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Despite their low stiffness, moment frames (MFs) are considered 

conventional lateral strength systems for low- and moderate-rise 

structures due to their ability to absorb energy and provide suitable 

ductility, along with architectural considerations. In return, a framed 

tube system with deep beams and short spans suits the high-rise 

structures. Due to the differences between the span length-to-depth 

ratios of the beams in this structural system, the regulations for MFs 

cannot apply to them. Moreover, a low value for the length-to-

height ratio of the beams prevents the proper formation of flexural 

plastic joints proposed by the regulations. Therefore, a frame with a 

single story and span has been proposed here consisting of a 

replaceable shear link made of shape memory alloy (SMA) to study 

the responses of the structure under the explosive loads (i.e., lateral 

loading) that can occur due to terrorist attacks, industrialization, or 

mining actions. Therefore, this study investigates the behavior of 

different systems under the three types of impact loads, including 

SMA or steel shear links. The results show that in the frame 

equipped with a shear link made of an SMA, the base shear is less 

than that of ordinary steel (the maximum base shear reduction is 

about 27% for type 2 blast load). This leads to a reduction in the 

cost of foundation construction. Also, the maximum displacement 

in the frame equipped with the shear link made of ordinary steel is 

less than the corresponding value in the frame equipped with a 

shear link made of an SMA (the maximum displacement reduction 

is about 43% for type 1 blast load), while the residual displacement 

of both frames is the same and equal to zero. It was concluded 

that the free vibration does not significantly affect the 

maximum responses of the mentioned structures under the 

impact load. 
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1. Introduction 

Due to the increase in terrorist attacks, several 

studies have been conducted on the load of 

explosions and how to reduce the effects of 

explosive loads on structures [1–3]. Structures 

movements due to explosion and impact 

include short-duration and high-frequency 

movements. According to such unique 

features, the response of the building to such 

loads is very different from the response to an 

earthquake load [4]. Also, the research on the 

qualitative effect of high-frequency excitations 

with short duration and large magnitude on the 

structure's response still needs to be 

completed. The experimental studies on the 

reinforced concrete beams subjected to the 

blast load have been performed by Magnesa. 

In Magnasa's research, dynamic analysis was 

performed using the single-degree-of-freedom 

system and damage curves. He compared the 

results obtained from the dynamic response of 

the supports with the experimental ones. He 

indicated that shear failure occurs for a 

reinforced beam with a high percentage of 

tensile rebar, while the failure mode has 

changed for a beam with a lower percentage of 

rebar [5]. After that, Baker et al. examined 

several models for calculating overpressure 

and impact caused by industrial explosions and 

introduced the equivalent TNT model. Finally, 

they introduced curves by which the 

equivalent TNT value, the relationship 

between overpressure, distance, and impact, 

can be estimated [6]. Ngo et al. analyzed the 

behavior of high-strength (HSC) columns 

under the blast load. They showed that the 

shear failure mode governing the fracture 

mode for explosion occurs near the column. 

They concluded that the HSC columns 

performed better than conventional columns 

when exposed to heavy blast loads. 

Furthermore, they show better energy 

absorption, as seen in the HSC columns [4]. 

Luccioni and Luege examined a sample of 

common concrete bridges with two spans and 

lines with AASHTO type III beams. This 

study analyzed beams and columns under the 

explosion load. The results indicated that 

girders, designed according to AASHTO, did 

not have the necessary ability to resist the 

explosion load [7]. Shi et al. showed that using 

the AUTODYN software to accurately model 

the blast wave in interaction with reinforced 

concrete columns, the dimensions and 

geometric shape of the columns significantly 

affect how the blast wave and load propagate 

on the columns [8]. LS-DYNA is another 

common software for blast modeling 

investigated by Hao et al. This software 

numerically simulates the gradual collapse of a 

reinforced concrete structure under blast load 

[9]. Recently, Kamgar and Shams investigated 

the nonlinear response of buckling-restrained 

braced frames under explosion load [10]. Also, 

the optimum location of a passive control 

system (i.e., outrigger belt truss system) has 

been found by Tavakoli et al. for a tall 

structure under the blast load [11]. In 

investigating the effect of explosion load on 

structural components, Bahirati et al. utilized 

ANSYS software to assess the effect of 

explosion load on the response of concrete 

slabs [12]. Amini et al. [13] employed the 

quartic B-spline time integration method to 

solve the nonlinear dynamic analysis of a 

single-degree-of-freedom system under 

exploding loads. Recently, some researchers 

have studied the weight optimization and 

relative lateral displacement of structures 

under the blast load [14,15]. Heidari-Mal 

Amiri and Tavakoli [16] analyzed the behavior 

of rectangular columns made of different FRP 

and steel rebars under impact loading. Kamgar 

et al. [17] evaluated the response of an elastic-

plastic single-degree-of-freedom system under 

different explosion loads with different 

positive phase durations. Their results 

demonstrated that the maximum displacement 

and ductility of the system would increase by 

increasing the positive phase duration. The 

behavior of CFDST columns under different 

blast loading conditions was examined using 

numerical and experimental studies by Li et al 
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[18]. In 1969, Fazlur Khan first classified the 

existing tall buildings based on their height and 

structural performance. Therefore, the first step in 

creating a versatile structural system for tall 

buildings occurred. The framed tube system is the 

first type of tubular structural system that Fazlur 

Khan used to build tall buildings. In this system, 

the external walls consist of beams and columns 

close to each other, connected with rigid 

connections and deep perimeter beams. Therefore, 

it can resist lateral loads without using bracing. 

This system is quite effective, and its economy 

depends on factors such as columns' spacing and 

size, perimeter beams' depth, and the building 

plan's dimensional ratio [19,20]. In other words, a 

framed tube is a resistant lateral system that 

employs the entire perimeter of the building. In 

practice, in the framed tube, the columns are 

connected at a distance of 4 to 6.1 meters using 

perimeter beams with a depth of 0.9 to 1.52 meters. 

This system is economical for steel buildings up to 

80 meters and concrete buildings up to 60 meters. 

So far, different studies have been performed on 

the seismic performance evaluation of this 

structural system under static load [21,22], wind 

load [23], and earthquake load [24].  

Today, much civil engineering research 

focuses on reinforcing structures against 

lateral loads. The main two factors in forming 

new methods and materials are increasing the 

mechanical properties (e.g., bearing capacity, 

ductility, and energy absorption of the 

structure) and improving the structure's 

performance by reducing the damage value. 

Steel shear walls are suitable structural 

systems with high stiffness, strength, and 

energy absorption but low resistance to fire 

[25]. After using new materials such as FRPs 

and steels with low yield points in the main 

structural members [26–30], shape memory 

alloys with high ability in ductility have 

recently been utilized [31,32]. SMA is a steel 

alloy that can return to its original state after 

major deformation. In fact,  reversibility can 

occur by applying heat or removing stress, 

representing the shape-memory and ultra-

flexibility features, respectively. Based on 

these suitable properties of SMA, it is used in 

different parts of structures (e.g., SMA braces 

in modular steel frames [33], SMA bolts, or 

SMA angle in collector beam to link beam 

connection for eccentrically braced frames 

[34,35], and SMA bolts in steel coupling 

beams [36]) to meet the seismic resilient 

concept and decrease the residual 

deformations of the system. Moreover, SMA 

rods were recently utilized in link beams such 

as eccentrically braced frames and coupled 

core wall systems [37]. In another study, NiTi 

shape memory alloy panels were tested under 

cyclic shear loading [38]. Also, the researcher 

has studied NI-Ti shape memory alloy on the 

responses of steel plate shear walls [39].  

Some studies focus on evaluating the 

performance of SMA materials under the blast 

load. Wei and Vigh [40–43] investigated the 

behavior of smart connections consisting of 

Nickle Titanium Shape Memory Alloy bolts 

under blast loading. Their results with this type 

of connection showed a reduced inter-story 

residual drift ratio compared with the steel-

bolted connection. Based on previous 

literature, there is no research to investigate 

the explosion's impact on the behavior of SMA 

replaceable shear links. 

This paper investigates the behavior of the 

framed tube equipped with the replaceable 

shear link. Figure 1 shows the main steps of 

the paper. For this purpose, the modeling 

validation and numerical behavior of the steel 

frame with the shear link are first studied using 

ABAQUS finite element software [44]. 

Therefore, Cheng’s model [45] is considered 

here and verified. Then, shaped memory alloy 

materials were used to evaluate the 

performance of this type of structural system 

under three explosion loads. In other words, 

the structure's response with SMA shear and 

steel shear links, including base shear, 

displacement versus time, and the Von-Mises 

stresses created in the structure, were obtained 

and discussed. Generally, the stresses and base 

shear of a structure equipped with SMA are 

lower than those values in a structure made of 
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steel. On the other hand, the structure's 

displacement with SMA is higher than that 

value in the structure with steel, while both 

considered systems have the same residual 

displacement values. 

In conclusion, for the SMA structure 

compared to the steel structure, lower base 

shear and stresses make the structure and 

foundation light, while the deformation of the 

structure is increased, and the cost of the SMA 

itself is relatively high. Therefore, using SMA 

in some parts of the structure that absorb more 

energy is better and more economical. 

Accordingly, engineers should use this type of 

structure according to their needs, goals, and 

project conditions. 

 
Fig. 1. The main steps of the paper. 

2. Model introduction 

An experimental sample is selected here to model 

in the ABAQUS software [44]. Figure 2 depicts 

the details and geometric characteristics of the 

experimental sample. In this model, the 

H360×226×12×16, H400×148×10×12, and 

H220×130×8×10 steel sections are used for 

columns, deep beams, and shear links, respectively. 

The total frame height from the support to the 

load location, the center to the center of the 

columns, and the length of the shear link beam 

are 2200 mm, 2000 mm, and 400 mm, 

respectively. This paper utilizes the bottom and 

top plates to connect the deep beams to the 

Comparison of the results of 

these models 

End 

Analysis outputs, including 

base shear, displacements, and 

stresses 

 

Analysis outputs, including 

base shear, displacements, and 

stresses 

Numerical modeling of the 

frame with SMA replaceable 

shear link under three types of 

blast loads 

Numerical modeling of the 

frame with steel replaceable 

shear link under three types of 

blast loads 

Start 

Validation of numerical modeling (A 

frame with steel replaceable shear link 

under cyclic loading) 
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column. The end plates connect the shear link to 

the deep beams with a screw connection. 

 

 
Fig. 2. Geometric characteristics of the studied 

experimental sample [45]. 

Finally, deep beam and column elements have 

the “Q460 steel material” with a nominal yield 

stress of 460 MPa. This material is chosen 

here to have a similar mechanical property to 

ST37. Also, SMA materials have similar 

properties to selected steel, so the comparison 

is possible. Also, Q235 steel material with a 

nominal yield stress of 235 MPa is utilized for 

shear links. Table 1 shows the tensile test 

results for steel with different thicknesses. 

where t represents the thickness, E shows the 

modulus of elasticity, σy depicts the yield 

stress, σu is the final stress, and εy displays the 

yield stress. 

3. Numerical modeling 

This study uses the ABAQUS finite element 

software to investigate the performance and 

nonlinear behavior of replaceable shear links 

subjected to the lateral load. Figure 3 

illustrates the finite element model of the 

considered structure. 

 
Fig. 3. Finite element model of steel frame with 

interchangeable shear link. 

Table 1. Tensile test results for steels of different thicknesses 

Steel Type 
t 

(mm) 

E 

(GPa) 

σy 

(MPa) 

σu 

(MPa) 
σy/σu 

εy 

(
6

10


 ) 

Q235B-8 7.89 200 287 430 0.67 1435 

Q235B-10 9.9 201 290 428 0.68 1443 

Q460C-10 10.23 195 547 611 0.90 2805 

Q460C-12 12.09 195 616 695 0.89 3159 

Q460C-16 16.08 203 621 670 0.93 3059 
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4. Material specifications 

Figure 4 illustrates the materials utilized for 

the column and deep beam in the ABAQUS 

software [44]. Also, according to the 

experimental results [45] and the distribution 

of plastic stresses in the shear link, the 

Chaboche model is utilized to introduce the 

strain stiffness of the material. Table 2 shows 

the parameters of the considered model. The 

Chaboche model can consider plastic joints. 

 
Fig. 4. Bi-linear strain stress curve of steel used for 

bolts, beam, and column elements. 

Table 2. Calibrated parameters of the Chaboche 

model [29,46,47]. 

Steel 

Type 

σ|0 

(MPa) 

Q∞ 

(MPa) 
biso 

Ckin,1 

(MPa) 
γ1 

Q235B-8 270 20 1.2 6000 200 

Ckin,2 

(MPa) 
γ2 

Ckin,3 

(MPa) 
γ3 

Ckin,4 

(MPa) 
γ4 

5000 200 3000 70 990 40 

 

5. Solver selection and meshing 

All loads have been defined here in three 

steps. The first step applies the prestressing 

force to the bolts using the "BOLT LOAD" 

function in the ABAQUS software. In the 

second step, a gravitational load is applied to 

the structure. Finally, the explosion load is 

defined and applied in the third step. Since the 

present study includes the dynamic load due to 

the explosion load, an implicit solver is 

utilized in the finite element model, and the 

dynamic analysis type is implicit. Also, a 

standard solver is used to apply the 

prestressing load in the first step, and the 

General static load is used to solve it. It should 

be noted that the geometry's nonlinear effects 

are also considered. 

For meshing purposes, the eight-node brick 

element with reduced integration (“C3D8R” 

solid elements) that can control the hourglass 

phenomenon is used here to model the 

components of the desired bending frame, 

including beams, columns, connecting plates, 

bolts, and nuts. The structured mesh technique 

was used to mesh the column, deep beam, and 

end plate. Also, the sweep mesh technique was 

used to mesh cover plates and shear links. 

Both mentioned techniques were employed for 

the modeling of bolts. The column, deep beam, 

bolt, and shear link element mesh sizes are 40, 

25, 5, and 20 mm, respectively. These 

dimensions have been considered based on the 

try-and-error method. In fact, the mesh 

dimensions are decreased from large to small 

to find the optimum mesh with high accuracy 

and minimum computational cost. Figure 5 

shows the meshed model of the studied 

structure. 

 

 
Fig. 5. The meshed model of the studied structure 

and bolt. 
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6. Interactions and boundary 

conditions 

The finite element model uses the "Tie" 

constraint to connect the elements and 

simulate welding. Contact interaction is also 

used to connect the bolts with the end plate 

holes and the contact surface between the two 

end plates. In this research, the contact 

interaction in the perpendicular direction is 

considered hard contact. Also, the columb 

friction, with a coefficient of friction of 0.35, 

is used for the tangential direction [45,48]. 

According to Figure 2, the coupling constraint 

is utilized to simulate the connection of the 

columns to the supports and the upper rigid 

beam. Since the pin connection was used to 

connect the columns to the base in the 

experimental test, in the finite element model, 

only the transitional degrees of freedom are 

constrained (U1=U2=U3=0). Also, to simulate 

the two-dimensional behavior of the structure, 

in the finite element model, the degrees of 

freedom perpendicular to the web of the beams 

are constrained (i.e., U1=UR2 =UR3= 0). 

7. Loading condition 

In this paper, the surface blast load is applied 

to the structure. Based on Kamgar et al. 

[17]and Amini et al. [13] three blast loads with 

different positive phase durations (i.e., 0.5, 1.5, 

and 5 sec ) are considered here to 

investigate the effects of changing the positive 

phase duration on the responses of the studied 

structure. In fact, the equation utilized to 

compute the blast load has been considered 

based on Refs [13,17]. It should be noted that 

all considered blast loads have the same 

maximum intensity (i.e., 294300 N) and total 

time (i.e., 8 sec ). Also, all considered loads 

are located at different distances from the 

structure; therefore, the amount of positive 

impact will be different by assuming different 

positive phase durations. In the first case, the 

explosion load on the structure is calculated 

from equation

5
( )

6
1( ) 294300 (1 2 )

t

P t t e


   

N. The positive phase duration and the positive 

impact are equal to 0.5 secdt  and

46.4338 10  ( . sec)N  , respectively. In the 

second case, the blast load imposed on the 

structure is calculated from the equation 
5

( )
6

2

2
( ) 294300 (1 )

3

t
t

P t e


    N, and the 

positive duration phase is 1.5 secdt  . In 

this case, the blast load’s positive impact is 

equal to 51.5158 10  ( . sec)N  . In the third 

state, the blast load is calculated from the 

equation 

5
( )

6
3( ) 294300 (1 )

5

t
t

P t e


    N. In this state, 

the positive phase duration and the amount of 

positive impact are 5 secdt  and 

52.6972 10  ( . sec)N  , respectively. Figure 6 

illustrates the time history of the explosion load. 

 
Fig. 6. Time history of different explosion loads 

(i.e., 1, 2, and 3). 

8. Results and discussion 

Figure 7 compares the experimental hysteresis 

diagram of the frame under cyclic loading [45] 

with the results of numerical modeling performed 

in the ABAQUS software [44]. As shown in Figure 

7, the results of the numerical study have an 

excellent convergence with the experimental ones, 

and the maximum error value is 10%. In other 

words, the biggest difference between the diagrams 

is at the end of the curves, where the end of the 

numerical curve in the positive phase is almost 
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associated with 360 tons and 3.3% drift. In 

contrast, the experimental curve is almost 

associated with 400 tons and 3.3% drift. Also, in 

Figure 8, a comparison between the experimental 

and the numerical samples shows a good 

agreement. 

It should be mentioned that the verification 

based on the cyclic load, considering both 

tensile and compressive loads, can show the 

basis of the model's accuracy. After that, the 

behavior of the structure under the blast load 

with a push in a fraction of a second can be 

checked. In addition, the strain rate created in 

SMA and steel due to blast load can be 

correctly simulated with ABAQUS software, 

according to Refs [49–52]. In fact, this paper 

initially investigated the model's accuracy in 

tension and compression zones under a cyclic 

load. After verification (see Figure 7), the blast 

load is applied to the model. It should be noted 

that blast loads have two parts (i.e., positive 

and negative phase durations). Therefore, it 

needs to check all tension and compression 

zones. The difference is for the duration of the 

compressive load, with a time scale of 

microseconds. It takes smaller time steps to 

perform a nonlinear analysis for the structure 

subjected to the blast load than the cyclic load, 

which is time-consuming. 

 
Fig. 7. A comparison between the numerical and 

experimental models [44,45]. 

 

 
Fig. 8. Comparison between stress distribution in numerical and experimental models [45]. 

9. Shaped memory alloy materials 

This paper studies two models to investigate 

the effects of SMA in a shear link subjected to 

the blast load. The control model (i.e., the 

validated model in the previous section) is 

used here to compare the results. The shear 

link model is a model whose shear link is 

made of the SMA (see Table 3). It should be 

noted that the properties of the SMA are 
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selected according to those used in Kamgar et 

al. [53] and introduced as superelastic in the 

ABAQUS software (see Table 4). Therefore, 

to investigate the effect of using SMA on the 

performance of moment frames with 

replaceable shear links, both models are 

subjected to an explosion load, and the 

analysis of the results is presented in the next 

section. Also, to validate the modeling of 

SMA in the ABAQUS software, the 

experimental results on the rebar made of 

SMA under cyclic loading [54] are compared 

with the results of numerical modeling in the 

ABAQUS software. Figure 9 depicts the 

excellent correlation between experimental 

and numerical results. 

 
a) 

 
b) 

Fig. 9. a) A comparison between the stress-strain 

curve of the numerical and experimental models b) 

introduction of different stress and strain points in 

the stress-strain curve of the SMA. 

Table 3. The models under study with their details 

Model 
Location of 

SMA material 
Details 

Control model - 

 

Shear link  
Bolts and shear 

link  

 
 

Table 4. The properties of the SMA [52,53]. 

Material 
Parame

ter 
Definition Value 

SMA 

E Elasticity modulus 
28 

(GPa) 

Υ Poisson ratio 0.3 

sig_A

M_s 

Austenite to 

martensite starting 

stress 

330 

(MPa) 

sig_A

M_f 

Austenite to 

martensite finishing 

stress 

580 

(MPa) 

sig_A

M_s 

Martensite to 

austenite starting 

stress 

300 

(MPa) 

sig_A

M_f 

Martensite to 

austenite finishing 

stress 

150 

(MPa) 

 

Table (5) shows the first three natural 

frequencies of the two structures. It can be 

deduced that SMA has increased the first three 

natural frequencies of the structure. It should 

be noted that according to Table (4), the SMA 

has superelastic and shape memory properties. 

The SMA is an alloy that can return to its 

original state after undergoing large 

deformations. In fact, reversibility can occur 

by applying heat or removing stress, 

representing the shape memory and 

superelastic properties, respectively. Figure 

(9b) schematically shows the stresses and 

strains of the SMA presented in Table 4. 
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Table 5. A comparison between the first three 

natural frequencies of the studied structures. 

Mode 

Natural period 

(sec) 

SMA Steel 

1 0.0326 0.0321 

2 0.0313 0.0311 

3 0.0235 0.0185 

 

 
Fig. 10. First mode shape of the frame with SMA 

shear link. 

 
Fig. 11. First mode shape of the frame with steel 

shear link. 

The first mode shapes of the frames with SMA 

or steel are shown in Figures 10 and 11. 

10. Results 

After validating the SMA materials and the 

frame with the shear link under cyclic load, the 

two models mentioned before (see Table 3) 

have been utilized here. Therefore, two models 

are studied and subjected to the three types of 

blast loads. Finally, the results of Von Mises 

stress, base shear, and displacement under 

three blast loads are compared. It should be 

noted that the total duration of the analysis is 

10 sec , which includes applying the 

prestressing force of the bolts (one sec ), 

applying the gravity load (one sec ), and 

finally, applying the blast load to the structure 

(eight sec ). 

10.1. The results for the blast load type 1 

Figures (12-13) show the Von-Mises stresses 

in the shear link and the frame controlled with 

the shear link made of ordinary steel and SMA 

subjected to the blast load type 1. 

 
a) 

 
b) 

Fig. 12. Von-Mises stresses for a frame with a 

shear link made of a) ordinary steel and b) SMA 

under blast load type 1. 
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a) 

 
b) 

Fig. 13. Von-Mises stresses for the shear link made 

of a) ordinary steel and b) SMA subjected to the 

blast load type 1. 

From Figures (12-13), it can be concluded that 

the amount of von Mises stresses in the shear 

link made of SMA is many times lower than 

the corresponding values in the shear link 

made of ordinary steel. Figures (14-15) also 

show the time history of base shear force and 

lateral displacement in the frame controlled 

with the shear link. It is known that the frame 

equipped with a shear link made of SMA has a 

lower base shear than the frame controlled by 

a shear link made of ordinary steel. This leads 

to a reduction in the cost of the foundation of 

this frame. Also, the maximum displacement 

and lateral residual displacement in the frame 

equipped with a shear link made of ordinary 

steel are lower than the corresponding values 

in the frame equipped with a shear link made 

of SMA. 

 

Fig. 14. Comparison of displacement of the frame 

under blast load (i.e., type 1) 

 
Fig. 15. Comparison of shear force of the frame 

under blast load (i.e., type 1). 

10.2. The results for the blast load type 2 

Figures (16-17) show the Von-Mises stresses 

in the shear link and the frame controlled with 

the shear link subjected to the blast load type 

2. 

From Figures (16-17), it can be concluded that 

the amount of Von-Mises stresses in the shear 

link in the frame equipped with the shear link 

made of SMA is still lower than the 

corresponding values in the shear link made of 

ordinary steel. Figures (18-19) also show the 

time history of the base shear and lateral 

displacement in the frame equipped with the 

shear link under the blast load type 2. 
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a) 

 
b) 

Fig. 16. Von-Mises stresses for a frame with a 

shear link made of a) ordinary steel and b) SMA 

subjected to the blast load type 2. 

It is clear that in this loading condition, the 

frame equipped with a shear link made of 

SMA has a lower base shear than the frame 

equipped with a shear link made of ordinary 

steel. Therefore, this leads to a reduction in the 

cost of the foundation of the building. Also, 

the maximum displacement in the frame 

equipped with a shear link made of ordinary 

steel is less than the corresponding value in the 

frame equipped with a shear link made of an 

SMA, while the residual displacement of both 

frames is the same (both of them are equal to 

zero). 

 
a) 

 
b) 

Fig. 17. Von-Mises stresses for a shear link made 

of a) ordinary steel and b) SMA subjected to the 

blast load type 2. 

 
Fig. 18. A comparison between the displacement 

values of the frame subjected to the blast load type 

2. 
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Fig. 19. A comparison between the shear force of 

the frame subjected to the blast load type 2. 

10.3. The results for the blast load type 3 

Figures (20-21) show the Von-Mises stresses 

in the shear link and the frame equipped with 

the shear link subjected to the blast load type 

3. 

 
a) 

 
b) 

Fig. 20. Von-Mises stresses for a frame with a 

shear link made of a) ordinary steel and b) SMA 

subjected to the blast load type 3. 

 
a) 

 
b) 

Fig. 21. Von-Mises stresses for a shear link made 

of a) ordinary steel and b) SMA subjected to the 

blast load type 3. 

From Figures (20-21), it can be concluded that 

the amount of Von-Mises stresses in the shear 

link in the frame equipped with the shear link 

made of SMA is still lower than the 

corresponding values in the shear link made of 

ordinary steel. Figures (22-23) also show the 

time history of base shear and lateral 

displacement in the frame equipped with the 

shear link. It is clear that for the mentioned 

loading type, the frame equipped with a shear 

link made of SMA has a lower base shear than 

the frame equipped with a shear link made of 

ordinary steel, which reduces the foundation's 

cost. Also, the maximum displacement in the 

frame equipped with a shear link made of 
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ordinary steel is less than the corresponding 

value in the frame equipped with a shear link 

made of an SMA, while the residual 

displacement of both frames is the same (both 

of them are equal to zero). 

 
Fig. 22. Comparison of displacement of the frame 

under blast load type 3. 

 
Fig. 23. Comparison of shear force of the frame 

under blast load type 3. 

Also, blast load type 1 has a greater positive 

and negative force than the other two types, 

creating a higher base shear than the other two 

types. Table 6 compares the maximum 

responses and occurrence times in the studied 

models under different blast loads. According 

to Table 6, it is clear that the maximum 

displacement occurred in the structures 

equipped with the shear link made of an SMA, 

while the maximum stress value in these 

structures is less than the values in the 

structures equipped with the shear link made 

of ordinary steel. 

Table 6. Comparison of maximum responses and 

their occurrence time in the studied models. 
Blast 

load 
Model 

Time 

(𝜇�s) 

Disp. 

(mm) 

Time 

(𝜇�s) 

Stress 

(MPa) 

Type 1 
SMA 4.14 13.64 4.14 197.22 

OS 3.47 7.63 3.47 211.91 

Type 2 
SMA 2.50 9.30 2.50 170.92 

OA 2.50 5.45 2.50 175.87 

Type 3 
SMA 2.50 12.58 2.50 229 

OS 2.50 7.38 2.50 239.76 

OA refers to ordinary steel. 

Figure (24) shows the time history of the 

maximum stresses in the shear link for the 

studied models. 

 
a) 

 
b) 

 
c) 

Fig. 24. Comparison of maximum values of stress 

in the shear link subjected to the blast load for the 

a) first, b) second, and c) third types. 
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According to Figure 24, it is clear that with an 

increase in the positive phase duration of the 

blast load, initially, the maximum values of the 

stress have been decreased. Also, these values 

have been increased again after that. 

10.4. A comparison between two frames 

equipped by shear link made of SMA or 

ordinary steel under three blast loads 

Here, the time history of the displacements and 

base shear of the structures equipped with 

shear links made of SMA or ordinary steel 

under three blast loads is illustrated in Figures 

25 and 26. 

 
Fig. 25. A comparison between the displacement 

values. 

 
Fig. 26. A comparison between the base shear. 

Based on Figures 25 and 26, the maximum 

displacement and base shear values of 

different structural systems subjected to 

different blast loadings have been shown in 

Figures 27-28. 

 
Fig. 27. A comparison between the maximum 

displacement values for different loading types and 

structural systems. 

 
Fig. 28. A comparison between the maximum base 

shear values for different loading types and 

structural systems. 

Also, Figure 29 compares the maximum stress 

values of different structural systems subjected 

to different blast loadings. 

 
Fig. 29. A comparison between the maximum 

stress values for different loading types and 

structural systems. 

It can be concluded that for both types of 

materials (i.e., ordinary steel and SMA), with 

the increase in the positive phase duration of 

the blast load, the maximum responses showed 

a decreasing trend at first. Then an increasing 

trend can be seen. Also, a comparison between 
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the SMA and ordinary steel materials shows 

that the maximum responses of the base shear 

and Von Mises stress values occur in the frame 

equipped with the replaceable shear link made 

of SMA material. The frame controlled by the 

replaceable shear link made of ordinary steel 

for maximum displacement responses has 

fewer values. 

10.5. Considering the effect of free 

vibration after blast loads on the responses 

of different structures 

Here, the effect of free vibration analysis on 

the maximum responses of the structure has 

been studied. The time for the free vibration 

analysis has been considered to be 10 ( sec) . 

Therefore, the total time is 20 ( sec) . The 

damping ratio is considered to be 0.05. As it is 

clear from Table 7, there is a slight difference 

between the maximum structure's response 

considering the free vibration analysis applied 

after forced vibration and the maximum 

structure's response without considering the 

free vibration analysis (see Table 6). 

Therefore, it can be concluded that the free 

vibration analysis can be neglected in 

examining the maximum structure's responses 

subjected to the blast load. 

Table 7. Comparison of maximum responses and 

their occurrence time in the studied models 
Blast 

load 
Model 

Time 

(𝜇�s) 

Disp. 

(mm) 

Time 

(𝜇�s) 

Stress 

(MPa) 

Type 1 
SMA 3.50 13.72 4.00 205.17 

OS 3.59 7.72 3.59 213.34 

Type 2 
SMA 2.50 9.30 2.50 170.91 

OA 2.50 5.45 2.50 175.90 

Type 3 
SMA 2.50 12.58 2.50 228.81 

OS 2.50 7.38 2.50 239.83 

 

11. Conclusion 

Due to the difference in the span length-to-

depth ratios of the beams in the framed tube 

structures, the existing rules proposed by 

regulations for the moment-resisting frame 

cannot be utilized directly. This paper 

proposes a system consisting of a shear link in 

the middle span of the moment-resisting frame 

made of SMA. It also examined the behavior 

of the proposed system under blast load. For 

this purpose, the effect of three blast loads on 

the behavior of the framed tube with 

replaceable shear links made of SMA and 

conventional steel is investigated. The 

following results were obtained: 

 The frame model with a shear link made 

of SMA experiences a lower base shear 

than the frame equipped with a shear 

link made of ordinary steel. This leads to 

a decrease in foundation cost for this 

type of frame (approximately a 25% 

reduction of the maximum base shear 

subjected to the blast load type 2 when 

SMA material was used). 

 The maximum displacement values in 

the frame equipped with a shear link 

made of ordinary steel are less than those 

equipped with a shear link made of 

SMA. There is approximately an 

increase of 80% of the maximum 

displacement subjected to the blast load 

type 2 when SMA material is used. It 

should be noted that the residual 

displacement of both frames is the same 

and equal to zero. 

 The maximum stress values in the 

structure equipped with a shear link 

made of SMA are less than those in the 

frame equipped with a shear link made 

of ordinary steel. There is an 

approximately 6% decrease in the 

maximum stress subjected to the blast 

load type 2 when SMA material is used. 

 With an increase in the positive phase 

duration of the blast load, the maximum 

response initially decreased and then 

increased again. 

 The cost of the SMA is relatively high. 

Therefore, using SMA in some parts of 

the structure that absorb more energy is 

better and more economical. 
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 The free vibration has no significant 

effect on the responses of the mentioned 

structures under the blast load. 

In future research, the response of the 

complete structure, including the frame with 

several spans and stories with different 

arrangements of shear links and connections 

under various blast loads, can be studied. In 

addition, the combined effect of fire and explosion 

on the behavior of this structure can be 

investigated, too. 
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