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According to the recent Earthquake records, the earthquake 

duration is longer in some areas, resulting into more 

structural damage. One of the important factors in reducing 

earthquake damages is the separation gap between two 

adjacent structures. This case study investigated the effect of 

significant duration of the earthquake on two adjacent steel 

moment-resisting structures with different heights and near 

to active fault. The pounding between pairs of three 3, 6 and 

9-story steel moment frames was evaluated using a nonlinear 

time history analysis method considering the reduced 

stiffness and strength. The results showed that for the 

intended type 3-soil, the risk of pounding and collapse 

amplification among the 3- and 6-story buildings are higher 

than others. This is due to the necessity of the Iranian 

standard 2800 to calculate the separation gap by the 

nonlinear methods for the buildings with height more than 8 

stories. Also, the analysis of the significant duration of the 

applied earthquakes demonstrated that this parameter is a 

determining and effective factor in the pounding of 

structures, especially the adjacent buildings with different 

heights. It is noteworthy all of the analysis was done by 9 

earthquake records. This study recommended using the 

nonlinear method to calculate separation gap while designing 

two adjacent steel moment-resisting structures with different 

heights in the near-field area and on the soft soil. 
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1. Introduction 

The duration of earthquake ground motion 

has a significant effect on the degree of 

structural damage. Many physical 

processes such as decrees in stiffness and 

strength level in any structures depend on 

the number of load/ stress cycles occurring 

during the earthquake. A short-duration 

motion, though having a large amplitude, 

may not generate a sufficient number of 

load cycles resulting in structural collapse. 

On the other hand, a motion with medium 

amplitude but a long duration will create 
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sufficient load cycles to cause damage to 

the structures. The ground motions with 

high magnitude and intensity and the 

recorded reports of far places from the 

epicenter, all confirm the long duration of 

earthquakes. Therefore, the structures built 

in these areas should have more load-

bearing capacity, considering the 

conditions of the site soil [1]. 

Earthquake duration is directly related to 

the seismic magnitude [2]. Several 

researchers have studied the relationship 

between the structural damage and the 

duration of earthquake ground motion. Chai 

et al. (1998) suggested that a long duration 

ground motion increases the non-elastic 

design base shear [3]. Despite various 

studies to examine the specifications of the 

earthquake ground motion duration and the 

existence of several different definitions of 

duration, there is still a need for further 

study on this issue. Seismic design 

regulations paid little attention to predicting 

equations of duration compared to the 

damping equations for spectral 

accelerations. Past studies have examined 

the effect of earthquake duration on the 

seismic response and emerge of 

liquefaction (e.g. [4,5]). 

Chandramohan et al. (2016) showed the 

collapse capacity of a modern steel moment 

frame and a reinforced concrete bridge pier 

using the sets of spectrally equivalent short- 

and long-duration records. They found out 

by sensitivity analyses of the structural 

model parameters that the structures with 

high deformation capacities and rapid rates 

of cyclic deterioration show the greatest 

sensitivity to the duration [6]. However, 

nowadays, various methods have been 

proposed to consider the reduction of 

stiffness and strength. For instance, Capraro 

(2018) investigated the impact of 

subduction motions on the design, 

particularly the effect of duration, and 

evaluated the damage potential of them [7]. 

Fairhurst et al. (2019) investigated the 

effect of earthquake duration on the design 

and collapse risk of reinforced concrete 

shear wall buildings from 6 to 30 stories. 

Both design and collapse levels of shaking 

were considered through nonlinear 

incremental dynamic analysis [8]. 

Chandramohan (2016) surveyed the 

influence of structural collapse risk and the 

integration in the design and assessment 

practices. The broad objective of this study 

was to evaluate the influence of ground 

motion duration on the structural collapse 

risk, and it was found to be significant to 

propose methods to consider for the 

performance assessment and design of 

structures [9]. Abbaszadeh Shahri et al. 

(2013) provided an improved method for 

seismic site characterization with an 

emphasis on the liquefaction phenomenon 

[10]. In the case of structural seismic 

demand, the findings depend on the 

considered parameters. On the other hand, 

the studies that only perform peak 

deformations or peak inter-story changes 

have not reported a clear correlation with 

the duration (e.g., [11,12]). On the other 

hand, the studies have shown the effect of 

duration on the global response measures 

(e.g [13,14]), depending on the cumulative 

response indicators, such as energy loss or 

a number of non-elastic cycles. However, in 

general, the seismic codes do not allocate 

the ground motion duration. New studies 

on the assessment of overturning capacity 

have revived the interest in the effects of 

duration (e.g, [15–17]). 

The relationship between the duration and 

the maximum amplitude of earthquake 

ground motions is important for the seismic 

design of structures, especially reinforced 

concrete structures, which suffer from 

stiffness and reduced strength in successive 

earthquake cycles [18]. 
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Robert Jankowski and Sayed Mahmoud 

(2016) studied about adjacent three-story 

buildings Linking to reduce structural 

pounding in the earthquake. Their study 

results demonstrate that the use of the 

additional link elements does not change 

the response of the stiffer and heavier 

building. The final result of their research 

shows that linking two buildings allows us 

to reduce the in-between gap size 

substantially while structural pounding can 

be still prevented [19]. Barbosa et al. 

(2017) estimated the effect of earthquake 

ground motion duration on the damage in 

the steel moment-resisting frames. They 

presented an analytical study on the effect 

of the ground motion duration on the 

structural damage of 3-, 9- and 20-story 

steel moment frame buildings [17]. Bravo-

Haro et al. (2018) examined the effect of 

earthquake duration on the response of steel 

moment frames [20]. Hoseini Vaez and 

Tabaei Aghdaei (2019) investigated the 

effect of the frequency content of the 

earthquake on damage detection in steel 

frames [21]. 

Eftychia A. Mavronicola et al. (2020) 

investigated the effect of ground motion 

pounding of base-isolated buildings seismic 

response against adjusting structures [22]. 

Zengin et al. (2020) examined the effect of 

ground motion duration on the structural 

damage and overturning of steel structures 

and concluded that the maximum inter-

story drift ratio is generally not sensitive to 

the difference in duration between short-

term and long-term records, while the 

cumulative damage parameters (i.e., 

dissipated hysteretic energy and modified 

Park–Ang damage index) of the buildings 

considered in this study were affected by 

the duration [23]. Naeej et al. (2019) 

studied the stochastic analysis of adjacent 

structures subjected to structural pounding 

under earthquake excitation [24]. 

The investigations into the collapse of 

structures show that in some cases, the lack 

of sufficient distance between the structures 

has been reported to be the main cause of 

the damage. Pounding occurs due to the 

out-of-phase vibration of adjacent 

structures that have not sufficient spacing. 

The damage caused by the pounding of 

structures has been observed in the 

earthquakes of Tokachi-Oki in Japan 

(1968), Managua (1972), Alaska (1964), 

Friuli in Italy (1976), Romania (1977), 

Greece (1978, 1981, 1986), Mexico City 

(1985), Loma Prieta (1989), Northridge 

(1994), Kobe (1995) and Izmir in Turkey 

(2001). In the 1989 Loma Prieta 

earthquake, the pounding phenomenon was 

directly involved in a wide range of 

damages observed in structures [25].  

In the 1985 Mexico City earthquake, more 

than 15% of the 330 buildings that suffered 

serious structural damage or were 

completely destroyed were caused by the 

pounding phenomenon [26]. 

 Barros et al. (2013) investigated the 

influence of seismic pounding on RC 

buildings with and without base isolation 

system subject to near-fault ground 

motions. Focusing on the numerical 

investigation, they studied the effectiveness 

of impact and energy dissipation. They 

suggested a new impact model with three 

springs and dashpot [27], In the seismic 

design regulations of different countries, to 

prevent the pounding of two adjacent 

structures, a separation gap is suggested as 

the minimum distance. The fourth edition 

of Iranian Standard No. 2800 [28] also 

briefly describes this issue and considers 

only the height factor as the main variable, 

so that linear and nonlinear relations are 

presented according to the number of 

building floors for the separation gap. Chau 

et al. (2004) studied the pounding between 

two adjacent three-story buildings with the 
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same floor height through the multi-degree 

of freedom elastoplastic concentrated-mass 

models with the nonlinear viscoelastic 

pounding model. The results showed that 

the pounding has a greater effect on the 

behavior of lighter and more ductile 

building and increases the responses. In 

other words, the behavior of heavier and 

stiffer building had a lower effect than 

pounding [29].  

Anagnostopoulos et al. (1992) extended the 

studies on the single-degree-of-freedom 

systems to the multi-degree-of-freedom 

systems. They also examined the linear and 

nonlinear responses of several adjacent 

buildings in a row under the pounding 

conditions. They idealized the structures as 

a concentrated mass with a bilinear force-

displacement relation and viscoelastic 

supports, as shown in Figure (1). The 

stiffness coefficient of the springs was 

determined by considering the mat 

foundation on the hard soil. The poundings 

were simulated by the viscoelastic 

pounding element with the application of 

five real earthquakes and the damping 

constant for the contact element was 

considered to be 0.5 [30]. 

 
Fig. 1. Modeling of adjacent buildings [30]. 

They found that pounding may increase the 

stresses, especially when the colliding 

buildings have fundamental differences in 

mass, height, and period [30]. 

The paper is organized as follows: section 2 

presents criteria of different regulations for 

the separation gap, section 3 presents study 

methodology, section 4 investigates 

analysis of pounding between structures 

and conclusions are drawn in Section 5. 

This study aims to highlight the importance 

of earthquake significant duration on the 

impact of steel structures near-fault zone on 

soft soil. Results showed that for the 

mentioned soil type, the risk of pounding 

and collapse amplification among the 3- 

and 6-story buildings is higher than in other 

cases. Also, the analysis of significant 

duration of the applied earthquakes showed 

that this parameter is a determining and 

effective factor in the pounding of 

structures, especially the adjacent buildings 

with the height difference, and should be 

considered in the structural design. 

1.1. Types of Seismic Duration 

There are different methods for determining 

the duration of ground motions using the 

effective characteristics and parameters of 

the earthquake acceleration-time curve. The 

methods that define the duration of ground 

motions using the characteristics of 

recorded accelerograms of earthquakes can 

be divided into three categories as follows. 

1.1.1. Bracketed Duration 

Bracketed duration is the simplest 

definition of duration where the time 

interval between the first and last time the 

acceleration of the ground motion exceeds 

a certain value is considered as the 

earthquake duration. In this regard, Page 

[31] considered the earthquake duration 

based on the acceleration threshold as 0.05 

g. Figure (2) shows an accelerometer, 

squared acceleration diagram, and process 

of calculating the bracketed duration with 

the absolute acceleration limit of 0.05g 

[32]. 
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Fig. 2. Calculation process for the bracketed duration with acceleration limit of 0.05g for Loma Prieta 

earthquake [32]. 

1.1.2. Uniform Duration 

Uniform duration is another definition that 

takes the overall characteristics of a record 

into account. This duration is the sum of the 

time intervals where acceleration exceeds a 

certain value. Bolt [33] proposed this 

definition with two threshold values: 0.05g 

and 0.10g. Figure (3) shows an 

accelerometer, squared acceleration 

diagram, and process of calculating the 

uniform duration with the absolute 

acceleration limit of 0.1g [32]. 

 
Fig. 3. Calculation process for the uniform duration with acceleration limit of 0.05g for Northridge 

earthquake [32]. 

Maximum uniform duration is always less 

than bracketed duration and is limited to 

approximately one-fifth of the 

corresponding bracketed duration [34]. 

1.1.3. Significant Duration 

The third category of definitions is based 

on the cumulative distribution of 

earthquake energy, which is determined 
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using the accelerogram. This definition is 

called the significant duration. The 

significant duration is calculated based on 

the integration of the squared ground 

acceleration. The Arias intensity is used in 

most of the definitions, which is expressed 

by the following relation [35]: 

(1) [35] 𝐼𝐴 =
𝜋

2𝑔
∫ 𝑎2(𝑡)𝑑𝑡

𝑇

0

 

In this equation, a(t) is the acceleration at 

time t, which is determined by the 

accelerogram record. T is the duration of 

the total strong ground motion and IA 

represents the amount of energy applied to 

the structure. 

𝐷𝑠(5−95%) significant duration 5-95%: the 

time interval at which 5-95% of 

∫ 𝑎(𝑡)2𝑑𝑡
𝑡𝑚𝑎𝑥

0
 is accumulated [36]. 

𝐷𝑠(5−75%) significant duration 5-75%: the 

time interval at which 5-75% of 

∫ 𝑎(𝑡)2𝑑𝑡
𝑡𝑚𝑎𝑥

0
 is accumulated [37]. 

Figure 4.(a) shows the time history of 

ground motion acceleration recorded at the 

CIGO station of the 2002 Denali 

earthquake and Figure 4.(b) shows the 

standard Arias intensity cumulative curve 

of the record. The 𝐷𝑠(5−75%) of the record 

in Figure 4.(a) is 27.67s [38]. 

  
(a) acceleration time history (b) significant duration 𝐷𝑠(5−75%) 

Fig. 4. Acceleration time history and significant duration 𝐷𝑠(5−75%)of ground motion [38]. 

Understanding the effect of ground motion 

duration on the cumulative damage and 

failure mechanism will bring us one step 

closer to preventing the earthquake-induced 

collapse in the near future and can also help 

improve the building regulations. 

In this study, the effect of significant 

duration of the earthquake on two adjacent 

steel moment structures with different 

heights was investigated. The pounding 

between pairs of three 3-, 6- and 9-story 

steel moment frames was evaluated using 

the nonlinear time history analysis 

considering the reduced stiffness and 

strength. The results of pounding and the 

effect of collapse amplification were shown 

by comparing the number and level of 

formed hinges and the options of collapse 

amplification were discussed. 

1.2. Building Performance Levels 

Building performance levels are used to 

determine the purpose of improvement. The 

level of performance of the building 

indicates the vulnerability of structural and 

non-structural components [39]. Building 

performance levels are as follows: 

- Immediate Occupancy (IO) 

- Life Safety (LS) 

- Collapse Prevention (CP) 

2. Criteria of Different Regulations 

for Separation Gap 

Several solutions have been proposed by 

engineers to reduce the lateral displacement 

and prevent the pounding of buildings due 

to seismic motions. In fact, the first and 

simplest way to reduce the pounding force 

is to create enough space between two 
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buildings. All the authentic regulations in 

the world have dealt with this issue, and 

each one has proposed a distance to create a 

safe space between two buildings. In the 

seismic design regulations of different 

countries, a separation gap has been 

suggested as the minimum distance to 

prevent the pounding of two adjacent 

structures. Table 1 summarizes these 

criteria. 

Table 1. Criteria of regulations for the 

separation gap [28]. 
separation gap calculation 

formula 
Regulation 

Row 

∆MT= √(∆M1)2 + (∆M2)2 

Iranian 

Regulation No. 

2800 

1 

Si = √(∆i1)2 + (∆i2)2 UBC97 
2 

δMT = √(δM1)2 + (δM2)2 FEMA 273 
3 

δMT = √(δM1)2 + (δM2)2 ASCE_SEI_7_16 4 

ds = qdde Eurocode8 5 

In Table 1, ∆𝑀1 and ∆𝑀2 are the 

displacement of two adjacent structures. ∆𝑖1 

is the lateral displacement of the structure 

at the i
th

 level relative to the ground level 

and ∆𝑖2 is the lateral displacement of the 

adjacent building at the i
th

 level relative to 

the ground level, both of which must be 

calculated according to the criteria of this 

regulation. δM1 and δM2 are maximum 

nonlinear lateral displacement of structures. 

ds is the displacement of a point of the 

structure under the seismic analysis, qd is a 

factor of displacement response 

modification, and de is the displacement 

obtained from the same point of the 

structure by the spectral analysis. 

3. Methodology 

In this case study 3, 6 and 9-story 

buildings; as a representative of low-rise, 

mid-rise and high-rise structures 

respectively; were modeled to explore the 

effect of duration on the pounding of 

adjacent steel buildings with different 

heights. The height criterion for introducing 

the low-, mid- and high-rise structures in 

Table 2 was obtained from the Hazus' [40] 

guideline. 

Table 2. Classification of high-, mid- and low-rise structures based on height [40]. 
Stories Height Name Label/Description Number Range of  

All All Wood Frame 1 

1-3 Low-Rise Steel Frame 2 

4-7 Mid-Rise 3 

8 and up High-Rise 4 

1-3 Low-Rise Concrete Frame 5 

4-7 Mid-Rise 6 

8 and up High-Rise 7 

1-3 Low-Rise Masonry 8 

4-7 Mid-Rise 9 

8 and up High-Rise 10 

All  Manufactured Housing 11 
 

First, the optimal sections were designed by 

Etabs software, then, SeismoStruct and it’

s models of stiffness and strength 

degradation were used for accurate 

analysis .However, the aim is to compare 

these models in different elevation 

arrangements, and our goal of optimal 

design is to bring the conditions of the 

structures closer to reality. Using Etabs 

2015 software, three-dimensional (3D) 

modeling of steel structures was performed. 

The site soil was considered as type III 

according to Standard 2800, which refers to 

an area of high seismic risk. Structures 
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were designed by dynamic analysis of 

nonlinear time history technique. Member 

design and loading were based on the tenth 

and sixth issues of the national building 

regulations respectively. Table 3 shows the 

load specifications. 

Table 3. Loading specifications. 

Unite 
values Loading 

level 

Load 

type 

Row 

Kg/m2 520 stories dead 1 

Kg/m2 500 roof dead 2 

Kg/m2 200 stories live 3 

Kg/m2 200 roof live 4 

All structures had 4 span in x and y 

directions. The height of the floors was 3 m 

and the length of the span was 4 m. The 

buildings were regular in terms of the plan 

and height. The lateral load-bearing system 

was assumed to be the intermediate 

moment frame in both directions and the 

floor diaphragm to be rigid on its plane. 

The section of the columns and beams was 

box and I–shaped plate girder respectively. 

Once the optimum sections were designed, 

a two-dimensional (2D) frame of each 

structural model was selected, modeled and 

controlled again using Siesmostruct2019. 

The optimum sections properties are shown 

in Table 4 and Figure 5. 

Table 4. Optimum sections of columns and beams of steel floor structures. 

Elevation code Column 

dimensions 

(cm) 

Beam 

dimensions 

(cm) 

Column 

dimensions 

(cm) 

Beam 

dimensions (cm) 

Column 

dimensions 

(cm) 

Beam 

dimensions 

(cm) 

3-story steel structure 6-story steel structure 9-story steel structure 

1
st
 floor 𝐵𝑜𝑥20×20×1.8 𝐵𝑤20×1.5−𝑓15×1.5 𝐵𝑜𝑥30×30×1.5 𝐵𝑤25×1.5−𝑓20×1.5 𝐵𝑜𝑥45×45×2 𝐵30×1.5−30×1.5 

2
nd

 floor  𝐵𝑜𝑥20×20×1.3 𝐵𝑤20×1.5−𝑓15×1.5 𝐵𝑜𝑥30×30×1.3 

middle

  𝐵𝑤25×1.5−𝑓20×1.5 

beside

 𝐵𝑤25×1.8−𝑓20×1.8 

𝐵𝑜𝑥40×40×1 

𝐵30×1.5−30×1.5 

3
rd

 floor 𝐵𝑜𝑥20×20×1 𝐵𝑤20×1−𝑓15×1 𝐵𝑜𝑥30×30×1 

middle

  𝐵𝑤25×1.5−𝑓20×1.5 

beside

 𝐵𝑤25×1.8−𝑓20×1.8 

𝐵𝑜𝑥40×40×1 

𝐵30×1.8−25×1.8 

4
th

 floor   𝐵𝑜𝑥25×25×1.3 𝐵𝑤25×1.5−𝑓20×1.5 𝐵𝑜𝑥30×30×1.5 𝐵30×1.5−25×1.5 

5
th

 floor 

  

𝐵𝑜𝑥20×20×1.3 

middle

 𝐵𝑤20×1.5−𝑓15×1.5 

beside

 𝐵𝑤25×1.3−𝑓20×1.3 

𝐵𝑜𝑥30×30×1.5 

𝐵30×1.5−25×1.5 

6
th

 floor    𝐵𝑜𝑥20×20×1 𝐵𝑤20×1−𝑓15×1 𝐵𝑜𝑥30×30×1 𝐵25×1.8−20×1.8 

7
th

floor     𝐵𝑜𝑥30×30×1 𝐵25×1.5−20×1.5 

8
th

 floor     𝐵𝑜𝑥20×20×1.3 𝐵20×1.5−15×1.5 

9
th

 floor     𝐵𝑜𝑥20×20×1 𝐵20×1−15×1 
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Fig. 5. Section properties graphically. 

The amount of allowable plastic flexural 

deformation for beams and columns and 

also the desired coefficients to define joint 

performance levels was obtained according 

to the tables and criteria of FEMA 356 [36] 

and then applied in Seismostruct2019. As 

mentioned earlier, this study aimed to 

investigate the pounding effect of the 

structures located on the type III soil. 

Therefore, structural analysis was 

performed in the previous step under the 

circumstances of the type III soil spectrum. 

After designing and obtaining the optimum 

sections of the structures, the loading and 

specifications of the middle frame of each 

structure were selected, and once again, 

they were modeled in pairs with the middle 

frame of other structures in Seismostruct 

2019. The frames were put together without 

any distance. The Gap compression 

element was used to simulate the pounding. 

The behavior of this element (shown in 

Figure 6) is such that it has a nonlinear 

nature with a bilinear stiffness. In this way, 

the stiffness of this element is active only 

when the two structures are in contact with 

each other, and the stiffness of the element 

is considered to be zero if the structures are 

separated from each other. Two general 

features are used as inputs to introduce the 

Gap compression element into the software. 

The first feature is the linear behavior, 

which includes linear stiffness and linear 

damping coefficients for the connection 

element which was considered to be zero in 

order to prevent from the effect of linear 

properties of Gaps in vibration modes of 

the structure. The second one is the 

nonlinear properties of the element 

including the span, which determines the 

compression domain and nonlinear stiffness 

of the element [41].  
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Fig. 6. The curve employed to model structural 

gapping/pounding, expansion joints, deck 

restrainers, and so on [42]. 

The span of this element is considered 

equal to the separation gap of the 

structures, and according to the Standard 

2800, the separation gap for the structures 

with eight stories and less is 0.005h 

(structure height), and for the structures 

with more than eight stories, it is 

determined using the design nonlinear 

lateral displacement. This contact element 

is used in all places where there is a 

possibility of pounding between two 

structures, namely the entire height of the 

shorter building at the pounding level of the 

floors. The position of steel frames adjacent 

to each other (analytical models) is shown 

in Figure 7. 

 
Fig. 7. Steel frames adjacent to each other 

(analytical models). 

Regarding the validation of the performed 

analyses, it is noted that all the analyses 

performed with this software were done 

under an academic and registered license, 

and the outputs are far from possible errors 

related to not using the original version of 

other software. Also, a comparison of the 

analyses with Sap, Etabs and Perform3D 

software analyses shows relative matching 

of the outputs, but due to the advanced 

SeismoStruct software in terms of 

considering the effects of stiffness and 

strength reduction on different models, it 

was used in the final analysis. In this study, 

nine accelerograms were used. All records 

were obtained from the PEER Strong 

Motion Database website [43]. 

There are several key points to consider 

when selecting the records. First, the 

significant duration of 5-95% of the 

accelerograms was considered from short-

term to long-term values (5.1 to 15.1 

seconds) to be examined in the results. 

Second, the type of the records site, in other 

words, shear wave velocity over the 

uppermost 30 m is similar to the shear 

wave velocity in the type III soils, namely 

175 m/s <Vs30 <375 m/s, according to the 

classification of Standard 2800. Third, the 

moment magnitude of the records is 

between 6.06 and 7.62, and the reverse or 

reverse strike-slip mechanism is observed 

in the records, and the records are related to 

the near-field area fault (at most 11.09 km). 

The peak ground acceleration of the records 

ranges from 0.6g to 0.8g. The selected 

records were used without any modification 

and scaling to examine the actual behavior 

of the structure exhibiting during a possible 

earthquake. Table 5 shows the 

specifications of the selected records. 
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Table 5. selected records. 

Row 

Significant 

Duration  

(5-95)% 

(s) 

Arias 

Intensity 

(m/s) 

Event Year Station 
Moment 

Magnitude 

PGA 

(g) 

Fault 

Mechanism 

Rrup 

(km) 

Vs30 

(m/s) 

1 
7 5.7 

Gazli, 
USSR 

1976 Karakyr 6.8 0.70 Reverse 5.46 259.59 

2 
9.1 4.1 

Coalinga-

01 
1983 

Pleasant 

Valley P.P. - 
yard 

6.36 0.60 Reverse 8.41 257.38 

3 
5.2 2 

N. Palm 

Springs 
1986 

North Palm 

Springs 
6.06 0.69 

Reverse 

Oblique 
4.04 344.67 

4 

12.5 5.3 
Northridge-

01 
1994 

Jensen Filter 
Plant 

Administrative 

Building 

6.69 0.61 Reverse 5.43 373.07 

5 
15.1 6 

Northridge-
01 

1994 
Sylmar - 

Converter Sta 
6.69 0.62 Reverse 5.35 251.24 

6 
7.5 3.9 

Chuetsu-

oki, Japan 
2007 

Kashiwazaki 

City Center 
6.8 0.65 Reverse 11.09 394.38 

7 
12.7 5.8 Chi-Chi, 

Taiwan 
1999 

TCU065 
7.62 0.78 Reverse 

Oblique 
0.57 305.85 

8 

5.1 5.2 Chi-Chi, 

Taiwan-06 

1999 
TCU079 

6.3 0.77 
Reverse 

10.05 363.99 

9 
6.3 5.2 Niigata, 

Japan 
2004 

NIG019 
6.63 0.80 

Reverse 
9.88 372.33 

Max 15.1 

    

7.62 0.80 

 

11.09 373.07 

Min 5.1 

    

6.3 0.70 

 

0.57 251.24 

 

In order to investigate the effect of 

pounding on the nonlinear response of 

buildings, in the first step, all models were 

subjected to the dynamic analysis of 

nonlinear time history using the 

accelerograms through two different states: 

1) individually, 2) the frames adjacent to 

each other, under the nine accelerograms, 

and in the next step results corresponding 

to the plastic hinges of the structural 

members were extracted and compared 

with each other in both cases. Finally, the 

effect of the earthquakes with the 

significant duration of 5-95% was 

investigated and the results were obtained. 

4. Analysis of Pounding between 

Structures 

In this section, the pounding between pairs 

of 3-, 6- and 9-story structures under nine 

records with different durations was 

evaluated using the nonlinear time history 

analysis. Then, based on the curve of the 

forces created in the Gaps, it was 

determined whether the pounding occurred 

or not. The number of plastic hinges in the 

structures by applying the separation gap of 

Standard 2800 and the number of hinges 

formed in individual structures (in other 

words by applying sufficient separation 

gap) were compared with each other. 

Tables 6 to 8 show the number of hinges 

before and after the pounding if accrued. 

Figure 9 shows the analysis results for the 

pounding of two 3- and 6-story structures 

under the record NO.4 and the formation of 

plastic hinges in the IO and LS 

performance level before and after the 

pounding as an example. 
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a) Earthquake Record No. 4 (Jensen Filter Plant Administrative Building). 

 
b) IO (green) and LS (blue) hinges of the 3-story structure before pounding. 

 
c) IO (green) and LS (blue) hinges of the 6-story structure before pounding. 
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d) Diagram of forces created in virtual links of pounding in 3- and 6-story structure. 

 
e) Plastic hinges of IO(green) and LS(blue) performance level formed in 3- and 6-story frames. 

Fig. 8. Results of pounding analysis in two 3- and 6-story structures under record 4 (Jensen Filter 

Plant Administrative Building). 

Figure 8 (a) shows Earthquake Record 

No.4 and 8 (b) and (c) show the plastic 

hinges of the IO and LS performance level 

formed in the 3- and 6-story frames with 

sufficient separation gap respectively 

(without pounding). The diagram of the 

forces created in the virtual links of 

pounding in the 3- and 6-story structures in 

Figure 8 (d), which indicates the pounding 

of two structures when applying the 

separation gap of Standard No. 2800. The 

force created in gap 3 is much greater than 

the two others. Because the collision was in 

the roof area, the force of gap1 and gap 2 is 

very small and zero. Figure 8 (e) shows the 

plastic hinges of the IO and LS 

performance levels formed in the 3- and 6-

story frames after the collision. By 

comparing the joints before and after the 

collision, it was understood that the number 

of LS joints in 6-story was increased and 

acted as a fuse, reducing the LS joints of 

the three-story structure. It should be noted 

that the entanglement of the two structures 

after the pounding is due to the 
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magnification settings in the Seismostruct software. 

Table 6. Comparison of hinges before and after pounding (3- and 6-story buildings). 

Record 4 Record 3 Record 2 Record 1   

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 
Steel 

Frames 

Performance 

levels 

40 40 35 35 38 37 38 37 3-

Story 

IO 

81 80 73 73 73 73 76 74 6-

Story 

 

7 10 - - - - - 2 3-

Story 

LS 

41 37 - - 6 6 - - 6-

Story 

 

7 8 - - - - - - 3-

Story 

CP 

25 24 - - 4 4 - - 6-

Story 

 

 

Table 6. Comparison of hinges before and after pounding (3- and 6-story buildings) (Continue). 

Record 7 Record 6 Record 5   

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 

Joints (by 

applying 

standard 

Seismic 

JointNo.2800) 

Joints with 

sufficient 

Seismic 

 Joint 
Steel 

Frames 

Performance 

levels 

39 37 38 37 40 42 3-

Story 

IO 

81 76 72 73 78 76 6-

Story 

 

1 2 2 2 3 10 3-

Story 

LS 

36 20 14 15 24 16 6-

Story 

 

- - - - - 8 3-

Story 

CP 

10 15 - - 3 5 6-

Story 

 

 

Table 7. Comparison of hinges before and after pounding (6- and 9-story buildings). 

Record 4   

Joints (by applying standard Seismic 

 Joint No.2800) 

Joints with sufficient Seismic 

 Joint 

Steel Frames Performance 

levels 

80 80 6-Story IO 

123 103 9-Story  

38 37 6-Story LS 

30 29 9-Story  

24 24 6-Story CP 

17 17 9-Story  
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Table 8. Comparison of hinges before and after pounding (3- and 9-story buildings). 

Record 5   

Joints (by applying standard Seismic 

 Joint No.2800)) 

Joints with sufficient Seismic 

 Joint 

Steel Frames Performance 

levels 

42 42 3-Story IO 

99 98 9-Story  

9 10 3-Story LS 

2 2 9-Story  

7 8 3-Story CP 

- - 9-Story  

 

As shown in the tables 6-8: 

- The 3- and 6-story steel structures 

collided under 7 records from 9 records. 

- The 6- and 9-story structures collided 

under record 4. 

- The 3- and 9-story structures collided 

under record 5. 

The 3- and 6-story structures collided under 

all 6 records, while the 6- and 9-story 

structures collided only under record 4, and 

the 3- and 9-story structures collided only 

under record 5. According to Table 4, 

which contains the specifications of the 

records, the highest significant duration of 

5-95% is related to both records 4 and 5, 

which shows the sensitivity of the 

structures with high height difference to the 

significant duration. 

Record 1 has the highest PGA value (equal 

to 0.7g) and records 4 and 5 have PGA of 

0.61g and 0.62g, respectively, but the 

significant duration of 5-95% in record 1 is 

equal to 7 seconds and in records 4 and 5 is 

12.5 and 15.1 seconds, respectively. The 6- 

and 9-story and the 3- and 9-story 

structures collided in records 4 and 5 also. 

This indicates that the significant duration 

of 5-95% is a determining and effective 

factor in the pounding of structures and 

should be studied in the design. 

5. Conclusion 

In this study, according to the results of the 

studies presented in the introduction and 

the literature review by the authors of this 

paper, among the various concrete, steel 

and masonry structures with different 

lateral load-resisting systems, the steel 

moment structure was selected. This type 

of building has the highest lateral 

displacement during the earthquake 

compared to other mentioned buildings. On 

the other hand, due to the architectural 

considerations and the presence of large 

openings along the width of the building, 

this system is one of the most commonly 

used types of buildings implemented in 

Iran. On the other hand, the type of the site 

soil was selected in a range of dense to 

moderate including many amplification 

effects. Then, the pounding between pairs 

of 3-, 6- and 9-story steel frames was 

selected in terms of reduced stiffness and 

strength (in successive loading cycles) and 

was evaluated using the nonlinear time 

history analysis. Different records were 

selected based on different durations, all 

with the peak ground acceleration from 

0.6g to 0.8g, soil type III (dense to 

moderate soil) as per earthquake 

regulations No. 2800, 175 < VS30 < 375, 
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moment magnitude between 6.06 and 7.62, 

reverse fault mechanism, and epicentral 

distance less than 12 km (near-field area). 

Therefore the records with the same 

conditions were considered, and the 

comparison of the damage severity 

(increase in the number and levels of 

plastic hinges in the case with and without 

pounding) was performed on different 

durations. The results showed that the 3- 

and 6-story steel frames had the highest 

pounding among the selected records. On 

the other hand, changing the criteria of the 

Iranian regulations No. 2800 in the high-

rise buildings (more than eight stories), 

which necessitates the use of nonlinear 

displacement by performing the nonlinear 

analysis, has created a safety margin and 

difference in the results of the pounding 

analysis, which causes the pounding of the 

9-story structure with the 3- and 6-story 

structures only in the records that have a 

high duration. Therefore, it is concluded 

that the significant duration is a 

determining and effective factor in the 

pounding of adjacent structures with the 

height difference and should be studied in 

the structural design. It is also 

recommended to use the nonlinear relations 

of the Iranian Standard No. 2800 to 

calculate the separation gap in the near-

field areas on the type III soil for the 

adjacent steel buildings with a moment-

resisting system and the difference in the 

height. 

As a suggestion for future research, IDA 

analysis can be used to examine the effect 

of earthquake significant duration on the 

seismic performance of adjacent structures., 

and also more exact and better results will 

be obtained if more records be used in the 

analysis. 
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