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 In this research, the influence of the pounding phenomenon of two adjacent steel 
moment resisting frames (SMRFs) with 2 and 5-story with an intermediate 
ductility is investigated by considering equal and unequal heights under seismic 
excitations. In this way, two scenarios are applied. The first and second scenarios 
are related to the pounding of two SMRFs with an equal height (both frames with 
2-story) and an unequal height (2-story and 5-story frames), respectively. In the 
following, at first, sensitivity analysis is conducted by the Monte Carlo simulation 
(MCS) method. Then, the collapse performance of the studied SMRFs is evaluated 
by incremental dynamic analysis (IDA), and fragility curves under 14 far-fault 
records and also, the failure probability is predicted by the Kriging meta-model. 
The results of sensitivity analysis indicate that the yield strength of cross-
sections and dead load were the greatest effect on failure probability 
computation. Also, in the statistical level of 50%, the collapse probability of 
SMRFs with an equal height is 17% compared to the SMRFs with an unequal 
height. Also, the results of the Kriging meta-model show that the failure 
probability is increased by 65% in an unequal height versus an equal height. 
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1. Introduction 

Today, in cities with high population density, the minimum gap among adjacent structures 
is an important issue due to the fluctuation of buildings during seismic excitations, and 
various codes in this field have specified the minimum distance to prevent buildings from 
colliding [1, 2]. The conducted studies in the field of structural damage in past earthquakes 
show that adjacent buildings with partial discontinuity or with a common wall between 
two structures may suffer serious damage during an earthquake and even go to the point 
of collapse [3, 4]. Kamal and Inel showed that pounding phenomenon may alter the 
dynamic features of two adjacent buildings significantly [5]. The pounding problem was 
first numerically modeled for single-degree-of-freedom (SDOF) structures [6-8], and then 
for multi-degree-of-freedom (MDOF) structures, these analyses were performed 
numerically with concentrated mass [9, 10], and then for three adjacent buildings, 
numerical analyses related to pounding were also performed [11, 12]. Past earthquakes 
have shown that the pounding issue is a serious topic for tall buildings in the vicinity whose 
floors are not on the same level [13-17]. Another important reason for the pounding issue 
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is that different natural frequencies of adjacent buildings may vibrate out of phase [5] . 
Eftychia et al. [19] evaluated the influence of base isolation on the impact of two buildings 
and Forcellini [20] studied the effect of the interaction of soil and structure on the 
pounding phenomenon. The results of this research showed that the deformation of the 
soil during an earthquake causes the pounding phenomenon is intensified. Also, past 
studies about steel moment resisting frames (SMRFs) are presented in the following. The 
fragility behavior of SMRFs is evaluated subjected to vehicle impact by Sadeghi et al. [21] 
and in another research by Sadeghi et al. [22], the weight of SMRFs is optimized under 
vehicle collision by using optimization algorithms. Saberi et al. [23] assessed the effect of 
fire on SMRFs. The results of this paper showed that by varying each of the factors, the 
damage modes are changed considering to the thickness of connections under fire 
loadings. 

2. Research Significance 

By reviewing past technical studies, it is revealed that the debated topic is novel and new. 
Therefore, in this paper, as a research significance and contribution part, the effect of 
pounding phenomenon between two adjacent SMRFs with equal and unequal heights has 
been investigated by presenting the probabilistic framework. In this way, two scenarios 
are utilized. The first and second scenarios are related to the pounding of two SMRFs with 
an equal height (both frames with 2-story) and an unequal height (2-story and 5-story 
frames), respectively.  

 

 

Fig. 1. The flowchart of the current research 

In the following, the sensitivity analysis of random variables of SMRFs is performed under 
the influence of pounding phenomenon and the effective random variables are specified 
by using the Monte Carlo simulation (MCS) method, then, incremental dynamic analysis 
(IDA) has been performed in OpenSees software [24] under 14 far-fault records to evaluate 
this issue probabilistically, and the amount of damage has been assessed by using the 
fragility curves. In the following, for the first time, the Kriging meta-model is used to 
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predict the failure probability for studied SMRFs. It is noted that the probabilistic 
framework for SMRFs with and without an equal height under the effect of pounding has 
not been investigated from this point of view. Fig. 1 indicates the flowchart of this research. 

3. Theoretical Fundamentals 

In this part, the technical concepts related to present a probabilistic framework of SMRFs 
with equal and unequal heights under the effect of pounding phenomenon are introduced. 
In this route, the technical fundamentals such as IDA, fragility curves, MCS method, 
sensitivity analysis, and Kriging meta-model are elaborated point by point. 

3.1 IDA and Fragility Curves 

IDA is a probabilistic numerical method for assessing the performance of structures 
against seismic records. The volume of produced data is huge in this method and presents 
the probabilistic framework for indicating the seismic behavior of structures. In this 
method, the intensity of earthquake records is amplified incrementally until the structural 
responses of structures achieve the intended performance levels. In The following, the 
fragility curve expresses the probability of failure corresponding to a certain damage mode 
in several levels of seismic excitations. In fact, the fragility curve describes the ratio 
between the intensity of the earthquake and the level of possible seismic damage. To 
accurately determine such a ratio, it is important to choose the correct intensity of the 
earthquake in the location of the structure [25, 26]. In this paper, for IDA, damage measure 
and intensity measure are assumed to be the maximum drift ratio of the SMRFs and 5% 
damped first mode spectral acceleration, Sa(T1, 5%), respectively, and fragility curves are 
depicted just for the collapse performance (CP) level. As a result, the collapse capacity of 
SMRFs with equal and unequal heights are computed under the occurrence of the 
pounding phenomenon. In the present research, fragility curves are depicted by assessing 
the results of IDAs curves, the statistical approaches are conducted in EasyFit software to 
extract fragility curves based on collapse limit state. For the above circumstances, fragility 
curves are achieved according to Eq (1) [25]: 

Fragility (x) = P[Sa ≥ Sa,c| Sa = x] = P[Sa,c ≤ x] (1) 

In Eq (1), the function Fragility (x) is the value of the collapse limit state achieved by 
fragility curve for spectral acceleration (x) and showing collapse capacity of the SMRFs. 
The parameters Sa and Sa,c are spectral acceleration and collapse capacity of SMRFs, 
respectively.  

3.2 MCS Method  

MCS is a probabilistic method to compute the failure probability of structures. This method 
is widely used in reliability engineering. According to fundamentals of this method, MCS 
solves structural problems by statistical sampling of random parameters in mathematical 
way. In this way, Eq (2) shows the failure probability (Pf) of structural problems by using 
MCS method. Parameters x and g (x) are named as the uncertain quantities and the 
performance function of the structural systems, respectively [27]. 

𝑃𝑓 = ∫ 𝑓𝑥(𝑥)𝑑𝑥


𝑔(𝑥)≤0

= ∫ 𝕀𝑔(𝑥)≤0(𝑥) 


𝕏

𝑓𝑥(𝑥) 𝑑𝑥 = 𝔼𝑓 (𝕀𝑔(𝑥)≤0 (𝑥)) (2) 

 

Based on Eq (2), the parameters of 𝔼𝑓 𝑎𝑛𝑑 𝑓𝑥are defined as the expectation operator and 

the probability density function of uncertainties𝑥 and the functions 𝑔(𝑥) ≤
0  𝑎𝑛𝑑 𝕀𝑔(𝑥)≤0  𝑎𝑟𝑒 indicated as the failure set and an index.  
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3.3 Sensitivity Analysis   

In simulation methods, sensitivity analysis is often evaluated by computing the rate of 
change of failure probability to the statistical characteristics of each variable ∂Pf/ ∂P (P can 
be the mean or standard deviation of each variable) [27, 28]. The easiest way to estimate 
the results of sensitivity analysis by considering the simulation method is to use the MCS 
method based on Eq (3). By using the MCS, the rate of the above changes can be calculated 
with a single simulation (which estimates the failure probability) as follows: 

𝜕𝑃𝑓

𝜕𝑝
=

𝜕

𝜕𝑝
∫ 𝐼[𝑔 (𝑥) < 0] 𝑓𝑥(𝑝)(𝑥)𝑑𝑥 (3) 

In Eq (3), (fx) is the probability density function of parameters and (I) is the counter vector. 
The need to derive the probability density function is one of the disadvantages of 
estimating sensitivity results by using Eq (3). 

3.4 Kriging Meta-Model 

The status of structural systems such as SMRF is evaluated in terms of reliability analysis 
by computing the failure probability mathematically. These failure probabilities are 
usually determined by structural damage levels. Therefore, the Kriging meta-model is an 
interpolation method to predict the response of specific data. Kriging meta-model 
approximates a function using a combination of basis functions. For interested readers, the 
surplus explanations about this method are presented in reference [27]. 

4. Modeling Verification 

In this research, to verify the modeling procedure of the pounding phenomenon, the 
extracted results of OpenSees software are compared with the experimental results of 
Takabatake et al. (2014) [29]. In this regard, the investigated models are two three-
dimensional 4-story samples with one span named F-A and F-B, 4. The global dimensions 
of these frames are 0.20 m, 0.15 m, and 0.60 m for width, depth and height, respectively. 
For more information about the features of experimental models, interested readers can 
refer to the research of Takabatake et al. (2014) [29]. The schematic view of the adjacent 
frames is presented in Fig. 2. The experimental and numerical models are indicated in Fig. 
2 (a) and (b), respectively. In this research, for structural members, fiber cross-section has 
been used as an extended plasticity model. In these members, instead of the plasticization 
of the materials in certain points of the structure (such as points in the beam, which is near 
the column), the plasticization of the materials is considered distributed throughout the 
length of the member. In current paper, non-linear force beam-column members have been 
used to model the beam and column members. In the following, the number of threaded 
sections is 200 and the number of integration points along the length of the beam-column 
members is assumed to be 5. In the following, nonlinear dynamic time history analysis is 
conducted under the El-Centro earthquake record (1940). This record is scaled based on 
the maximum acceleration of 0.5 m/sec2. Also, the number of time steps is equal to 6000 
with a step of one to ten thousand. The considered damping for the models is as described 
in Reference [29]. In this regard, a model ELCN 2-0-0 in which only impact effects between 
two structures were included was selected to verify the results of analytical modeling. In 
addition, the GAP element has been used between two structures instead of the aluminum 
element. The comparison of the numerical modeling results of this paper and the reference 
model [29] is presented in Tables 1 and 2. In Table 1, the percentage of conformity of the 
period results of the reference model and the constructed model in OpenSees software is 
presented and in Table 2, the percentage of conformity of the maximum impact force of the 
two experimental and numerical models are compared with each other. The error rate of 
numerical modeling process versus Experimental setup in period and maximum impact 
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force is 3.48% and 3.19%, respectively. As a result, the outputs of the numerical modeling 
are in good agreement with the experimental results . 

 

(a) 

 

(b) 

Fig. 2. The process of experiment [29] (a) The global view of experimental setup, (b) 
The schematic view of pounding phenomenon 

Table 1. The comparison of period values of numerical and reference model [29] 

Sample F-A F-B 

Reference paper [29] 0.287 sec 0.135 sec 

Present paper 0.277 sec 0.124 sec 

Error rate (%) 3.48 8.14 

Table 2. The comparison of maximum impact force values of numerical and reference 
model 

Outputs Maximum impact force 

Reference paper [29] 61.48 kN 

Present paper 63.51 kN 
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Error rate (%) 3.19 

5. Modeling Procedure 

In this study, 2 and 5-story SMRFs with intermediate ductility are designed based on 
ASCE07 [30] and AISC-360 [31]. Soil type D is considered for the designing procedure. The 
seismicity of the model was very high with high importance. The values of 1500 and 600 
kg/m2 are assumed for dead and live loads, respectively. The used steel in the structural 
components was ST37 with values of 200 GPa, 240 MPa, and 370 MPa for elasticity 
modulus, yield stress, and ultimate stress, respectively. For structural modeling, the 
Steel01 model is considered with a post-yielding stiffness of 3% [32]. Fig. 3 shows the 
building plan and determination of the exterior frame enclosed in the red rectangle. Fig. 4 
(a) and (b) indicates the two-dimensional elevation of SMRFs with 2 and 5-story, 
respectively. Also, the designed cross-sections of structural components are introduced in 
Table 3. 

In this research, to evaluate the performance of adjacent SMRFs under the effect of 
pounding caused by an earthquake, as equal height samples, two adjacent 2-story SMRFs 
and as unequal height samples, two adjacent 2 and 5-story SMRFs are considered. In 
modeling the impact of two frames on each other, the gap between the two frames is used 
according to the relations provided in ASCE07 [30]. 

 

Fig. 3. Building plan view and location of the studied frame 

 

(a) 
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(b) 

Fig. 4. The two-dimensional elevation of the studied models (a) 2-story SMRF,  (b) 5-
story SMRF 

For simulating the gap in this research, the nonlinear viscoelastic model is used [33, 34]. 
The Hertz contact model is utilized to consider the energy loss during impact. According to 
Fig. 5, a non-linear damper is built in parallel with the non-linear spring in this model and 
damping is omitted during the return phase. Therefore, energy loss in the return phase is 
not considered. ZeroLength element is used for impact modeling.  

Table 3. The designed cross sections of structural components of the studied SMRFs 

Column Beam 

Story SMRF 
Middle span Side span 

Middle 
span 

Side span 

BOX200*20 BOX200*20 IPE220 IPE200 1st story 
2-story 

BOX200*18 BOX200*18 IPE200 IPE180 2nd story 
BOX200*25 BOX200*22 IPE280 IPE260 1st story 

5-story 
BOX200*22 BOX200*20 IPE260 IPE260 2nd story 
BOX200*20 BOX200*18 IPE260 IPE240 3rd story 

BOX200*16 BOX200*16 IPE240 IPE220 
4th and 5th 

stories 

 

 

Fig. 5. The schematic of pounding model in adjacent SMRFs [33] 
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This element is used to connect two nodes. In this element, until the gap between the two 
structures is filled, no force is created and the amount of slip and damping is zero. After 
two structures collide with each other and by creating compression in the spring, a 
negative (compressive) force is created. After the separation of the two structures, the 
force returns to zero and no force is transferred in the tension state. For this element, 
elastoplastic properties are used in OpenSees software. Finally, Figs. 6 and 7 illustrate the 
configuration of two adjacent SMRFs with and without an equal height. 

 

Fig. 6. The configuration of two adjacent SMRFs with an equal height 

 

Fig. 7. The configuration of two adjacent SMRFs with an unequal height 

5.1 Limit State Function 

In this study, the failure probability is calculated based on the Kriging meta-model, taking 
into account the structural uncertainties for the pounding scenarios of adjacent SMRFs. To 
calculate the failure probability, since the considered structural system is non-linear, 
simulation methods are used to increase the accuracy. Therefore, it is necessary to 
determine the points in the health and failure areas first. For this purpose, the limit state 
function (LSF) of the reliability problem should be evaluated by structural analysis. At each 
time of structural analysis, random variables are defined according to Table 4 for the 
investigated structural models under the scenario of pounding of adjacent SMRFs based 
on the selected distribution. To save time, before calculating the failure probability, a 
sensitivity analysis is done and the random variables that have a negligible dependence on 
the change of the LSF are removed and other influential variables are considered 
definitively. The proposed LSF for the investigated models in this research is presented in 
the scenario of pounding of the adjacent SMRFs according to Eq (4): 

𝑔1 = 0.1 − (𝑀𝑎𝑥(𝐷𝑟𝑖𝑓𝑡)) (4) 

In Eq (4), Max (Drift) is the maximum drift of the structure at each time of analysis and the 
value of 0.1 is the collapse limit of the structure based on the regulations. Now, if g1>0 after 
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the analysis, the sample is in the healthy area, and if g1 ≤ 0, the sample is in the failure area. 
According to the different seismic codes, the values of drift equivalent to different 
performance levels of SMRFs have been presented [35, 36]. In transient deformations, 
drifts  of 0.7%, 2.5%, 5%, and 10% show Immediate Occupancy (IO), Life Safety (LS), 
Collapse Prevention (CP), and Collapse (C) performance levels, respectively.  

Table 4. The statistical features of random variables in this study 

* N: Normal, LN: Lognormal, G: Gamma 

5.2 Ground Motion Records 

One of the main issues in evaluating the nonlinear dynamic analysis of structures is the 
selection of earthquakes and their number to obtain the results with appropriate accuracy. 
FEMA P 695 [42] suggests a set of near-fault and far-fault earthquake records for nonlinear 
dynamic analyses. This code presents the suitable earthquake records with different 
natures for calculating the collapse probability of structure. In this study, IDA has been 
performed with small and controlled steps.  

Table 5. The features of the studied earthquakes 

PGV2 
(cm/s2) 

PGA1 
(g) 

Component Magnitude 
(Mw) 

Station Event Date ID 
No. 

59 0.42 NORTH/ 
MUL009 

6.7 Beverly Hills-
Mulhol 

Northridge, 
CA 

1994 R1 

63 0.52 NORTH/ 
MUL279 

R2 

43 0.41 000 6.7 Canyon 
Country-WLC 

Northridge, 
CA 

1994 R3 

45 0.48 
NORTH/ 
LOS270 

R4 

56 0.73 
DUZCE/ 
BOL000 

7.1 Bolu Duzce, 
Turkey 

1999 R5 

62 0.82 
DUZCE/ 
BOL090 

R6 

29 0.27 
HECTOR/ 
HEC000 

7.1 Hector Hector 
Mine, CA 

1999  R7 

42 0.34 
HECTOR/ 
HEC090 

R8 

Category Symbol Description Unit PDF Mean c. o. v or σ Reference 

Gravity 
Load 

DL Dead load 
kg/
m 

N* 
150

0 
0.1 [37, 38] 

LL Live load 
kg/
m 

G* 600 0.4 [37, 38] 

Material 

Fy Yield strength MPa LN* 240 0.07 [37, 39] 

E 
Elasticity 
modulus 

MPa LN 
2*10

5 
0.03 [40, 41] 

ξ Damping ratio - LN 5% 40 [41] 

 Specific weight 
kg/
m3 

LN 
789

0 
0.1 [39] 

 Poisson ratio - LN 0.3 0.1 [39] 

Geometric 
L Beam length m N 6 0.0304 [39, 40] 

H Column height m N 3.2 0.0304 [39, 40] 



Sadeghi et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 

 

10 

26 0.24 
IMPVAL/ 

H-DLT262 
6.5 Delta Imperial 

Valley, CA 
1979 R9 

33 0.35 
IMPVAL/ 

H-DLT352 
R10 

35 0.36 
IMPVAL/ 
H-E11140 

6.5 El Centro 
Array # 11 

Imperial 
Valley, CA 

1979 R11 

42 0.38 
IMPVAL/ 
H-E11230 

R12 

37 0.50 
KOBE/ 
NIS000 

6.9 Nishi-Akashi Kobe, Japan 1995 R13 

37 0.51 
KOBE/ 
NIS090 

R14 

1 Peak ground acceleration 
2 Peak ground velocity 

 

Fig. 8. Target spectrum of ASCE07 [30] 

 

Fig. 9. Elastic acceleration spectrum for 5% damping of earthquake records used in 
this research 

It is noted that IDA is a set of time history nonlinear dynamic analyses under different 
numerous records therefore selection of seismic records is an important step to assess the 
performance of structures probabilistically. Some researchers evaluate the influence of the 
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features, content and number of the seismic excitations on the analysis results [43-50]. In 
this paper, these records are first scaled according to the peak ground velocity (PGV). Then, 
the spectral acceleration of all records in the period of the first mode of the structure (Sa 
(T1, 5%)) was scaled. Also, target spectrum and an elastic acceleration spectrum for 5% 
damping of earthquake records used in this research are depicted based on Figs. 8 and 9. 
In this study, IDA is performed and IDA curves are plotted. In the following, for calculating 
the seismic collapse capacity, the fragility curves of SMRFs adjacent to each other in two 
scenarios are obtained. Table 5 shows the features of the studied earthquakes. 

6. Results and Discussion 

6.1 Results of The Sensitivity Analysis  

In this part, the sensitivity analysis of random parameters of studied SMRFs such as dead 
load, live load, yield strength, elasticity modulus, damping ratio, specific weight, Poisson 
ratio, beam length, and column height is checked by MCS method.  In this way, the variation 
rate of failure probability to the statistical characteristics of each mentioned variable is 
assessed. The sensitivity analysis is performed by calling the LSF 100,000 times and by 
evaluating the rate of change of the failure probability compared to the changes of each 
random parameter, and the results of the sensitivity analysis are also presented in Table 
6. It can be seen that for the desired models under the effect of pounding, the parameters 
with uncertainty of the yield strength of the cross-sections, and the dead load have the 
greatest effect and Poisson's ratio, the specific weight of the cross-sections, and the live 
load have the least effect on the calculation of failure probability . 

Table 6. The results of the sensitivity analysis of the SMRF models under the effect of 
pounding 

6.2 Results of IDA and Fragility Curves 

According to Figs. 10 and 11, IDA curves of SMRFs with equal and unequal heights are 
presented under 7 pairs of far-fault earthquake records (equivalent to 14 earthquake 
record components) in OpenSees software. In addition, the fragility curves of the 
mentioned models are shown in Fig. 12. 

According to Fig. 12, it can be seen that the seismic collapse capacity of SMRFs adjacent to 
each other with equal heights is high and they have more values of spectral acceleration 
versus adjacent SMRFs with unequal heights. Table 7 shows the spectral accelerations of 
the mentioned SMRFs for different statistical levels of 16%, 50%, and 84%.  

No. Failure Probability Variation for Each Variable 

1 (∂Pf)⁄(∂DL ) 0.0086146 

2 (∂Pf)⁄(∂LL) 0.000064689 

3 (∂Pf)⁄(∂Fy ) -0.032309 

4 (∂Pf)⁄(∂E) 0.000090022 

5 (∂Pf)⁄(∂ξ) -0.000075751 

6 (∂Pf)⁄(∂) -0.00006656 

7 (∂Pf)⁄(∂) 0.000037615 

8 (∂Pf)⁄(∂L) 0.00021061 

9 (∂Pf)⁄(∂H) 0.00066004 
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Fig. 10. IDA curves of two adjacent SMRFs with an equal height 

 

Fig. 11. IDA curves of two adjacent SMRFs with an unequal height 

 

Fig. 12. Fragility curves of two adjacent SMRFs with the equal and unequal heights 
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Also, by conducting numerous time history nonlinear dynamic analyses, the comparison of 
maximum values of story displacement, story drift, story acceleration, and impact force of 
two adjacent SMRFs with the equal and unequal heights are reported based on Figs. 13 to 
16. The extracted seismic responses of the studied models indicate that critical values of 
story displacement, story drift, story acceleration, and impact force are related to the two 
adjacent SMRFs with the unequal heights. 

Table 7. The spectral acceleration of SMRFs under the effect of pounding 

SMRFs with unequal heights (g) SMRFs with equal heights (g) Statistical levels 

1.6 2 16% 

1.9 2.3 50% 

2.4 3.9 84% 

 

 

Fig. 13. Comparison of maximum story displacement of two adjacent SMRFs with the 
equal and unequal heights 

 

Fig. 14. Comparison of maximum story drift of two adjacent SMRFs with the equal and 
unequal heights 
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Fig. 15. Comparison of maximum story acceleration of two adjacent SMRFs with the 
equal and unequal heights 

 

Fig. 16. Comparison of maximum impact force of two adjacent SMRFs with the equal 
and unequal heights 

6.3 Results of Kriging Meta-Model 

In this study, for preparing the meta-model, 3000 random samples are produced based on 
the statistical distribution of each random parameter placed in Table 4. Since the LSF of 
this research is based on drift. As a result, the drift of selected SMRFs is computed and in 
this regard, 2000 random samples and the corresponding drift of mentioned SMRFs are 
opted to train the Kriging meta-model. The remaining samples are utilized to test the 
Kriging meta-model for predicting the drift values of SMRFs based on LSF. In the following, 
MCS with 100,000 simulations is conducted for evaluating the reliability of the SMRFs with 
the equal and unequal heights. The accuracy of the findings given by the Kriging meta-
model can be verified by the MCS. Table 8 indicates the results of the reliability analysis of 
the SMRFs with the equal and unequal heights by using MCS and Kriging meta-model. By 
comparing the results in Table 8, it is clear that Kriging meta-model can predict the failure 
probability of SMRFs with the equal and unequal heights by high validity, and accuracy 
versus MCS, and It can significantly decrease the computational time with far fewer the 
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number of samples than MCS. It is also found that the results of SMRFs with equal heights 
have a higher reliability index than the SMRFs with unequal heights. Also, It is noted that 
the parameters such as (β), (Pf), and (#g call) are the reliability index, failure probability, 
and the number of calling LSF, respectively. 

Table 8. Reliability analysis results of the studied SMRFs using the MCS and Kriging meta-
model 

 SMRFs with equal heights SMRFs with unequal heights 

Simulation Method MCS Kriging MCS Kriging 

β 2.80 2.79 2.64 2.63 

Pf 2.5× 10−3 2.6× 10−3 4.2× 10−3 4.3× 10−3 

#g call 105 2000 105 2000 
 

It is noted that the reliability analysis using the MCS method with 100,000 simulations is 
really time consuming therefore the Kriging meta-model can decrease the computational 
time significantly in comparison with MCS. In the following, by using Kriging meta-model, 
taking into account the uncertainties based on Table 4, the failure probability values of 
SMRFs with equal and unequal heights are extracted due to 14 far-fault earthquake 
records. These values are specified in Table 9. The total results of Table 9 indicate that the 
failure probability of SMRFs with an unequal height is high in comparison of SMRFs with 
an equal height. 

Table 9. The failure probabilities of SMRFs under the effect of pounding by using Kriging 
meta-model 

  No. SMRFs with an equal height SMRFs with an unequal 
height 

1 0.0026 0.0043 

2 0.0021 0.0035 

3 0.0024 0.0040 

4 0.0022 0.0042 

5 0.0022 0.0041 

6 0.0018 0.0033 

7 0.0017 0.0035 

8 0.0021 0.0032 

9 0.0015 0.0036 

10 0.0022 0.0040 

11 0.0024 0.0039 

12 0.0018 0.0036 

13 0.0024 0.0035 

14 0.0021 0.0029 

7. Conclusions 

Pounding is one of the most common phenomenon during an earthquake that causes 
significant damage to adjacent SMRFs. In this research, SMRFs with the equal and unequal 
heights are placed adjacent to each other, taking into account the gap, and their failure 
probability is calculated by using nonlinear dynamic analyses and Kriging meta-model. 
Sensitivity analysis is done to specify the important variables in failure probability 
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computation. Also, by using IDA and fragility curves, the collapse capacity is determined at 
different statistical levels. The key findings of this paper are presented in the following: 

• The sensitivity analysis indicates that the variables with uncertainty of the yield 
strength of the cross-sections and the dead load have the greatest effect and 
Poisson's ratio, the specific weight of the cross-sections, and the live load have the 
least effect on the calculation of failure probability . 

• The collapse capacity of the adjacent SMRFs with the equal heights has increased at 
the statistical levels of 16%, 50%, and 84% compared to the adjacent SMRFs with 
the unequal heights by 20%, 17%, and 90%, respectively. 

• For different spectral accelerations, the collapse probability of the adjacent SMRFs 
with the unequal height is higher than that of equal height . 

• The results of Kriging meta-model indicate that the failure probability is increased 
by 65% in SMRFs with an unequal height versus an equal height. 

• The results of reliability analysis and fragility curves reveal that the collapse 
capacity of the adjacent SMRFs with the equal height is higher than that of unequal 
height. 

• The application of Kriging meta-model is confirmed with MCS. This meta-model can 
decrease the computational time significantly in comparison with MCS. Hence, 
Kriging is an exact probabilistic way for reliability assessment of pounding issues 
in adjacent SMRFs.  

• As recommendations for future works, the authors propose to assess the seismic 
performance of the adjacent SMRFs with the equal and unequal heights (various 
stories) under the influence of pounding by considering soil-structure-interaction 
(SSI) by using reliability and fragility analyses. 
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