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1. Introduction 
 

Since last decades, studying the behavior of connections 

in steel moment frames in seismic regions has been a 

subject of interest to civil engineers. However, serious and 

scrutinizing assessments were carried out after Northridge 

(California 1994) and Kobe (Japan 1995) earthquakes. In 

these events, steel buildings had been damaged mostly due 

to the failure occurred in the welding region of beam to 

column connections. These earthquakes motivated the 

researchers to re-evaluate the designing conventional 

philosophy. In this regard, Federal Emergency Management 

Agency (FEMA) (Venture 1997) embarked on a six year 

project known as SAC to investigate and improve the 

reliable and efficient methods for controlling, evaluating, 

repairing, and strengthening of steel moment frames. 

According to the results obtained from this research, weak 

performances of the connections are due to the assumptions 

of design, the properties of applied materials, and mostly  
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the execution procedure. Consequently, the researchers 

recommended the application of the connections with end 

plates rather than conventional weld ones taking the 

philosophy of strong column-weak beam into account. 

The merits of such connections are their appropriate 

strength, rigidity, and ductility; and their demerits can be 

referred to the residual deformations after earthquakes, high 

cost, and difficult repair and reconstruction. The researchers 

have proposed several solutions to remove the residual 

deformations after earthquakes. Researches by 

(Christopoulos et al. 2002, Ricles et al. 2002) used high 

strength  post-tensioned steel bars to form the self-

centering mechanism. Meanwhile, several suggestions such 

as shape memory alloys have been presented to change the 

properties of materials. Shape memory alloys have been 

specifically considered since the past two decades; the most 

used of which is Nitinol. These materials with the capability 

of tolerating high strains up to about 8% are utilized in 

dampers, braces, base isolators, and beam to column and 

column to foundation connections. Recently, several 

researchers have done research into the shape memory 

alloys (SMA). In addition (Ocel et al. 2004) used SMA bars 

in the  semi-rigid beam to column connection. These 

connections have been controlled during two tests in which 
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Abstract.  Shape Memory Alloys (SMAs) are new materials used in various fields of science and engineering, one of which is 

civil engineering. Owing to their distinguished capabilities such as super elasticity, energy dissipation, and tolerating cyclic 

deformations, these materials have been of interest to engineers. On the other hand, the connections of a steel structure are of 

paramount importance because of their vulnerabilities during an earthquake. Therefore, it is indispensable to find approaches to 

augment the efficiency and safety of the connection. This research investigates the behavior of steel connections with extended 

end plates equipped hybridly with 8 rows of high strength bolts as well as Nitinol superelastic SMA bolts. The connections are 

studied using component method in dual form. In this method, the components affecting the connections behavior, such as beam 

flange, beam web, column web, extended end plate, and bolts are considered as parallel and series springs according to the Euro-

Code3. Then, the nonlinear force- displacement response of the connection is presented in the form of moment-rotation curve. 

The results obtained from this survey demonstrate that the connection has ductility, in addition to its high strength, due to high 

ductility of SMA bolts. 
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four SMA bars are employed to transmit the loads of beam 

to the column with the connection of beam flange to column 

flange. In the first test, the energy dissipation capacity, high 

ductility, and strength changes have been evaluated in the 

initial cycles. According to the obtained results, the 

connections show high capacity of energy dissipation, high 

ductility, and slight strength change. Then, the SMA bars 

have been diverted to their primary statuses to investigate 

the recursive cyclic behavior of the connection. The 

obtained results have indicated the stability of connections.  

Shear connectors are the most economical connectors in 

composite floor systems, especially because of the easy 

installation process, which do not require adept workers. 

Seismic performance of the connectors in the composite 

floor systems depends on concrete slab quality and shear 

connectors type, in order that a connector with high strength 

concrete slab shows the elastic-plastic behavior (Shariati et 

al. 2010, Shariati et al. 2011, Shariati et al. 2011, Shariati et 

al. 2011, Shariati et al. 2012, Shariati et al. 2012, Shariati et 

al. 2012, Shariati 2013, Shariati et al. 2014, Khorramian et 

al. 2015, Shariati et al. 2015, Khorramian et al. 2016, 

Shahabi et al. 2016, Shahabi et al. 2016, Shariati et al. 

2016, Tahmasbi et al. 2016, Khorramian et al. 2017, 

Hosseinpour et al. 2018, Nasrollahi et al. 2018, Paknahad et 

al. 2018, Wei et al. 2018, Davoodnabi et al. 2019). 

Different loading scenarios have been employed to 

simulate the seismic loading such as horizontal shaking by 

shake table test, vertical shaking and universal machine 

loading. Each of the loading plans is divided into two main 

categories, either monotonic or cyclic loading. In 

monotonic loading, the linear response of the structure is 

obtained while in cyclic loading, the hysteresis and 

nonlinear response would be achieved. Cyclic loading has 

been performed in two different styles; fully cyclic and half 

cycle. Generally, wherever the specimens cannot be 

subjected to fully cyclic loading, the half-cycle loading is 

employed. Different types of connections and structural 

components have been investigated and examined under 

monotonic or cyclic loadings so that the shear connectors 

(especially the C shaped connectors) have demonstrated an 

appropriate energy dissipation during cyclic loading and 

through hysteresis patterns (Shariati et al. 2012, Shariati et 

al. 2012, Shariati et al. 2013, Shariati et al. 2014, Shariati et 

al. 2017, Shariati et al. 2020). 

Seismic performance of the buildings depends on the 

performance of its components under seismic loadings. 

Connections are the most central parts of each support, and 

during an earthquake, the strength of the fasteners, bolts or 

nuts should determine the proficiency of the connection 

(Arabnejad Khanouki et al. 2010, Jalali et al. 2012, 

Khorami et al. 2017, Khorami et al. 2017). 

The dynamic behavior of the connection has been 

studied in the second test. With regard to the obtained 

results, the connection has shown the behavior similar to the 

quasi-static behavior, excluding its reduction of energy 

dissipation. The connections similar to the superelastic 

SMA bars have been studied by (Penar) showing 

appropriate recentering capacity. (Abolmaali et al. 2006) 

scrutinized the cyclic behavior of T-stub connections 

equipped with SMA bolts showing proper energy 

dissipation and recentering. (Ma et al. 2008, Ma et al. 2007) 

modeled and analyzed an extended end plate connection 

equipped with shape memory bolts using ANSYS software. 

They observed that the energy capacity and ductility were 

improved due to the superplastic property of SMA bolts as 

well as the formation of plastic hinge in the connection 

face. Moreover, other structural members such as beam, 

column, and end plate remained elastic after earthquake, 

preventing the cost and difficulties of repairing. (Hu et al. 

2011) suggested a new method of steel beam to CFT 

column connection (the tubes filled with concrete) using 

SMA cables along the whole length of the column, 

accompanied with an analytical model for several types of 

connections. (DesRoches et al. 2010, Ellingwood et al. 

2010) studied the moment frames equipped with SMA 

connections using finite element method and nonlinear time 

history analysis. They also assessed the effects of several 

connections on the permanent inter-storey drift, obtaining 

considerable results such as reduction of inelastic 

displacements. (Fang et al. 2014) continued the works of 

Ma et al. on the connections with extended end plates. They 

replaced high strength bolts by SMA bolts in the 

connections, performing 8 experimental tests, 7 with SMA 

bolts and 1 with high strength bolts. 

They focused on the stiffness, strength, energy 

dissipation, and ductility of such moment connections in the 

length and diameter of different bolts. They figured out the 

formation of plastic hinge in the connection face because of 

the superelastic property of Naitinol bolts. (Wang and Chen 

2009) presented a new connection between I-shape beam 

and CHS column equipped with SMA and steel bars. They 

studied the recentering and energy dissipation capacities of 

these connections numerically as well as experimentally. 

Their tests properly demonstrated the significance of the 

thickness of steel angles applied as stiffener. Accordingly, 

the connections with thicker angles or so called the 

connections with higher stiffness showed higher energy 

dissipation and recentering. They proved that the 

connections equipped with SMA bars of higher prestressing 

force presented more appropriate recentering. (Fanaie and 

Monfared 2016) studied the cyclic behavior of steel 

connections with extended end plate equipped with 8 bolt 

rows of shape memory alloy. In the mentioned research, the 

conventional connections with high strength bolts were 

compared to the ones equipped with SMA bolts. They 

concluded that the connections with Nitinol bolts had good 

recentering in addition to high energy dissipation capacities 

and ductility 

 

 

2. The basis of shape memory alloys  
 

Shape memory alloys (SMA) or intelligent alloys have 

been primarily presented by (Ölander 1932) and shape 

memory topic by (Vernon and Vernon 1941) for dental 

polymeric materials. The importance of shape memory 

material remained unknown until 1962 when (Buehler et al. 

1963) found its effectiveness in the Nickel-Titanium alloy. 

This material was called Nitinol, referring to NiTi 

composition as well as its discovery location (Naval  
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Ordnance Laboratory). Since then shape memory alloys, the  

intelligent devices, have drawn the attention of researchers, 

particularly civil engineers, as passive structural control 

systems. One of the properties of these alloys which makes 

them unique is their recentering immediately after 

unloading (the effect of superelastic) or by heating (the 

effect of shape memory). These effects are due to the 

alterations of crystalline phase of these alloys. Shape 

memory alloys possess two stable phases,namely, 

martensite, in low temperature; and austenite, in high 

temperature. These two phases can be converted to each 

other through applying stress and temperature. So far, 

different types of shape memory alloys have been 

presented; the most important ones are copper- aluminum-

nickel and nickel- titanium (Nitinol). They are very 

applicable in civil engineering. In this research, Nitinol is 

assessed considering its stability, high application, and 

thermomechanical application. 

 

2.1 Superelastic effect (SE) 
 

As illustrated in Fig. 1, if Nitinol is deformed in the 

temperature higher than that of austenite phase (Af), the 

created deformations can be removed after unloading and 

the change of crystalline arrangement in the martensite 

phase can bring about energy dissipation. This phenomenon 

is known as superelastic effect (SE).  

 

2.2 Shape memory effect (SME) 
 

According to Fig. 1, if Nitinol is loaded and unloaded in 

the martensite phase, the material does not return to its 

initial status after unloading; and a residual deformation 

remains in it. The created residual deformation is removed 

by applying the temperature higher than Af; and the material 

returns to its initial state. This phenomenon is known as 

shape memory effect (SME).  

 

 

3. Introducing the component method 
 

In the recent decades, the behavior of flexural  

 

 

connections with extended end plate has been evaluated 

through numerical and experimental researches. In 1983, 

Ghassemieh et al. (1983) studied the behavior of flexural 

connections with extended end plate equipped with 8 bolts. 

(Sumner and Murray 2002)  suggested a method for 

designing the connections with extended end plates, with 

and without stiffeners. (Gorgun 2013) proposed an 

analytical method for predicting the behavior of steel 

flexural frame with flexible members. (Baei) studied the 

flexibility of the connections with end plate using finite 

element method under seismic loading. Overcoming the 

analytical complexities of nonlinear finite element method 

in obtaining moment-rotation curve of steel flexural 

connections and finding their real behavior, urges 

simultaneous evaluation of their strength, stiffness and 

ductility. In this regard, (Standard) has presented 

component method. In this method, the connection response 

or so called moment-rotation curve is obtained in two steps. 

First, the individual components of the connection (Fig. 

2(a)) are considered as springs (Fig. 2(b)) and evaluated 

according to EuroCode3 to obtain the responses. Bahadori 

and Ghassemieh (2015) performed a modified component 

method and studied the flexibility of connections in 

multiple steel moment frames. Their results show a good 

agreement with experimental and numerical methods. Then, 

these components are assembled in the form of parallel and 

series linear springs to derive the moment-rotation curve. In 

the current paper, the mentioned method is implemented for 

the connection with extended end plate and 8 bolt rows, Fig. 

2. 

Now, each spring or connection component has its own 

force-displacement parameter. The components of the 

connection are of three types, regarding their ductility: 1) 

with high ductility; 2) with brittle fracture; and 3) with 

limited ductility, presented in Figs 3 to 5. 

Considering Fig. 2 and 3 to 5, the first types are: 1) column 

web in shearing; 2) column flange in bending; 3) end plate 

in bending; 4) beam web in tension. The second types are 

bolts in tension and shearing. The third types include: 1) 

column web in compression; 2) column web in tension; 3) 

web and flange of beam in tension. The strength and initial 

stiffness of the connection are calculated using the formulas  

 
 

Fig. 1 The behavior of Nitinol shape memory alloy under different temperatures and stresses 
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presented in Table 1, derived from Euro Code 3. 

After calculating the strength and initial stiffness, presented 

in Table 1, the design flexural strength of connection (Mj,Rd) 

is obtained as follows 


Rdtr

F
r

h
Rdj

M
,,

 
(1) 

Where, hr is the distance of the rth bolts from the center 

of compressive flanges of the beam Ftr,Rd is the effective 

strength force of the rth row, equal for each row with respect 

to the force of the series springs. Its value is considered 

equal to the lowest strength force of the components of the 

row. The rotational stiffness of the connection is calculated 

as follows 

𝑆𝑗 =  
𝑧𝑒𝑞

2

μ𝐾𝑒𝑞

 (2) 

Where, Keq is the equivalent stiffness of the connection, 

obtained by Eq. (7); zeq is the lever arm of the connection, 

calculated by Eq. (8); μ is the ratio of initial rotational 

stiffness to the rotational stiffness of the connection  

 

 

(Sj,ini/Sj), computed according to the section 6.3.1(6) and 

Table 6.8 of EuroCode3-part1.8, as follows 
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(3) 

Where, Mj,Ed is bending moment applied to the connection; 

ψ= 2.7, from Table 6.8 presented in EuroCode3-part 1.8. 

Based on the Eqn 3, two different values are obtained for μ, 

proportional to which there will be initial and secondary 

rotational stiffness.  To prevent the approximation, the 

curve should be plotted in trilinear form. Then, the stiffness 

of the connection is obtained as follows 

2

1

1

11

kkck
  (4) 

 
(a) 

 
(b) 

 

Fig. 2 Component of extended end-plate connection behavior; (a): Extended end plate connection and (b): Mechanical model 

for extended end plate connection (Aksoylar et al. 2011) 
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(a) Bilinear approximation model 

 

(b) Real model 

 

Fig. 3 High ductility components (Da Silva and Coelho 2001) 

 
(a) Bilinear approximation model 

 
(b) Real model 

 

Fig. 4 Brittle failure components (Da Silva and Coelho 2001) 
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Where, k1 and k2 are the stiffness of column web in shear 

and compression, respectively, giving the equivalent 

stiffness of compressive part of the beam; K3,r ،K4,r ،K5,r and 
K10,r are the stiffness of column flange in bending, column 

web in tension, end plate in bending and bolts in tension, 

respectively, for the rth row. They firstly give the equivalent 

stiffness of each row in tension (Kt,r,) and then its equivalent 

stiffness of tension part (Kt,). The symbols used in this study 

are summarized in Appendix A. 

 

 

 
(a) Bilinear approximation model 

 
(b) Real behavior 

Fig. 5 Limited ductility components (Da Silva and 

Coelho 2001) 

 

 

 

The following assumptions are considered to obtain the 

behavior of the connection:  

1- The end plate is exactly connected to the beam; 

2- The behaviors of beam material, end plate and 

column are considered elastoplastic, as presented 

in Fig. 3; 

3- The inter-plate displacement is ignored. 

4- Ultimate bending moment is assumed equal to the 

yield bending moment. 

 

 

4. Introducing and analyzing the model 
 

4.1 The dimensions and materials 
 

In this research the theoretical model of Fanaie and 

Nazari Monfared (2016) (Fig. 6) has been used to evaluate 

the suggested method. It should be mentioned that the outer 

4 bolt rows are of SMA bolts with 7mm in diameter and the 

4 inner ones are of high strength bolts with 21mm in 

diameter. 

The materials used in the beam, column and end plate 

are of ST37 and those of high strength bolts are of 

ASTM325. Table 2 presents the mechanical properties of 

the connection components.   

 

4.2 Calculating the needed parameters 
 

The resisting force and initial stiffness of the connection 

components have been calculated according to Table 1 and 

presented in Table 3. It should be mentioned that 0.6fyAb 

pre-stressing force has been applied to the SMA bolts.  

The parameters needed in Table 3 are calculated with 

respect to EuroCode3-part1.8 as follows:  

Column web in shearing (CWS) 
24800vcA mm 

Column web in compression (CWC) 

, ,
194.48

0.732 .993p

eff c wc
b mm

 



  
 

Web and flange of beam in compression (BFC) 
21152000W mm

pl
  

, 251345.45 .c RdM kN mm  

Column web in tension (CWT) 

Other end bolt-row 

mm
eff

l
eff

l
cpeff

l
nceff

l

mm
cpeff

l

mm
nceff

l

05.275
2,1,

,,

22.373
,

05.275
,

 












 

mm
eff

l
wcteff

b 05.275
1,,,


 
Bolt-row adjacent to a stiffener 

mm
eff
l

cpeff
l

nceff
l

mm
cpeff

l

mm
nceff

l

22.373
1,

,,

22.373
,

62.433
,

 












 

mm
eff

l
wcteff

b 22.373
1,,,


 

 

218



 
Analysis of extended end plate connection equipped with SMA bolts using component method 

 

 

 

 

Table 1 The formulas employed for calculating the strength and initial stiffness of the components 
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Fig. 6 Components of extended end-plate connection; (a): Extended end plate connection, (b): Beam Section and (c) 

Column Section 
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Table 2 Mechanical properties of connection elements 

Material Elasticity Modulus 

(GPa) 

Yielding stress 

(GPa) 

Ultimate stress (GPa) Poisson’s ratio 

ST37 200 240 370 0.3 

High strength bolt 

(ASTM325) 

200 640 800 0.3 

SMA bolts 42 370 500 0.33 

Table 3 Strength and Stiffness coefficient of elements 

  k(kN/mm) F(kN) 

Column web in shear CWS k1 855 Vwp,Rd 544.18 

Column web in compression CWC k2 987.6 Fc,wc,Rd 442.42 

Beam flange and web in compression BFC k - Fc,fb,Rd 698.18 

Column web in tension CWT k3 1212.97 Ft,cw,Rd 630.11 

1645.9 855 

1645.9 855 

1543.94 802.05 

Column flange in bending CFB k4 837.12 FT,2,Rd 120.48 

1319.73 153.1 

1319.73 289.64 

1065.54 272.47 

End plate in bending EPB k5 865.71 FT,2,Rd 107.79 

865.71 107.79 

2656.87 541.1 

2255.18 314.75 

Bolts in tension BT k10 517.24 Fs,Rd,ser 61.42 

517.24 61.42 

4655.1 399 

4655.1 399 

Beam web in tension BWT k - Ft,wb,Rd 209.45 

- 209.45 

- 642.82 

- 545.63 
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The end plate in bending (CFB) 
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The bolts in tension (BT) 

For rows 1, 2, 7 and 8 
297.762 mmAs   

For rows 3, 4, 5 and 6 
22 692.72sA mm

 
Beam web in tension (BWT) 

In this component, the effective length is equal to the 

effective length calculated in the end plate component in 

bending  
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The stiffness values presented in Table 3 as well as the Eqs. 

(4) to (7), are used to calculate the equivalent stiffness of 

the connection expressed as follows:  
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mm
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1
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Considering the stiffness derived for each row and with 

respect to Eq. (8), the lever arm of the connection (zeq) is 

defined as follows:  

mmeqz 33.359 

The initial rotational strength of the connection is expressed 

as follows: 

  mkNKzS eqinij .22.44394100084.343
1000

33.359
2

2

, 







 

Design moment resistances as well as the rotation of 

yielding point are calculated as follows:  

mkN

Rdtr
Frh

Rdj
M

.93.22126647.27232664.28941842.6147842.61

,,





 

 ,
3.22 3 3.22

j Rd

y

j

M
E rad mrad

S
    

 

The ultimate rotational capacity is obtained with respect to 

the article 6.4.2(2) of EuroCode3- part1.8, assuming enough 

rotational capacity in the connection, and also in accordance 

with the research conducted by Fanaie and Nazari Monfared 

(2016) as:  

 

mradu 7.39  
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5. Discussion 
 

Four points are needed so as to plot trilinear moment-

rotation curve: the initial point (0, 0), the point of yield 

moment ( Rdj

inij

Rdj

M
S

M

,

.

,

3

2
,3

2





), yielding point 

(
Rdj

j

Rdj

inij

Rdj

M
S

M

S

M

,

,

.

,

,3

1

3

2





), and final point ( ) 

derived in the previous section. The moment-rotation curve 

has been plotted in Fig. 7.  

 

 

 

 

In what follows several effective parameters of both curves 

are compared to study the accuracy of the method.  

1) Initial rotational stiffness 

%4.1100
22.44394

93.4377322.44394



 

As it is observed the difference between calculated initial 

rotational stiffness is 1.4% based on the component method 

compared to the finite element method, which is very 

negligible.  

2) The moment of yielding point 

%84.9100
93.221

1.20093.221



 

 

,Mu u

 

Fig. 7 Moment-Rotation Curve 

 

Fig. 8 The effect of pre stress on moment-rotation curve 
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The difference between calculated moments of yielding 

point is 9.84% based on the component method compared 

to the finite element method that is negligible. 

3) The rotation of yielding point 

%46.12100
66.6

83.566.6



 

The difference between calculated rotations in the yielding 

point of moment-rotation curve is 12.46% based on 

component method compared to the finite element method. 
According to the performed comparison, the component 

method relatively shows good accuracy.  

In what follows several parameters effective in the moment-

rotation curve such as pre-stressing force and bolt diameter 

are investigated. 

 
5.1 The effects of pre-stressing force 
 
In order to assess this effect, Fig. 8 presents the 

moment-rotation curve for the status without pre-stressing 

force along with the previous status (with pre-stressing 

force of 0.6fyAb). 

Reduction effect of the yield bending moment due to the 

reduction of prestressing force in the bolts from 0.6fyAb to  

 

 

 

zero is presented as follows:  

%41.7100
62.206

93.22162.206



  

Based on Fig. 8, pre-stressing force has no significant 

effects on the initial and secondary rotational stiffness 

values. However, with decreasing in the values of pre-

stressing for 0.6fyAb, final and yielding resistant moments 

are reduced to 7.41%. 

 

5.2 The effects of SMA bolts diameter 
 

Regarding the different diameters of bolts, it should be 

mentioned that the resistant force of a bolt increases with 

the increase of its diameter. Extremely increasing of the 

diameter will result in the non-criticality of the bolts. 

Therefore, the critical element will control the connection 

(based on Table 3, the end plate). In this section, the bolts 

with diameters of 8, 9, 10 and 11mm have been controlled.   

According to Fig. 9 and Table 4, the resisting yield moment 

does not change considering the bolts of over 10mm 

diameters. Moreover, in the bolts with the diameters more 

than 10mm, the created rotation is reduced due to the 

increase of stiffness with the moment remaining constant. 

 

Fig. 9 The effects of bolt diameter on moment-rotation curve 

Table 4 The effects of SMA bolts diameter on moment-rotation curve 
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6. Conclusions 
 

The main objective of this research is to analyze the 

steel connections with extended end plate equipped with 8 

dual bolt rows (high strength bolts and shape memory alloy 

bolts). The analysis is performed using component method 

presented in EuroCode3. In order to overcome the 

analytical complexities of nonlinear finite element method 

while obtaining moment-rotation curve for steel 

connections and to find the real behavior of moment 

connections, it is necessary to evaluate the strength, 

stiffness and ductility of these connections. These 

necessities are provided by component method. The 

appropriateness of the results obtained from component 

method is corroborated through comparing the results with 

those of finite element method. The results of these two 

methods differ for 1.4% in the initial rotational stiffness, 

9.84% in yield moment and 12.46% in the rotation of yield 

point. Besides, the effects of the pre-stressing forces applied 

to the SMA bolts as well as the effects of the bolts diameter 

are investigated on the moment-rotation curve of 

connection. If pre-stressing force decreases from 0.6fyAb to 

0, then the resistant yield moment is reduced to 7.41%. If 

the diameter of SMA bolts augments, the resistant yield 

moment will increase and become constant after a diameter. 

Based on the obtained results, it should be mentioned that 

the studied connection has proper ductility in addition to its 

strength. 
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Appendix A       The symbols used in this study 

 

 

 

 

 

 

 

 

 

A  
As  
Avc  
beff,c,wc  
beff,t,wb  
beff,t,wc  
D  
dc  
dM16  
E  
Fy  
fub  
fy  
fy,wb  
fy,wc  
FT,1,Rd  
FT,2,Rd  
k1 to k10  
Ke 

 
Kpl  
Lb  
leff  
leff,nc  
leff,cp  
leff,1  
leff,2  
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