(MPa) 
SP-1 24.1 

SP-2 26.4 

 

 7 

Reinforcement: The yield strength (fyk) and ultimate strength (fu) of the reinforcing bars were obtained from tensile tests 8 

of the coupon samples supplied with rebars. The material properties of the rebars are given in Table 3. 9 

 10 

Table 3:  Tensile strength of the rebars used in BCJ specimens. 11 

Rebar type Bar size 

mm 

𝐟𝐲𝐤 

(MPa) 

𝛆𝐲𝐤 

(MPa) 

𝐟𝐮 

(MPa) 

EL% 𝐟𝐮/𝐟𝐲𝐤 

 
Main rebars 20 535 0.00281 635 ~25% 1.18 

Shear links (stirrups) 10 597 0.00300 745 ~22% 1.24 

 12 

 13 

3.3. Predicted shear capacity and failure load of as-built specimens.   14 

The schematics of the internal forces acting in the external beam-column joint is shown in Figure 2. The maximum joint 15 

shear force in the joint panel considering the full capacity i.e. when the failure is assumed due to beam yielding, can be 16 

calculated using the following equation [1]: 17 

𝑉𝑗ℎ,𝑚𝑎𝑥. =  𝐴𝑠,𝑡𝜆𝑜𝑓𝑦𝑘 −  𝑉𝑐𝑜𝑙 …(1) 

where; 𝜆𝑜is the overstrength factor which accounts for strain hardening in rebars and is usually assumed as 1.25. 𝐴𝑠,𝑡  is 18 

the total cross-sectional area of the reinforcement provided on the tension side of the beam, and 𝑓𝑦𝑘 is the 19 

corresponding yield strength of the beam rebars. 𝑉𝑐𝑜𝑙 is the shear in the column and can be calculated using the 20 

equation given below: 21 

 22 
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𝑉𝑐𝑜𝑙 =
𝑀𝑏𝑦

𝑙𝑐
 =  𝐴𝑠,𝑡𝜆𝑜𝑓𝑦𝑘 {𝑑 −

𝑎

2
} 

1

𝑙𝑐
 …(2) 

 1 

𝑀𝑏𝑦 is the beam yielding moment at beam-joint panel interface, 𝑙𝑐   is the length of the column between the points of 2 

contraflexure, 𝑑 is the effective depth of the beam section and 𝑎 is given by: 3 

 4 

𝑎 =  
𝐴𝑠,𝑡 𝛼 𝑓𝑦

0.85. 𝑓𝑐
′𝑏𝑤

 …(3) 

 5 

where, 𝑓𝑐
′ is the concrete strength and 𝑏𝑤 is the width of the beam section. 6 

 7 

 8 

Figure 2: Schematic of various internal forces acting in the external RC beam-column joint. 9 

 10 

For estimating the maximum shear capacity of the NSD-BCJ, assuming shear failure of the joint core, several empirical 11 

equations are available in the literature, for e.g. Paulay & Priestly [1], Bakir et al.[51], Wang et al. [52], Vollum [53] and 12 

EC8 [54]. It should be noted that the method in EC-8 is not for the prediction of shear capacity of the joint, but the 13 

maximum permissible shear force at the mid-height of the joint panel. Table 4 gives a comparison of predicted failure 14 

load, 𝐹𝑙,𝑚𝑎𝑥 (actuator load at the the tip of the beam), assuming full capacity (beam yielding; Eq.1) and joint shear failure 15 

estimated using the above models. 16 

 17 

 18 

 19 
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Table 4:  Predicted failure loads of as-built specimens as per the various models given in the literature. 1 

 Beam 

Yielding  

Joint Shear Failure 

Specimen ID  [𝑭𝒍,𝒎𝒂𝒙]𝑩𝑭 [𝑭𝒍,𝒎𝒂𝒙]𝑱𝑭 

 Paulay et al. 

[1] 

[𝑭𝒍,𝒎𝒂𝒙]𝑱𝑭 

 Bakir et al. 

[51] 

[𝑭𝒍,𝒎𝒂𝒙]𝑱𝑭 

 Wang et al.  

[52] 

[𝑭𝒍,𝒎𝒂𝒙]𝑱𝑭 

Vollum 

 [53] 

[𝑭𝒍,𝒎𝒂𝒙]𝑱𝑭 

 (EC8)  

[54]  [kN] [kN] [kN] [kN] [kN] [kN] 

SP-1 (As-built) 134 47.65 51.78 21.94 34.4 84.51 

 2 

From Table 4, it could be observed that the capacity of the beam-column joint significantly reduces when shear failure 3 

of the joint core is assumed. A considerable scatter in the predicted values obtained using the above models exist. The 4 

actual shear capacity of the joint obtained from the experimental test will be compared with predicted values, given in 5 

Table 4, in the following sections. However, at this stage from the above given analytical models, it is clear that the 6 

reduction in load carrying capacity due to shear failure of the joint could range anywhere between 37 − 84% of the 7 

maximum load carrying capacity (assuming beam yielding). 8 

 9 

4. Design of retrofitting schemes 10 

Specimen SP-2 was retrofitted with four prestressed SMA diagonal compression loops, see Figure 3 (two on the front 11 

and two on the back). The contribution of prestressed loops in reducing the joint shear demand can be evaluated from the 12 

equilibrium equation as follows: 13 

𝑉𝑗 =  𝑇 − 𝑉𝑐𝑜𝑙 + (𝑃 − ∆𝑃𝑑1). 𝐶𝑜𝑠𝛼 − (𝑃 + ∆𝑃𝑑2). 𝐶𝑜𝑠𝛼 … (4) 

where, 𝑃 is the applied prestress force (post-tension), the terms ∆𝑃𝑑1 and ∆𝑃𝑑2 represent the change in the prestress force 14 

in the diagonal bars due to deformation of the joint core (i.e., due to extension or shortening of bars) and 𝛼 is the angle 15 

diagonal bar makes with the horizontal plane. 16 

Simplifying the above equation gives the following equation: 17 

𝑉𝑗 =  𝑇 −  𝑉𝑐𝑜𝑙 − (∆𝑃𝑑1 + ∆𝑃𝑑2 ). 𝐶𝑜𝑠𝛼 … (5) 

From equation (5) it is found that the joint shear demand is unaffected by the initial applied prestress. However, the 18 

reduction in the joint shear demand, as the joint starts to deform, is dictated by the term (∆𝑃𝑑1 + ∆𝑃𝑑2 ). Cosα. The initial 19 

prestress level is however expected to considerably effect the residual joint shear strain. The greater the prestress level in 20 
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the SMA wires, the smaller the residual joint strain is expected to be. To avoid the joint shear failure of the core, the 1 

maximum joint shear capacity of the joint should be greater than the maximum joint shear force due to beam yielding 2 

minus the term (∆𝑃𝑑1 + ∆𝑃𝑑2 ). Cosα. The term ∆𝑃, in turn depends on the axial stiffness of the diagonal loops (i.e., on 3 

the total cross-sectional area of the bars, Young’s modulus of the elasticity of the material and the length of the bars). In 4 

this study, only SMA wires are used as diagonal loops. The material properties of the SMA are discussed in the next 5 

section.   6 

 7 

 8 

Figure 3: Schematic diagram showing the force components acting in an RC beam-column joint core retrofitted with 9 

prestressed diagonal bars; P is the applied prestress, ∆𝑃 is the change in prestress due to deformation in the joint core. In this 10 

figure it is assumed that the same level of prestress is applied in both diagonal directions. 11 

 12 

4.1. Material properties of the SMA used in this study.  13 

The chemical composition of the SMA used in this study is Ni47.1Ti43.8Nb9. (at.%). The wire was fully annealed at 850oC 14 

for 1.8 ks. A detailed discussion on the thermo-mechanical behaviour and rapid heat-activated prestressing of the SMA 15 

used in this study is presented by the authors in detail in ref. [40], [41], [55], [56]. The material properties of the SMA 16 

wires (obtained at room temperature) such as modulus of elasticity 𝐸𝑅𝑇, stress (𝜎𝑠), and strain (휀𝑠) corresponding to the 17 

onset of yielding (i.e. at a location where strain localisation and detwinning of the specimens starts), stress (𝜎𝑓), and strain 18 

(휀𝑓) corresponding to the point of complete propagation of the localised reorientation bands (i.e. end of stress plateau), 19 

ultimate stress (𝜎𝑢𝑙𝑡) and the fracture strain (휀𝑓𝑟) are given in Table 5. The  values of these parameters were obtained 20 
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from a separate study [41] conducted by the authors. The optimal recovery stress in the SMA during the rapid heat-1 

activated prestressing process was found equal to 550 MPa (at room temperature). The corresponding optimal pre-strain 2 

value was found equal to 8%.   3 

 4 

Table 5:  Material properties of SMA used for retrofitting specimens [41] 5 

SMA type 𝑬𝑹𝑻 𝝈𝒔 𝜺𝒔 𝝈𝒇 𝜺𝒇 𝝈𝒖𝒍𝒕 𝜺𝒓𝒖𝒑 𝝈𝒓𝒆𝒄𝒐𝒗,𝑹𝑻
𝑷𝑺=𝟖%  

(GPa) (MPa) (%) (MPa) (%) (MPa) (%) (MPa) 

NiTiNb 83 635 0.77 805 8.3 1059 ~26 550 

   6 

4.2. Retrofitting Scheme – A (RS-A) 7 

In RS-A, an attempt was made to prestress the SMA diagonal loops using rapid heat-activated prestressing technique. 8 

The advantage of this prestressing method is that it could considerably simplify the prestressing process and a 9 

considerable level of prestressing force could be developed without the need any in-situ mechanical devices. Therefore, 10 

this method could potentially be used in awkward locations also where the use of mechanical devices may be restricted.  11 

Following the HAP technique discussed in  [41], the SMA wires were first pre-strained and then manually wound around 12 

the anchors attached to the column as shown in Figure 4 and Figure 5. Anchor blocks were fastened to the column using 13 

four M16 Grade 8.8 studs (threaded bolts) which in turn were bonded to column using Sika Anchorfix®-1, a fast curing 14 

anchoring adhesive for anchor bolts. To ensure uniform contact between the bottom of the anchor plate and the column 15 

surface, a layer of ~5 mm thick high strength cement mortar was provided at the interface. The pipe sections of the anchor 16 

blocks were filled with high strength non-shrink grout to increase their stiffness and prevent local buckling of the pipe 17 

sections. A total of twenty loops of pre-strained SMA wires were provided in each diagonal direction, 𝑎−𝑐 and 𝑑−𝑏 on 18 

the front side, and 𝑎′−𝑐′ and 𝑑′−𝑏′ on the back side, see Figure 4. All of the twenty loops were drawn from a single 19 

continuous wire. A pre-strain level of 8% was chosen in this study based on the results given in a separate study [41] 20 

conducted by the authors, which suggests that a maximum recovery stress of ~550 MPa can be developed in NiTiNb 21 

SMA (the type of SMA used in this study) when a pre-strain of 8% is applied to the SMA wires.     22 
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 1 

Figure 4: Schematic of retrofitting Strategy RS-A; (a) schematics of initial design; (b) 3D view of steel circular hollow section 2 

anchor block; (c) end view of the anchor block; and (d) plan view of the anchor block. 3 

 4 

 5 

 6 

Figure 5: Photograph of SP-2 installed with RS-A (after heating). 7 

 8 

To activate the shape memory effect in the pre-strained SMA diagonal loops, and to achieve a desired level of tension in 9 

the wires, heat was applied to SMA wires using a simple heat-gun. A maximum temperature of 300oC, well above the 10 

austenite finish temperature (𝐴𝑓) of the SMA wire was achieved using this method. This heating technique for HAP of 11 
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SMAs has been widely adopted in the existing literature [39] & [40]. The total prestressing force expected by HAP of 1 

SMA wires in each diagonal direction (sum of front and back side) assuming a recovery stress of 550 MPa in SMA wires 2 

was ~140 kN (70 kN on front side and 70 kN on back side). However, during heating an insignificant level of tension 3 

was developed in SMA wires. The underdevelopment of recovery stress in the SMA wires is believed to be due to a 4 

considerable level of pre-strain loss in SMA wires during the application process. Thus, the practical implementation of 5 

rapid heat activated prestressing of SMA wires has been shown to be associated with a non-negligible risk that the desired 6 

prestress force is inaccurately applied, and results achieved may be different from the assumptions based on theoretical 7 

studies. 8 

During the winding process, it was found that temperature of the wire could increase considerably due to friction between 9 

the hands and the wire (just like in rope burn), which in turn could lead to change in the phase of the material. As the 10 

phase transformation temperature of pre-stained NiTiNb SMA is relatively low (~80oC) [41] it is possible that some 11 

sections of the pre-strained wires in RS-A may have changed their crystal structure (phase) from detwinned phase to 12 

austenite phase, resulting in a significant loss of the pre-strain in the SMA wires. The loss in the pre-strain can reduce the 13 

recovery stress on heating quite significantly. Also, it is believed that the rolling and unrolling of long pre-strained SMA 14 

wires leads to a considerable loss in pre-strain in NiTiNb SMAs.  Few important points taken away from this trail are 15 

discussed below: 16 

1. Pre-strained SMA wires are susceptible to significant pre-strain losses during the handling and winding process 17 

(due to twisting, pulling and bending), and it is difficult, if not impossible to predict both the pre-strain losses in 18 

the SMA wires and to prevent fully any pre-strain loss in the SMA wires.  19 

2. Active confinement based on the theoretical values (or based on material characterization of laboratory samples) 20 

of recovery stress in SMA wires  may not be achieved in practical applications. Unless pre-strain losses are 21 

prevented completely, a factor of safety must be included in the design procedure to take into effect of the pre-22 

strain losses on the recovery stress in SMAs. 23 

3. To prevent pretrain losses in SMAs, it is recommended to use SMAs in short and straight lengths.  24 

Due to insignicant level of recovery stress developed using rapid heat-activated prestressing technique attempted in this 25 

study, it was decicided to uninstall the SMA wires from SP-2. A modified version of the above scheme was therefore 26 

designed to overcome the above issues and to achieve the desired results.  27 

4.3. Modified Retrofitting Scheme (RS-AM)  28 

Based on the observations made in the Section 4.1 (RS-A), a need for load cells to monitor prestressing forces in SMA 29 

wires was realized. Secondly, SMA wires were used in their superelastic phase and prestressed mechanically in-situ. 30 
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Although, by applying these two modifications in the retrofitting scheme; 1) the experimental set-up became relatively 1 

complicated; and 2) the benefit of heat-activated prestressing could not be achieved. However, both modifications were 2 

necessary. The final effect of this modification remained the same in essence i.e., active confinement of the joint core. 3 

Because SMA wires in RS-AM are used in their superelastic phase, this technique provides an option to use SMAs for 4 

recentring of the beam-column joint after the damage has occurred.    5 

Figure 6 shows the schematics of the modified design of RS-AM. Firstly, four load cells (two on the front side and two 6 

on the back side) were introduced as shown in Figure 6. Bars with semi-cylindrical section at one end were passed 7 

through the pipe section of the anchor block as shown in Figure 6 to fit the load cells. Semi-cylindrical sections were 8 

provided to avoid kinks (and therefore the possibility of local failure) in the wire at the turn-around location of wires. 9 

Twenty loops of wire, the same as in the initial design (RS-A) but slightly shorter in length, were provided around each 10 

anchor block in the modified design. The SMA loops used in RS-AM were virgin wires. In-situ prestressing was carried 11 

out by applying torque to the nuts provided at the end of each bar. Once the prestress force of 35 kN in each diagonal 12 

direction at each face, (a total of 70 kN in each direction; sum of front and back side), was achieved, prestressing was 13 

stopped. Prestress force of 35 kN corresponds to a prestress level of 280 MPa in the SMA, which is 355 MPa short of its 14 

yield stress, 𝑓𝑦 = 635 MPa. This prestress level was chosen such that at lower drift values, SMAs remains elastic and at 15 

higher drift values dissipation of energy takes place through yielding of SMAs in addition to other contributing factors.  16 

SP-2 was then tested under reverse cyclic loading once the required level of prestress was achieved in all SMA loops. 17 

Figure 7 shows the photograph of RS-AM installed on SP-2.  18 

 19 
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 1 

Figure 6: Schematics of the modified design of the retrofitting scheme (RS-AM); (b) perspective view of SMA loops wrapped 2 

around semi-cylindrical section; and (c) section detail. 3 

One of the problems faced during the design and installation of RS-A and RS-AM was to find a solution for joining the 4 

SMA wires. Several methods were tested, such as welding and threading of SMA wires. Gas/tack welding of SMA wires 5 

was found unsuitable because it caused premature failure at welding locations due to reduction in its cross-sectional area 6 

at weld ends. Threading of 2 mm wires was not possible using a conventional die because of the high hardness of the 7 

wire. Finally, crimping two gritted sleeves at the end of each wire was found to be a successful and practical solution. 8 

 9 
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 1 

Figure 7: Photograph of SP-2 installed with RS-AM. 2 

5. Experimental set-up 3 

A schematic of the test set-up is shown in Figure 8. Specimens were mounted horizontally with the beam longitudinal 4 

axis pointing in the global vertical direction. Columns were provided with pinned supports at the point of contraflexure 5 

as shown in Figure 8. Axial load was applied using two 1000 kN capacity hydraulic jacks and transferred to the column 6 

through 2 McAlloy bars (high tensile strength rods). McAlloy bars at jack ends ran through over-strengthened cross 7 

beams and an identical cross-beam on the opposite side to apply axial load uniformly over the cross-section at the tip of 8 

the column. 9 
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 1 

Figure 8: Schematics of the test set-up 2 

 3 

Lateral load in the form of actuator displacement was applied at the tip of the beam using 150 kN MTS Actuator. The 4 

actuator was connected to the loading collar with a pinned joint. The pinned connection allowed rotation at collar joint 5 

during the tests. Two lateral rollers were provided at the tip of the beam to prevent any sideways (out of plane) movement.  6 

5.1 Instrumentation  7 

(a) Linear variable differential transfer (LVDT): A total of eleven LVDTs were mounted on each specimen to 8 

monitor joint distortion (shear strain) and deformation in the beam and column sections near the joint region. 9 

One LVDT was also attached to the tip of the column to monitor the axial displacement at that column tip. Lateral 10 

displacement of beam tip was monitored using an internal LVDT in the actuator. A schematic of the LVDT 11 

configuration used in each test is given in Figure 9. 12 
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 1 

Figure 9: LVDT configuration for both tests. 2 

(b) Load Cells: Load cells were placed between each hydraulic jack at the east end of each McAlloy bars to measure 3 

the variation in axial load as shown in Figure 8. To measure the lateral load, reading were taken directly from 4 

the actuaotors internal load cell. 5 

More details on other measurement devices and techniques such as strain gauges and DIC used in this study can be found 6 

in ref. [59]. 7 

5.2 Loading protocol 8 

First, each specimen was subjected to an axial load of approximately 0.1 𝐴𝑔𝑓𝑐𝑘 using the hydraulic jacks to simulate the 9 

effect of gravity load. Both specimens were then subjected to gradually increasing lateral displacement cycles at the tip 10 

of the beam as per the loading protocol given in Figure 10. Each displacement step was repeated three times (3 cycles) 11 

and consisted of a symmetrical push and pull segments. SP-1 was subjected to a maximum lateral displacement of 12 

± 60.9 mm while specimen, SP-2 was subjected to 3 additional loading steps with a maximum lateral displacement of 13 

± 73.1 mm. 14 
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 1 

Figure 10: Loading protocol adopted in Test-1 and Test-2. 2 

 3 

6. Experimental Results 4 

6.1. Lateral load (beam tip load) vs drift 5 

A comparison of lateral load vs drift hysteresis curves of specimens SP-1 (as-built) and SP-2 (retrofitted) is shown in 6 

Figure 11. The corresponding envelope curves are also presented in the same figure. The envelope curves are plotted for 7 

the peak load and drift values measured in the first cycle of each load step. 8 

The maximum lateral load capacity of SP-2 in the +ve drift direction (i.e., push direction) was recorded equal to 65.5 kN 9 

which is about 18% more than SP-1. In the pull direction, the lateral load capacity of SP-2 was recorded only 59.8 kN, 10 

about 5 kN less than that in the push direction. It must be noted here that the percentage increase in the ultimate strength 11 

in SP-2 depends on several parameters including the axial stiffness of the material used in diagonal prestressed loops. In 12 

SP-2, the effective equivalent area of diagonal element in each diagonal direction on each side equalled to 8.94 mm, and 13 

the total post-tension force in each diagonal direction at each side equalled to just 35 kN. The summary of the peak loads 14 

in both directions and their corresponding drift values of the two specimens is given in Table 6.  A detailed presentation 15 

of results, showing the values corresponding to each step and each cycle is given in ref. [57] 16 

From Figure 11, the post peak slope (softening) of the envelope curve of SP-2 is found steeper than the slope of SP-1, 17 

which indicates rapid strength degradation in SP-2 after the peak load was achieved. A similar observation was reported 18 

by  Au et al. [26] with passive diagonal reinforcement in the joint core. In this study, the rapid strength degradation in 19 

SP-2 could be primarily attributed to the shear cracks that extended to top anchor bolts on either side of the joint panel. 20 

These shear cracks not only loosened the anchor bolts, but their coalescence with the anchor holes weakened the entire 21 

joint.   22 
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In order to compare the reduction in lateral load capacity of the two specimens, ∆ = ±3.6% is chosen as this is the 1 

maximum drift level SP-1 was subjected to. On the actuator push direction, the lateral load capacity at ∆= +3.6% was 2 

almost the same for SP-1 and SP-2 but the reduction in the lateral load capacity in the pull direction i.e.  ∆= −3.6% was 3 

~20% more in SP-2. 4 

 5 

 6 

Figure 11: Plot showing lateral in-plane load vs lateral in-plane displacement/drift of specimen SP-1 and SP-2 (numbers 7 

shown next to hysteresis loops identify the first cycle of that load step). 8 

The performance of the two specimens was also evaluated in terms of displacement ductility (𝜇∆). In this study, 𝜇∆ was 9 

estimated using the equivalent bilinear curve obtained from the experimental data. Based on the recommendation given 10 

in Eurocode 8 [54],  the equivalent bilinear curve for each specimen was obtained by imposing a condition that the area 11 

under the bilinear curve and the area under the experimental force vs drift envelope curve be approximately equal.  𝜇∆ 12 

was then estimated as: 13 

𝜇∆ =  
∆𝑢

∆𝑦
 … (6) 

where, ∆𝑢 and ∆𝑦 are drift (displacement) values corresponding to the points of ultimate load (failure load) and yield 14 

load, respectively, on the equivalent bi-linear curve. Failure is generally assumed to have taken place when the lateral 15 
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load capacity is reduced by 10-20% of the peak load [1], [60], [61]. In this study, the specimen is assumed to have failed 1 

when its load carrying capacity is reduced by 20% of the peak load.  2 

For the construction of bi-linear curve, the slope of the initial segment of the bilinear curve is usually taken as the secant 3 

stiffness corresponding to the yield point of the experimental curve [1]. Since no definite yield point existed in the 4 

experimental curves, the value of the secant stiffness corresponding to 0.6 Fl max point was used in this study as slope of 5 

the equivalent bilinear curves. Table 6 presents the displacement ductility values of the two specimens in each direction. 6 

Table 6: Peak loads, corresponding drift values and estimated ductility of SP-1 and SP-2.  7 

Specimen 

No. 

[𝑭𝒍,𝒎𝒂𝒙.]𝒑𝒖𝒍𝒍
 [𝜟𝑭𝒍,𝒎𝒂𝒙.]𝒑𝒖𝒍𝒍

 𝜇∆,   𝑝𝑢𝑙𝑙 [𝑭𝒍,𝒎𝒂𝒙.]𝒑𝒖𝒔𝒉
 [𝜟𝑭𝒍,𝒎𝒂𝒙.]𝒑𝒖𝒔𝒉

 𝜇∆,   𝑝𝑢𝑠ℎ 

- [kN] [%]  [kN] [%]  

SP-1 -50.5 -1.68 5.01 55.3 1.42 4.42 

SP-2 -59.8 -1.43 3.15 65.5 1.67 3.00 

 8 

As can be seen in Table 6, the displacement ductility of the retrofitted specimen, SP-2, did not improve instead the 9 

ductility was reduced as compared to the as-built specimen. One of the reasons for reduction in ductility is believed to be 10 

the holes that were drilled in the joint region (to hold the anchor bolts) which resulted in sharp post-peak strength 11 

degradation.  12 

 13 

6.2. Joint shear strain vs normalised joint shear stress  14 

 15 

A comparison of joint shear strain vs joint shear strength coefficient (γ) of the two specimens, SP-1 and SP-2 is given in  16 

Figure 12. γ is obtained by normalizing joint shear stress (𝜏𝑗ℎ) by √f𝑐
′, where f𝑐

′ is the effective concrete strength of the 17 

specimen. Joint strain, 휀𝑗 is estimated using the strain data from the six LVDTs attached to the joint panel shown in 18 

Figure 9. For more details on the procedure for estimating the joint strain readers are refered to ref. [59].   19 
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 1 

Figure 12: Comparison of joint shear strain 휀𝑗 vs joint shear strength coefficient (γ = 𝜏𝑗ℎ/√f𝑐
′) in: (a) SP-1; and (b) SP-2. 2 

 3 

The maximum joint shear stress measured in SP-1 and SP-2 were equal to 3.2 MPa [γ = 0.65] and 3.8 MPa [γ = 0.74], 4 

respectively. The corresponding joint shear strains were equal to 3,825 με and 4,816 με, respectively. As compared to 5 

SP-1, SP-2 sustained more load even though joint strain was greater which points towards the effect of active confinement 6 

due to post-tension forces. A plot comparing joint shear strain with story drift is given in Figure 13, wherein it is found 7 

that throughout pre-peak region (i.e., before peak load) the joint shear strain in SP-2 was considerably smaller than joint 8 

strain in the control specimen (SP-1). After the peak load, the shear cracks in SP-2 grew more rapidly than in SP-1, both 9 

in the thickness as well as length. The major contribution to the joint strain recorded (on the back side of the joint panel) 10 

in SP-2 was due to a major crack S-3 shown in Figure 20. The crack width at S-3 was significantly bigger than the rest 11 

of the visible shear cracks in the specimen, especially at the lower west corner. Only a fraction of crack S-3 closed as the 12 

actuator load was reversed resulting in unsymmetrical joint strain plot in 13 

Figure 12(b). Moreover, in SP-2 two major diagonal shear cracks progressed through the threaded bars used for attaching 14 

LVDTs which resulted in disturbing the original position of the LVDTs. This may have caused a slight error in joint 15 

strain measurement once the cracks disturbed the position of the threaded bars used for holding LVDTs, however its 16 

influence on the results is assumed to be insignificant because threaded bars were tied to column main rebars.  17 

 18 
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 1 

Figure 13: Varriation of joint shear strain with applied drift (Δ) in SP-1 and SP-2. 2 

. 3 

6.3. Tension losses in SMA loops  4 

The variation in diagonal post-tension forces applied at the four corners of the joint panel using the SMA wires is plotted 5 

against the beam end drift in Figure 14. The original post-tension forces applied in each diagonal direction at each anchor 6 

point was ~35kN. Two observations were made here:  7 

a. It can be seen that the loss of post-tension forces in the SMA wires took place right from the beginning of the 8 

test. The reason for this behaviour may be attributed to the relative movement of anchor blocks and the column 9 

surface. Due to the cyclic shear forces between the anchor blocks and the column face, the anchor bolts were 10 

slightly loosened, which resulted in a loss of stiffness of the anchoring system. This issue was exacerbated by the 11 

shear cracks in the joint core which progressed through the bolt holes in column section in about the 12th loading 12 

cycle. At this point, flexural cracks formed at the beam and joint panel interface which facilitated top east and 13 

west anchor blocks (adjacent to beam) to slip sideways (see Figure 15) damaging the beam cover concrete also. 14 

The low strength of concrete is assumed to have contributed significantly to this behaviour. There we found that 15 

while attaching anchor system by bolting in the weak concrete, a extra caution is required.   16 

b. It was also observed that the maximum prestress force in a cycle remained below the originally applied prestress 17 

of ~35 kN throughout the test. The post-tension forces in the SMA wires were expected to exceed the original 18 
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prestress value as the principal stress in the joint panel increased. However, the deformed shape of the column 1 

under lateral load and resulted in the SMAs loops rotating about the respective bottom anchor blocks (i.e., SMA 2 

wires appeared to be pivoted about bottom anchor blocks attached to exterior side of the column and underwent 3 

an angular movement rather than direct extension). This resulted in overall less extension (tension) of SMAs 4 

loops than expected. Together with angular movement of the joint panel and the damage to anchor blocks, the 5 

post-tension forces in the SMA wires remained under the applied value and reduced gradually as the lateral load 6 

was increased. A relatively long length of SMA loops used in RS-AM is believed to have contributed to the this 7 

observed behaviour.  8 

c. From Figure 14, it is observed that post-tension force in the diagonal elements (SMA loops) did not increase 9 

above the initially applied force of 35 kN. As a result, all SMAs loops were presumed to have remained elastic 10 

throughout the test. Post-tension force corresponding to the yeilding of SMA wires equalled to 79 kN. Therefore, 11 

HAP of SMA loops after the test could not be utilised in re-centring of the damaged specimen and crack closing 12 

in the joint core.  13 

 14 

Figure 14: Variation of diagonal prestress force with applied drift for SP-2. 15 
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The design of the anchor blocks intentionally incorporated trapezoidal shaped stiffeners (see Figure 15). The inclusion 1 

of the trapezoidal shaped stiffeners was to eliminate the effect of haunching so that the effect of diagonal loops could be 2 

explicitly evaluated. Providing haunches at the beam-column joint core has already been found to contribute to improving 3 

the joint performance. The sharp edge of the anchor block however damaged the cover concrete and appears to have 4 

adversely affected the overall anchoring system.  5 

Despite the premature failure of anchoring system, the diagonal prestressed loops used actively confined the joint core 6 

throughout the test and shows a reasonably good potential and with some minor modification in enhancing the 7 

performance of the beam-column joint. The anchoring system could be improved in several ways for example the 8 

anchoring system may be designed with an integrated haunch system with a rectangular stiffener plate. The anchoring 9 

system adjacent to beam may be attached to beam itself rather than column and through bolts instead of partially 10 

embedded bolts could be used to hold anchors more effectively. 11 

Another potential alteration to the design could be to use SMA wires/bars as fuse elements of small lengths only, which 12 

will not only be cost effective but also easy to handle.   13 

 14 

 15 

Figure 15: Photograph showing the damage in the anchoring system which caused the horizontal displacement of the 16 

anchor blocks. 17 

 18 

6.4. Energy dissipation and stiffness degradation  19 

A comparison of increamental and cumulative hysteretic dissipated energy in SP-1 and SP-2 is given in Figure 16(a) and 20 

(b), respectively. At ∆= 1.5%, the curve corresponding to SP-2 started to rise rapidly as compared to SP-1, see Figure 21 

16(b). At ∆= 2.5%  and ∆= 3.6%, the total energy dissipated by SP-2 was 53% and 56% greater than the energy dissipated 22 
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by SP-1, respectively. In SP-1 and SP-2, most of the energy dissipated by the specimens was due to the damage in the 1 

joint core. The diagonal SMA loops attached to the joint core in SP-2 had remained elastic throughout the tests, as a result 2 

the contribution of SMA towards the total energy dissipation is believed to be small or insignificant. However, the 3 

effective of active confinement appears to have improved the energy dissipation capacity of the concrete in SP-2.  4 

 5 

From Figure 11, the initial stiffness of the SP-2 was estimated equal to 5.01 kN/mm, which is found to be less than the 6 

control specimen, SP-1, having initial stiffness of 8 kN/mm. The difference in the initial stiffness of the specimens is 7 

most likely due to holes which were drilled in the column section of SP-2 for holding anchor blocks. A comparison of 8 

the peak to peak stiffness (secant stiffness) degradation of SP-1 and SP-2 is presented in Figure 16(c). The stiffness 9 

degredation in both the specimens showed a smilar trend. Stiffness rapidly degraded in the initial few cycles. By the end 10 

of the third load step, the secant stiffness of the specimens reduced by 43%, 32% in SP-1 and SP-2, respectively. At 11 

∆= 3.6%, the stiffness reduced by 94%, 91% in SP-1 and SP-2, respectively. Clearly, the retrofitting of SP-2 does not 12 

appear to have significant effect on the stiffness of the specimen.   13 

 14 

 15 

Figure 16: Comparison of incremental energy dissipation with cycle number; b) cumulative energy dissipation with applied 16 

drift; and b) stiffness degradation with increasing drift values. 17 

 18 

6.5. Reduction in axial load carrying capacity.  19 

Figure 17 shows a comparison of axial load vs drift curves of SP-1 and SP-2. One can see in Figure 17, axial load 20 

increases in both directions i.e., in each cycle of actuator pull and push. When the actuator pushes the beam away from 21 

the reaction frame (i.e in the +ve ∆ direction), the entire specimens is pushed fractionally forward resulting in additional 22 

forces exerted in the McAlloy bars, which is manifested by the peaks in the positive direction. In the pull direction, the 23 
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movement of the specimen is restricted by the reaction frame, but the specimens tend to rotate about top edges of column 1 

face touching the reaction frame. This movement of the specimens results in additional forces in McAlloy bars. From 2 

Figure 17 one can conclude that axial load carrying capacity of the specimen significantly reduces as the damage 3 

progresses in the specimens. By the end of the tests, axial load in SP-1 and SP-2 reduced by 17.5% and 15.4%, 4 

respectively. In real life structures, axial load will not reduce as observed in these tests, but it could potentially lead to 5 

localised structural collapse due to loss in strength (axial load carrying capacity).  6 

 7 

Figure 17: Comparison of reduction in axial load carrying capacity in: (a) SP-1; and (b) SP-2. 8 

 9 

6.6. Damage  10 

6.6.1. Control specimen (SP-1):  11 

The first hair line flexural crack in the joint panel of SP-1 was observed using digital image correlation (DIC) technique 12 

in third cycle of the Load Step-4 (i.e., LS-4c). For brevity, DIC results are not discussed here. The DIC results are 13 

discussed elsewhere in ref. [59]. The first couple of cracks in SP-1 were formed at the interface between beam and the 14 

joint panel, and in the joint panel along the beam main reinforcement. The maximum drift in that cycle was 0.7% and 15 

peak load in the cycle was 46 kN. The first shear crack (micro-crack) in the diagonal direction was observed using DIC 16 

in the second cycle of the Load Step-5 (LS 5b), but the first hair line shear crack visible to human eye was observed only 17 

in the first cycle of the Load Step-6 (LS-6a) at drift equal to 1.2%; load equal to 53.5 kN. 18 

Several shear cracks were formed in joint region as shown in Figure 18. One major crack marked X-1, X-2, and X-3 in 19 

Figure 18, spread from the centre of the joint core toward the bottom west corner and the top east corner of the joint 20 

panel. The two other major cracks marked X-4 and X5, and X6 in Figure 18, spread from east corner of the joint panel 21 

to the top west corner of the joint panel. As can be seen in Figure 18, all three major cracks extended beyond the joint 22 

panel at the bottom side of the column and progressed along the line of column main reinforcement resulting in detaching 23 
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of the cover concrete at later stages of the test. Crack widths at various locations in Figure 18 were estimated using DIC. 1 

Plots of crack widths vs cycle number (drift) measured at location X-1 and X-6 can be found in in ref. [59]. Final damage 2 

and crack pattern observed in SP-1 is given in  Figure 19. 3 

 4 

 5 

Figure 18: Photograph showing location of virtual extensometers for determination of crack widths in SP-1. 6 

 7 

 8 

 9 

Figure 19: Final damage pattern in SP-1; (a) joint panel (front); (b) joint panel (rear). 10 

 11 

6.6.2. Retrofitted specimen (SP-2):  12 

Similar to SP-1, initial flexural cracks were formed at the interface between the beam and joint panel. On the front side, 13 

hair line cracks were formed near the bottom anchor blocks as shown in Figure 20(a). The first shear crack was observed 14 

in the first cycle of the Load Step-6 (LS-6a; ∆ = 1.2%) and the peak load recorded in the cycle was equal to 62 kN. Several 15 

cracks were formed in the joint region as the test progressed. Two major cracks indicated by S-1 and S-2 in Figure 20(a) 16 
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were formed in X-shape in the joint region. On the back side of the joint panel two major diagonal cracks S-3 and S-4 1 

were formed in X-shape within the joint core region. Two additional cracks marked by S-5 and S-6 shown in Figure 2 

20(b) were formed at the back of the joint panel which originated from the top anchor blocks and spread towards the 3 

centre of joint panel. Cracks S-1, S-2, S-3 and S-4 originated from the centre of the core and spread rapidly outwards in 4 

a diagonal direction at both ends during the test. The crack width at S-1 and S-2 at various stages of the Test-2 is given 5 

in Table 7. By the end of the test the specimen was extensively damaged. The ultimate failure of the SP-2 is attributed to 6 

the shear mechanism formed in the joint core. From Figure 18, Figure 19 and Figure 20, one can see that the crack 7 

patterns in both the specimens, SP-1 and SP-2, is similar, as anticipated. This results from this study shows that drilling 8 

holes/bolts in week concrete in the joint core region could prove to be detrimental and therefore, it is advised to use 9 

external threaded bars as used by Shafaie et al. [23]. 10 

 11 

Table 7: Crack width at various locations and various stages of the test in SP-2. 12 

Load step. Cycle No.  Max crack width S-1 (mm) Max. crack width S-2 (mm) 

LS-7a 19 0.425 

 

0.425 

LS-10a 28 0.910 1.031 

LS-14a 40 2.975 2.125 

LS-19a 55 4.855 3.340 

 13 

 14 

 15 

Figure 20: Final damage pattern in SP-2; (a) joint panel (front); (b) joint panel (rear). 16 

 17 
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7. Finite element modelling and analysis.  1 

7.1. Finite element modelling and discretization. 2 

7.1.1. SP-1 3 

In this study, a detailed finite element (FE) analysis (FEA) was carried out in DIANA FEA [62] to investigate the efficacy 4 

of the prestress diagonal loops in seismic retrofitting of NSD BCJ. Two constitutive frameworks were evaluated in this 5 

study, namely Total Strain Crack Model (TSCM) and Maekawa-Fukuura Concrete Model (MFCM). For brevity, only the 6 

final calibrated model used in this study is beirfly discussed here. A detailed presentation on the description/ comparison 7 

of the different consititive models/frameworks, their advantages and shortcomings, different geomatry modelling 8 

techniques, mesh discretization and effect of mesh size (mesh sensitivity analysis) etc. are discussed elsewhere, in ref. 9 

[59]. 10 

 11 

A 3D finite element model of specimen SP-1 was developed using the dimension given in Section 3.1. Supports were 12 

provided at the locations SUP-1 and SUP-2 and SUP-3, see Figure 21. SUP-1 was modelled as pin connection, i.e., its 13 

movement in x, y, z coordinate directions was restrained. An interface element Q24IF, essentially a contact surface, with 14 

zero tension resistance but very high compression stiffness and a small traction/ friction resistance acting along the plane 15 

of the interface was provided between the top of support SUP-1 and bottom of the column. Providing interface elements 16 

enabled simulating supports as a simply supported connection and thereby enabled uplift and rotation of the column at 17 

the interface. SUP-2 and SUP-3 were modelled slightly differently. SUP-2 and SUP-3 consisted of two stiff plates 18 

connected using a spring element SP2TR, see Figure 21. Interface elements with same interface properties used in SUP-19 

1 were used with SUP-2 and SUP-3 also, albeit in the vertical direction. Only one plate of each the two support systems 20 

was pinned as shown in Figure 21. Modelling column supports in this way enabled accurate simulation of actual supports 21 

provided in the experimental set-up. Also, using spring elements it was possible to calibrate the stiffness of the support 22 

system, which greatly affected the results. 23 

Displacement (actuator load) of the beam end was applied at Point 𝛿𝑏 shown in Figure 21(a). A stiff plate with elastic 24 

material properties was provided at 𝛿𝑏 to avoid stress concentration and local failure and/or convergence problems in the 25 

analysis. Axial load was applied at the top of the column by mean of a 0D (point node) spring element. A small 26 

displacement was applied to a zero-length nodal translational spring N6SPR to transfer an axial load (180 kN in case of 27 

SP-1) to the column. Unlike the constant axial load, the nodal spring connected to the top of the column allowing the 28 

variation in axial load due to column movement under monotonic or cyclic loading. The stiffness of the spring was 29 

calculated using the following equation: 30 
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𝐾𝑠 =
𝐴𝑚 ∙ 𝐸𝑚

𝑙𝑚
 

… (7) 

where, 𝐾𝑠 is the stiffness of the nodal spring, 𝐴𝑚  is the total cross-sectional area of the McAlloy bars, and 𝑙𝑚 is the total 1 

length of McAlloy bars between the supports.  2 

 3 

 4 

Figure 21: (a) Schematics of the finite element model of SP-1; showing mesh discretization; rebar discretization; boundary 5 

conditions and isometric view of the model (RF stands for reinforcement); (b) sschematics of the finite element model of SP-6 

2; showing mesh discretization; boundary conditions and joint core springs (for simulating the effect of SMAs) 7 

   8 

The material models used for defining the material behaviour of various components used in the final calibrated model 9 

is discussed in detail in ref. [59]. The uniaxial compression response of unconfined concrete is modelled using the model 10 

proposed by Thorenfeldt et al. [63]. The uniaxial tensile behaviour of concrete is defined using the stress-crack opening 11 

displacement relationship proposed by Hordijk et al [64]. For the final calibrated model, the crack direction in the TRCM 12 

was assumed to be fixed, which is a more realistic assumption. In DIANA FEA, the total strain fixed crack model (TSFC) 13 

requires definition of the shear retention behaviour. A rigorous investigation on the shear retention behaviour of concrete 14 

was carried out. Different shear retention functions [65], [66] [67] were investigated and tested for capture the softening 15 
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in the post peak load vs drift behaviour of SP-1. In the final model, however a simple user defined linear shear retention 1 

function defined in terms of shear retention factor, β vs shear strain, 휀𝑠 was used. A detailed discussion on the shear 2 

retention factor on the shear failure of the joint core is discussed in ref. [59]. 3 

The uniaxial stress-strain behaviour of rebars was modelled using Von Mises plasticity. Bond behaviour of renforcement 4 

in SP-1 was modelled by defining shear stress-slip relationship between the concrete and the rebar. CEB fib Model Code 5 

2010 [68] was used to define bond-slip behaviour in this study.  6 

7.1.2. SP-2 (with RS-AM) 7 

For SP-2 with RS-AM retrofitting, the base model developed for SP-1 was updated by attaching anchor blocks and 8 

diagonal elements representing SMA loops, as shown in Figure 21(b). Anchor blocks were modelled as solid trapezoidal 9 

blocks with elastic material properties. They were fixed to column using interface elements instead of rigid connection 10 

with concrete cover. This technique was adopted to avoid the local failure in cover concrete, which in the trial runs had 11 

caused analysis to abort prematurely. Interface elements with the same material properties used in SP-1 at SUP-2 were 12 

provided at this location also. Four studs were rigidly connected to the anchor blocks and embedded (perfectly bonded) 13 

in the column section at the same location as in the experimental test. The studs were discretised as beam elements by 14 

specifying INTERF BEAM property in the materials property window. With INTERF BEAM property assigned to studs, 15 

the shear force (vertical component) due to post-tension forces were transferred to the four studs and then to the joint 16 

core.   17 

SMA diagonal loops were modelled using prestressed spring element, SP2TR. A separate model with SMA loops 18 

modelled as prestressed TRUSS element was also run to demonstrate the difference between the two techniques. The 19 

load-extension behaviour of the spring element was modelled with the following points in mind: 20 

1) spring elements are active in only tension and offered no resistance in compression direction. 21 

2) the maximum tensile force (i.e., (𝑃 + ∆𝑃𝑑1/2 ) in the spring elements was limited by the yield stress of SMA wires 22 

3) the loss in the prestress due to the accumulation of the residual strain on unloading (under cyclic loading) [41] was 23 

incorporated in the material model discussed below.   24 

 25 

In Figure 21(b), the material properties of spring element connected between Points 𝑎 − 𝑐 and 𝑏 − 𝑑 on the front side 26 

and 𝑎, − 𝑐 ,  and 𝑏, − 𝑑, on the backside were defined using a load-extension curve shown in Figure 22. The value of 27 

Point 𝑎 (the initial tension force due to recovery stress) in Figure 22 depends on the number of SMA loops used (i.e., 28 

total cross-sectional area of SMA wires) and the recovery stress in each SMA wires at the start of the test. Point 𝑏 29 
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(maximum prestress before yielding of SMA wires) in Figure 22 depends on the number of SMA loops used, yield stress 1 

of the SMA wire and the yield strain of SMA wires. The value of Point 𝑐 in Figure 22 was estimated from the results 2 

obtained by the authors in a separate study [41], which suggests that recovery stress in SMA wires is reduced to zero at 3 

an applied strain of 3.5% post-HAP. Under monotonic loading, the slope of the line 𝑏 − 𝑐 would be zero due the stress 4 

plateau exhibited by the SMA wires after yielding (ignoring the strain hardening portion of the stress-strain curve of the 5 

SMA). However, under cyclic loading, the slope of the line 𝑏 − 𝑐 becomes negative due to the loss in the recovery stress 6 

because of accumulation of residual strain on unloading [41]. As the specimens were tested under reverse cyclic loading, 7 

for equivalent comparison with experimental load vs drift curve, the effect of residual strain accumulation was 8 

incorporated in the material model of springs even though the FE analysis was carried out under monotonic displacement 9 

only.  10 

 11 

Figure 22: Spring load vs spring deformation (extension/contraction) relationship for spring elements (SP2TR) used in the 12 

joint core region for simulating SMAs.   13 

7.2. Results from FE-analysis 14 

Preliminary investigation on mesh sensitivity analysis showed that mesh size significantly affects the results, both the 15 

peak load as well as the post-peak softening of the load vs drift curve. A coarse mesh significantly overestimates the peak 16 

load and the drift (displacement) values. A mesh size of 25x25x25 mm3 and smaller were found to have converged and 17 

only an insignificant variation in peak load and drift values was noted below a mesh size of 25x25x25 mm3; although a 18 

finer mesh size of 10x12x10 mm3 resulted in better crack visualization. For the final model, a mesh size of 19 

25x25x25 mm3 was adopted to ensure a balance between computational time taken to analyse the models and the 20 

accuracy/convergence of the results achieved.  21 
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A comparison of load vs drift curves of SP-1 obtained from experimental test and FEA is given in Figure 23(a). As can 1 

be seen in the figure, the final calibrated FE model resulted in a close match between the experimental and FEA results. 2 

The initial stiffness of the FE model, which was calibrated by adjusting the stiffness constant of the springs used in 3 

supports SUP-2 and SUP-3 resulted in 𝛥𝐹𝑙,𝑚𝑎𝑥. (drift value corresponding to the maximum lateral load) close to the 4 

experimental value. 𝛥𝐹𝑙,𝑚𝑎𝑥. obtained from FEA was equal to 1.11%, which is about 22% lower than the experimental 5 

value. The maximum lateral load, [𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴
 obtained from FEA of SP-1 was equal to 59 kN, which is just 7% higher 6 

than the experimental value. The post-peak load vs drift behaviour (softening curve) also appears to be in good agreement 7 

with experimental results. The technique adopted in modelling of the supports in this study is found to have made a 8 

considerable impact on the FE results. FE models without the spring arrangement in the supports (in the preliminary 9 

analysis) resulted in early peak (at a significantly lower drift values than the experimental test) with a considerably high 10 

initial stiffness and sharp post-peak strength degradation.  11 

A comparison of experimental and FEA load vs drift curves of SP-2 is given in Figure 23(b). Two FEA load vs 12 

displacement curves are plotted in Figure 23(b). One corresponds to the finite element model, FEM SP-2 TRUSS in 13 

which SMA loops were model as prestressed truss element and the other corresponds to finite element model, FEM SP-14 

2 SPRING in which SMA loops were model using no-tension prestressed springs. In both the models, the same level of 15 

prestress (corresponding to experimental value) was applied to diagonal elements, truss and spring.  In general, no 16 

significant difference was noted in the load vs drift curves of the two FE models, however their behaviour at local level 17 

was different as will be discussed in the following sections.  18 

 19 

 20 

 21 

Figure 23: (a) Comparison of lateral load (𝐹𝑙) vs drift (Δ) of experimental vs FEM-SP-1; (b) Comparison of lateral load (𝐹𝑙) 22 

vs drift (Δ) of experimental vs FEM-SP-2; (Two FE models in which SMAs were models either as SPRING or TRUSS element).  23 
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 1 

A noticeable difference in the initial stiffness of the experimental and FE results of SP-2 can be found in Figure 23(b). 2 

This difference could be attributed to the eight holes drilled in the column section to accommodate the studs holding the 3 

anchor blocks which resulted in weakening of physical model of SP-2. The maximum lateral load, [𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴
 obtained 4 

from FEM SP-2 SPRING and FEM SP-2 TRUSS equalled to 68 kNs and 69 kNs, respectively, which are both 5 

approximately 9% higher than the experimental value of 55 kN. 𝛥𝐹𝑙,𝑚𝑎𝑥. for the FEM SP-2 SPRING and FEM SP-2 6 

TRUSS equalled 1.30% and 1.44% respectively, which is about 16% and 7%, respectively, lower than the experimental 7 

value of 1.55%. The post-peak softening in the load vs displacement curve of SP-2 was sharper in the experimental test 8 

than what was obtained from FEA results. At a drift of 4%, a difference of about 19 kN can be observed between FEM 9 

SP-2 SPRING and experimental test, and about 23 kN between FEM SP-2 TRUSS and experimental test. Both FE models 10 

overestimated the residual strength (load carrying capacity) at 4% drift. This difference in the softening behaviour of 11 

post-peak load vs drift between the FEA and experimental test may be because the FEA anchor studs were assumed to 12 

be perfectly embedded in the column section but in the experiment the studs were considerably loosened once the diagonal 13 

cracks extended beyond the joint core region and into the anchor holes. Additionally, in FEM SP-2 TRUSS, due to the 14 

contribution of truss elements in compression direction, the residual strength was further overestimated, as can be seen 15 

in Figure 24. This phenomenon is explained in detail next.  16 

Figure 24 highlights the difference in the variation of prestress load in the spring element and truss element. For 17 

comparison, the variation of prestress load (envelope only) in the SMA wires measured using load cells in the 18 

experimental test is also plotted. At 𝛥 = 0%, i.e., at the start of the test/simulation, a same level of prestress force (= 35 19 

kN) was applied to both spring and truss elements as in the experimental test. In the spring element, the prestress load 20 

increased with the increase in the drift level in the tension direction (plotted in red colour) but decreased in compression 21 

direction (plotted in blue colour), as was observed in the experimental test. The rate of increase/decrease of the prestress 22 

load in the truss element was much lower than in the spring elements initially. The yield point in the spring elements in 23 

the tension direction was achieved much earlier than in the truss elements. After yielding took place in the SMA, the 24 

prestress load decreased in spring elements with the increase in drift (taking into effect the loss of prestress due to 25 

accumulation of residual strain in SMA in the experimental test). However, the truss elements, defined as bilinear elasto-26 

plastic material, maintained a constant prestress load after yielding because of stress plateau defined in the material model. 27 

In the compression direction, once 𝛥 increased beyond 2.25%, the prestress load in the spring elements had reduced to 28 

zero and continued to be zero at all drift levels above 𝛥 = 2.25%, just like any prestressed wire would. In the truss element 29 

the prestress load reduced to zero at approximately 𝛥 = 3%, but once all the prestress load was completely lost in truss 30 
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elements, it began to exert compression resistance (see the encircled portion of the truss element curve in Figure 24). 1 

This difference could lead to signification overprediction of residual strength of the retrofitted specimen and 2 

underestimate the shear strain in the joint core. A more detailed presentation on joint strain of SP-2 is given in the next 3 

section.  4 

 5 

  6 

Figure 24: Graph of post-tension force vs drift indicating variation of the prestress forces in the TRUSS and Spring SP2TR 7 

elements in the tension and compression directions.   8 

 9 

8. Parametric study 10 

8.1. Load vs displacement curve  11 

A detailed parametric study was carried out to investigate the effect of prestressing force in diagonal elements (SMA 12 

diagonal loops) on; 1) load vs drift response of the retrofitted specimen; 2) joint strain of the retrofitted specimen; and 3) 13 

crack/damage pattern of the retrofitted specimen. A total of 7 models including the base model of SP-2 discussed in the 14 

previous sections were studied. The basic retrofitting arrangement was kept the same but the prestress load, 𝐹𝑝 in the 15 

‘SMA wires’ (prestressed spring elements) was varied from 𝐹𝑝 = 0 kN, (pure passive confinement) to 𝐹𝑝 = 207 kN (a 16 

significantly high active prestress force). The prestressed load in the SMA wires was increased by increasing the effective 17 

equivalent cross-sectional area of the diagonal SMA loops whilst maintaining the maximum recovery stress in the SMA 18 

wires constant at 550 MPa. 19 
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Table 8 presents the summary of the results obtained from the parametric study. The FE models in  Table 8 are named 1 

in the format SP-2-PSX-NY; where SP-2 indicates the FE model of specimen SP-2, PS means the prestress in each SMA 2 

loop (SPRING ELEMENT), X indicate the numerical value of the recovery stress (prestress) in each SMA loop, N is the 3 

number, and Y indicate numerical value of  the number of SMA loops used in the each diagonal direction and at each 4 

face (i.e. front and back face). For example, SP-2-PS550-N20 would mean an FE model of specimen SP-2 with 20 SMA 5 

loops provided at front side in each diagonal direction and 20 SMA loops provided at back side in each diagonal direction, 6 

and with a maximum recovery stress of 550 MPa in each SMA loop. Also given in the table are, 𝐴𝑆𝑀𝐴, an equivalent 7 

effective area of the SMAs loops in each diagonal direction, 𝑑𝑒𝑞𝑣, the diameter of an equivalent single bar,  𝜎𝑟𝑒𝑐𝑜𝑣, the 8 

recovery stress in each SMA loop, 𝐹𝑝, the total prestress forced applied in SMA in each direction at each face, 9 

[𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴
, the maximum lateral load sustained by the retrofitted beam-column joint, [𝛥𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴

, the drift 10 

corresponding to [𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴
 and μ, the estimated displacement ductility of the retrofitted specimen.  11 

Table 8: Summary of prametric study conucted on FEM-SP-2 12 

Model ID Loops 𝑨𝑺𝑴𝑨* 𝒅𝒆𝒒𝒗. 𝝈𝒓𝒆𝒄𝒐𝒗 𝑭𝒑 [𝑭𝒍,𝒎𝒂𝒙.]𝑭𝑬𝑨
 [𝜟𝑭𝒍,𝒎𝒂𝒙.]𝑭𝑬𝑨

 μ 

- - [mm2] [mm] [MPa] [kN] [kN] [%]  

SP-2-PS0-N20 20 62.83 8.94 0 0.0 72.17 1.713 3.79 

SP-2-PS550-N20 20 62.83 8.94 550 34.6 71.68 1.308 3.90 

SP-2-PS550-N40 40 125.66 12.65 550 69.1 77.95 1.387 3.58 

SP-2-PS550-N60 60 188.49 15.49 550 103.7 87.56 1.908 3.37 

SP-2-PS550-N80 80 251.32 17.89 550 138.2 90.81 1.846 3.08 

SP-2-PS550-N100 100 314.15 20.00 550 172.8 92.10 1.617 2.66 

SP-2-PS550-N120 120 376.99 21.91 550 207.3 93.82 1.714 2.56 

* 𝐴𝑆𝑀𝐴 : effective (total) area of SMA  13 

 14 

From Table 8 and Figure 25, it is observed that as the prestress load in the diagonal elements increases the peak lateral 15 

load, [𝐹𝑙,𝑚𝑎𝑥.]𝐹𝐸𝐴
 sustained by the retrofitted specimen also increases. However, with the increase in the prestress force 16 

in the diagonal elements the ductility of the specimen decreases, which is also evident from the Figure 25 in which post-17 

peak softening of load-displacement curves gets steeper (indicating rapid strength degradation) as the prestress forces in 18 

the diagonal spring elements is increased. When applied post-tension force, 𝐹𝑝 = 0 (i.e., when only the passive 19 

confinement is applied) the increase in lateral load carrying capacity is found to be about only 6%.  At a low level of 20 
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post-tension forces i.e., when the applied post-tension force equal to 35 kN, the effect of active confinement appears to 1 

be minimal. At this low level, the increase in lateral load carrying capacity compared to passive confinement is negligible. 2 

However, increasing the active confinement further, to 𝐹𝑝 = 103kN the increase in the lateral load carrying capacity 3 

equals to nearly 30%. Further increase in the post-tension forces appears to have negligible benefit. Increasing the post-4 

tension forces from 103kN to 207 kN, i.e., doubling the post-tension forces, results in an increase in lateral load carrying 5 

capacity of only 7%.  In Figure 25, it is also found that a marginal increase in the initial stiffness takes place as the active 6 

confinement force in the joint is increased. 7 

 8 

 9 

Figure 25: Graph of lateral load (𝐹𝑙) vs drift (Δ) of FE models given in Table 8. 10 

8.2. Joint strain 11 

The effect of the active confinement of joint core on the joint shear strain is shown in Figure 26. As can be seen in the 12 

Figure 26, up to a prestress force, 𝐹𝑝 = 69 kN, there is no signifcant advantage of active confinement of the joint core 13 

with respect to the joint shear strain. A plot of maximum joint shear stress & maximum joint shear strain vs maximum 14 

prestressing force applied in the diagonal element is given in Figure 27. Clearly, past the value of 𝐹𝑝 = 50 kN, active 15 

confinement appear to be effective in controlling the joint shear strain. The value 𝐹𝑝 = 50 kN is very close to the 16 

difference in the maximum lateral load carrying capacity assuming beam yeilding and the maximum load sustained due 17 

to shear failure of the core.  The maximum benefit of active confinement, in the case of SP-2, appears to be within the 18 

range of 𝐹𝑝 = 50 kN to 𝐹𝑝 = 100 kN. 19 

0 1 2 3 4

0

30

60

90

120

p

p

p

p

p

p

SP-2 E
XP

F = 103.7 kN

F = 138.2 kN

F = 34.6 kN

F = 0 kN
F = 172.8 kN

F = 207.3 kN

p

 

L
at

er
al

 L
o

ad
, 
F

l (
k

N
)

Drift,  (%)

F = 69.1 kN

0 10 20 30 40 50 60 70

Displacement, 
b
 (mm)



38 

 

  1 

Figure 26: Graph of normalized joint shear stress (𝜏𝑗ℎ  ) √𝑓𝑐
′⁄ ) versus joint shear strain (γ) of the various FE models given in 2 

Table 8 (joint shear strain is estimated using the measurement obtained from front side of the joint panel). 3 

 4 

 5 

Figure 27: Graph of plot of maximum joint shear stress & maximum joint shear strain vs maximum prestressing force 6 

applied in the diagonal element showing the influence of prestress force in SMAs on joint shear strain (γ). 7 

 8 

8.3. Crack Pattern  9 

A very similar crack pattern was observed in all of the FE models. Initially upon loading a few cracks occurred in the 10 

beam (flexural cracks) followed by shear cracks in the joint core. This is consistent with the experimental observation. 11 

The shear cracks in the joint core were however formed much earlier than in the experiment. As the drift levels increased, 12 

the flexural cracks in the beams narrowed and eventually closed, but the shear cracks in joint core broadened gradually. 13 

The effect of active confinement on the crack width is visible in Figure 28 and Figure 29. In these figures one can 14 

observe that as the active confinement forces in the joint core increases, the crack width in the joint core reduces 15 
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consistently. For example, the cracking strain 휀𝑘𝑘 at Δ = 1.58% in SP-2-PS550-N20 in Figure 28 is close to 0.079 while 1 

as the cracking strain in SP-2-PS550-N120 in Figure 29 at the same drift level is only 0.022. At a drift of 3.176% the 2 

maximum crack width in the joint core in SP-2-PS550-N20 in Figure 26 is found to be close to 0.315 while as in SP-2-3 

PS550-N120 in Figure 27, the maximum cracking strain in the joint core is only 0.177. Active confinement of the joint 4 

core in these models moved the most significant (largest) crack from the joint to beam when the prestress forces exceeded 5 

~100kN.  The cracking strain in the beam when the prestress forces in the diagonal elements is greater than 100 kN ranged 6 

between 0.6-1.0 (see Figure 29). The element size in the beam is equal to 25 mm. From the FE results it is found that the 7 

joint core damage is not prevented by this approach but is only reduced. In fact, at higher confinement levels, the crack 8 

pattern changes from simple diagonal crack to half-X (or C-shape). At higher level of confinement, major cracks 9 

originated from the anchor blocks on the beam side and then extended towards the centre of the joint core.   10 
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 1 

Figure 28: Showing crack pattern and crack strain, 휀𝑘𝑛 at various drift levels in various FE-Model-S given in Table 8. 2 

 3 

 4 
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 1 

Figure 29: Showing crack pattern and crack strain, 휀𝑘𝑛 at various drift levels in various FE-Model-S given in Table 8. 2 

 3 

9. Conclusions 4 

This paper investigates the efficacy of employing diagonal prestressed SMA loops in the seismic retrofitting of non-5 

seismically detailed beam-column joints. Essentially, the study investigates effect on seismic performance of active 6 

confinement of a beam-column joint core. Both experimental tests and a detailed numerical study have been described.  7 

In the experimental part, two full scale tests were conducted. One of the specimens was retrofitted with active confinement 8 

using prestressed diagonal SMA loops and other specimen was tested as control specimen. Two prestressing techniques 9 

were investigated in the experimental tests. In the first method, an attempt to exploit the shape memory feature for rapid 10 

heat-activated prestressing of SMA wires was made, and in other method a conventional mechanical post-tensioning of 11 

SMA wires was carried out. In the numerical part, a detailed parametric study was carried out investigating the effect of 12 

active confinement (applied by means of prestressed spring elements). The performance of the active confinement of 13 
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joint core was evaluated by comparing the strength, ductility, and damage in the retrofitted specimens. Some important 1 

observations related to risks associated with rapid heat-activated prestressing technique using SMAs was also highlighted 2 

in this paper. 3 

 4 

The following conclusions can be drawn from the above study: 5 

1. Active confinement of a reinforced concrete beam-column joint core achieved by externally applying in plane 6 

diagonal compression forces to the joint core can considerably improve both strength and energy dissipation 7 

capacity. However, this approach (i.e., providing external diagonal reinforcement to the joint core) may not 8 

enhance the ductility of a non-seismically detailed beam-column joint.   9 

2. A low level of active confinement (for e.g., a post-tension force of 35 kN in this case) may be as effective as 10 

passive confinement (i.e., when post-tension forces equal to zero) in increasing the lateral load carrying capacity 11 

of the beam-column joint. However, exceeding the active confinement beyond a certain limit also (for e.g., in 12 

this study a post-tension force beyond100 kN) does not appear to have any additional benefit on the lateral load 13 

carrying capacity of the retrofitted specimen. Therefore, there appears to be an optimum prestress range within 14 

which active confinement is most effective. Results from this study show that percentage increase in the lateral 15 

load carrying capacity, at optimum prestress level, could be around 30%.   16 

3. Active confinement of the joint core using prestressed diagonal loops significantly reduces the joint shear strain 17 

in the core region. However, the results from this study show that the higher the active confinement level BCJ 18 

specimens appears to get more brittle i.e., post-peak load-displacement response exhibits a sharp decline (rapid 19 

strength degradation).  20 

4. This study showed that the method of retrofitting all though effective in enhancing the strength and reducing the 21 

joint strain considerably, might not be the best method to enhance the ductility of a non-seismically detailed 22 

beam-column joint.  23 

This study also revealed that the application of rapid heat-activated tensioning (prestressing) of SMA wires for practical 24 

applications is associated with greater risks. A risk of significant loss in the pre-strain may arise due to rolling and 25 

unrolling and twisting and bending of pre-strained SMA wire during the installation process. Therefore, retrofitting 26 

schemes based on using recovery stresses in SMA for active confinement of joint should be designed in such a way that 27 

the design avoids or minimizes procedures that involving rolling and unrolling and twisting and bending of pre-strained 28 

SMA. The easiest way to overcome this problem is to use SMA wires as straight wires and/ or using wires of short 29 
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lengths. As it is very difficult to predict the pre-strain losses in the SMA wires or prevent fully any pre-strain loss in the 1 

SMA wires therefore, recovery stress values obtained in laboratory from small straight specimens may not be practically 2 

achieved in some full-scale real world applications. Unless pre-strain losses are prevented completely, a factor of safety 3 

must be included in the deisgn procedure to take into account the effect of pre-strain losses on the recovery stress in 4 

SMAs. 5 
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