
Vol.:(0123456789)

Archives of Civil and Mechanical Engineering          (2024) 24:178  
https://doi.org/10.1007/s43452-024-00994-7

ORIGINAL ARTICLE

Seismic probabilistic assessment of steel and reinforced concrete 
structures including earthquake‑induced pounding

F. Kazemi1,2   · N. Asgarkhani1,2 · A. Manguri1,3 · R. Jankowski1

Received: 25 January 2024 / Revised: 12 April 2024 / Accepted: 5 June 2024 
© The Author(s) 2024

Abstract
Recent earthquakes demonstrate that prioritizing the retrofitting of buildings should be of the utmost importance for 
enhancing the seismic resilience and structural integrity of urban structures. To have a realistic results of the pounding 
effects in modeling process of retrofitting buildings, the present research provides seismic Probability Factors (PFs), which 
can be used for estimating collision effects without engaging in intricate and time-intensive analysis. To include the low-, to 
mid-rise buildings, the 3-Story, 5-Story, and 9-Story adjacent steel and Reinforced Concrete (RC) moment-resisting frames 
were modeled in OpenSees software capable to take into account the structure in a state of collapse during the analysis, which 
can provide the real condition of buildings under seismic excitations. Results of analysis confirmed that the impact force 
can considerably affect the moment–rotation curve of beams and columns, in which, it can affect the structural response of 
structures during earthquakes. Therefore, seismic PFs proposed to examine the possibility of changes in the performance 
levels and fragility assessments. Moreover, proposed PFs can be used as coefficient factors to facilitate the retrofitting process 
of buildings and improve the environmental effects.

Keywords  Probability factor · Structural pounding · Seismic probabilistic assessment · Seismic performance level · Seismic 
retrofitting · Seismic fragility assessment

1  Introduction

During decades, the knowledge of engineers about the 
response and designing process significantly increased, and 
structures with strong capabilities against severe earthquakes 
were constructed. Meanwhile, during the design process, 
the existence of adjacent structures was neglected. Seismic 
codes prescribed some formula to define minimum Sepa-
ration Distance (SDmin) and should be considered during 
construction, while in many cities, SDmin between newly 
constructed adjacent buildings was neglected. Favvata [1] 

investigated the SDmin for adjacent pounding structures, and 
showed that the SDmin depends on the seismic limit state 
and level of seismic hazard. In addition, to fulfill the short-
comings, some formulas have been proposed for evaluating 
SD [2]. Kazemi et al. [3] showed that colliding can impose 
unexpected force in the level of the impact that significantly 
affects the response of adjacent structures (see Figs. 4–6). 
Although this impact force cannot be considered during the 
design process, it may result in extensive local damages or 
even total collapse of the structural members (see [4, 5]). To 
prevent this extensive damages, Sołtysik et al. [6] proposed 
polymer elements that can be implemented between adjacent 
structures to reduce the impact force. In addition, Kazemi 
et al. [7] enhanced the seismic performance of neighbor-
ing structures through the utilization of viscous dampers. 
Kandemir-Mazanoglu and Mazanoglu [8] proposed an opti-
mal placement of viscous dampers in the inter-floor spaces 
of the adjoining pounding structures. Proposed approaches 
had good improvements in seismic limit states of adjacent 
structures. Karayannis and Favvata [9] investigated differ-
ent level Reinforced Concrete (RC) structures, in which 
structural collision occurs when one structure impacts the 
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columns of another. This type of collision can cause local 
damages or even destruction of columns in the impact area 
[10]. In addition, some characteristics of the constructed 
buildings such as irregular plans and lateral-load resisting 
systems (with and without assuming infill masonry walls) 
can alter the behavior of buildings [11] and may lead to tor-
sional movements (see [12]), which is an important reason 
for local damages in buildings. Jankowski [13] investigated 
the structural response of two adjacent structures assuming 
different materials implemented on the shaking table. The 
steel structure witnessed the highest displacement response 
against concrete and ceramic material. In addition, the influ-
ence of materials on the dynamic properties was investigated 
by Favvata et al. [14]. Their results confirm that flexural and 
ductility demands in columns were affected by their location 
of them at the top of the structure.

For accurate seismic risk evaluation of adjacent 
colliding structures, seismic vulnerability assessment is a 
vital process. Although seismic risk assessment demands 
a precise estimation of the seismic hazard, outcomes of 
the vulnerability evaluation can be used for retrofitting 
structures and determining damages. Kazemi et al. [15] 
explored seismic collapse capacity and fragility curves of 
the adjacent pounding structures with different heights and 
floor weights. Zain et al. [16] proposed a framework for 
seismic fragility curve assessments of RC structures that 
reduces the computational efforts. Mohamed and Romão 
[17] investigated the seismic vulnerability assessment of 
RC structures that were not originally designed to withstand 
lateral forces considering the pounding phenomenon, 
assuming different conditions of collision such as floor-to-
floor and floor-to-column. Tubaldi et al. [18] discussed the 
two major issues [i.e., appropriate Intensity Measure (IM) 
and selecting a regression model to explain the relation 
between Engineering Demand Parameter (EDP) and IM] 
in defining a probabilistic seismic demand model for 
collision risk assessment. While it mentions improvements 
in sufficiency obtained using certain IMs, it does not provide 
concrete data or analysis to substantiate these claims. 
However, a design methodology for determining the critical 
SD between adjacent buildings to prevent seismic collision 
including performing parametric analyses and developing 
efficient algorithms based on linear structural models have 
been done by Barbato and Tubaldi [19]. Ruggieri et al. [20] 
used a sample made by 90 masonry churches in Piemonte, 
Italy, as case study for a statistical basis seismic vulnerability 
analysis subjected to the Valle Scrivia earthquake. Seismic 
damage diagnosis plays a key role for vulnerability 
assessment of the structures.

Vulnerability evaluations can be projected as seismic 
fragilities, which can be sorted into four terms of empirical, 
analytical, hybrid, and judgmental. Surveys from previous 
seismic events as the major source of vulnerability 

evaluation can be employed for seismic performance 
assessment of colliding buildings in terms of empirical 
process, while judgmental process relies on the opinions 
of the expert. Ruggieri et  al. [21] proposed a visual 
assessment process to evaluate the seismic risk of a school 
in Italy using a judgmental process. A hybrid process is a 
combination of two judgmental and empirical evaluations. 
Although these processes can be easily used by researchers, 
the precision of the outcomes is strongly contingent upon 
on expert judgment and the quality of previous seismic 
events. Therefore, using the analytical process to fragility 
curve assessment of the colliding structures applying 
nonlinear simulations is considered to be the most reliable 
process [11, 22–25]. It is worth mention that the nonlinear 
model should contain as possible as the actual condition 
of structures in collision. Kazemi et al. [26] investigated 
P-delta effect on seismic limit state capacities of adjacent 
frames and showed that the P-delta effect plays a crucial role 
in the seismic capacity level assessment. In addition, they 
developed a computational strategy to consider the effects of 
collapsed structure on the seismic response of the adjacent 
structure during the analysis, which is a real condition of 
damaged structures during severe earthquakes. Moreover, 
they proposed some retrofitting strategy to improve seismic 
performance of steel and RC structures [27, 28].

Recently, some studies have been carried out for seismic 
fragility curve assessment of structures. Miano et al. [29] 
evaluated seismic fragilities of the RC infilled buildings 
stock with a parallel plane frames assuming base differential 
displacement. They showed that the geometrical features had 
a crucial effect on the vulnerability measures. Wang and Sun 
[30] proposed self-centering columns with low-bond high-
strength reinforcement to investigate the reparability of RC 
buildings. The seismic fragility curves of the residual story 
showed that using the self-centering columns significantly 
mitigated the residual deformation of damage states. 
Yazdanpanah et al. [31] introduced a novel methodology for 
assessing seismic fragilities in colliding adjacent structures, 
utilizing an enhanced wavelet-based refined feature. Their 
approach showed more efficient results to estimate seismic 
fragility curves based on Morlet and complex Morlet 
(cmorfb-fc) wavelets. Flenga and Favvata [31] proposed a 
method involving optimal SD and minimum collision risk 
to discuss the limitations of existing methods for assessing 
the risk associated with this phenomenon. They introduced 
probabilistic method to enhance the response prediction, 
and a novel methodology based on fragility analysis has 
been introduced to assess SDmin across various limit states. 
This approach considers localized demands, including 
shear, on structural members, as well as scenarios involving 
both floor-to-floor and floor-to-column collision. However, 
Flenga and Favvata [32] integrated the localized inelastic 
demands of a multi-story RC structure into the probabilistic 
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assessment of seismic collision risk. One strength of the 
investigation is its recognition of the limited consideration 
given to local EDPs in probabilistic assessment. A novel 
approach has been developed for determining the optimal 
SD and assessing the acceptable risk of structural pounding 
in multi-story RC structures. Their findings suggest that 
the performance characteristics of the columns within the 
RC structure play a critical role as demand parameters in 
the probabilistic evaluation of collision risk. Moreover, 
they developed a risk-targeted decision model for verifying 
the seismic performance of a multi-story RC structure 
against collision, and assumed the lack of consideration 
for performance objectives, aseismic code-compliant 
design, and local inelastic demands of structural members. 
A novel decision framework, aimed at targeting risk, has 
been introduced to validate the seismic performance 
of RC structures concerning structural pounding [33]. 
Considering the impact effects and variations in geometric 
properties and material, Sinha and Rao [34] investigated 
displacement-based fragility for floor-to-floor and floor-
to-column collision within an eight-story non-ductile RC 
frame adjacent to a three-story rigid RC frame with varying 
story levels. They emphasize the importance of accurately 
estimating structural integrity with respect to collision to 
prevent catastrophic failures. However, using machine-
learning methods can be a useful preliminary tool for 
estimating performance levels and fragility curves of steel 
and RC buildings [35, 36].

The main purpose of this study is seismic performance 
and fragility curve assessment of adjacent RC and steel 
moment-resisting frames including the earthquake-
induced collisions. Therefore, adjacent RC colliding with 
steel structures considering three SDs according to the 
seismic codes have been considered having a typical plan 
and connected with linear viscoelastic contact elements to 
assume collision phenomenon. The collapse state analyses 

were performed in numerical models of steel and RC 
structures with the possibility of destruction of one of the 
structures. To accurately simulate the real condition of steel 
and RC structures exposed to pounding, the structures were 
modeled in MATLAB [37] and OpenSees [38], a software 
application incorporating a crafted Tcl programming code, 
equipped with the capability to account for damages during 
the analysis. The executed program can accurately analyze 
a model under nonlinear conditions, employing innovative 
methods to incorporate damages and monitor structural 
responses throughout the analysis. This approach proves 
valuable in creating precise models that closely resemble 
the real conditions of buildings susceptible to earthquake-
induced pounding. In addition, the developed Tcl algorithm 
possesses the capability to control engineering demands to 
capture the results of structural response of both structures 
to reduce the analysis time. Having a precise modeling 
approach for collision and considering the collapsed 
structure effects on the existing structure make this 
research a reliable investigation so far. Moreover, this study 
determines proper Probability Factors (PFs) for existing 
buildings or newly constructed ones to estimate the influence 
of collision phenomenon on the seismic performance and 
fragility curves based on the analytical process. Using PFs 
reduces the time of collision analysis and provides designers 
a preliminary estimation on how the collision would affect 
the structural performances.

2 � Modeling methods

2.1 � Modeling of structures

In this study, structures with 3-Story, 5-Story, and 9-Story 
steel and RC structures were investigated. Figure 1 shows 
the structural plan assumed for adjacent structures. To model 
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Fig. 1   Structural plan of the considered steel and RC structures
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these structures, soil class D with seismic parameters of 
SDS = 1.0 g and SD1 = 0.6 g were assumed. In this study, 
for both steel and RC structures, R = 8, Ω = 3, and Cd = 5.5, 
were selected according to ASCE/SEI 7–16 [39]. Moreo-
ver, live and dead loads of 2.39 kN/m2 and 8.379 kN/m2, 
respectively, were applied to all floor levels. All structures 
were modeled in ETABS 2016 based on ASCE 7–16 [39], 
AISC 360-16 [40], AISC 341-16 [41], and ACI 318-14 [42] 
provisions. Steel yield strength and concrete compressive 
strength equal to 345 MPa and 34.5 MPa were used, respec-
tively. Figure 2 presents structural elements and geometry of 
the selected structures. To model two-dimensional steel and 
RC structures in OpenSees [38], all columns except those in 
the MRFs (see the red line for steel and blue line for RC in 
Fig. 1) were modeled as leaning column to consider P-Delta 
effects and connected to the main resisting frame with axi-
ally rigid links [43–45].

In the case of steel structures, two nonlinear springs 
located at the ends of beams and columns were employed to 
account for the modified Ibarra–Krawinkler model [26–28, 
46] for assuming deteriorating moment–rotation hysteresis. 
To capture the deterioration modes of RC, an element model 
with the capability of considering deterioration modes (i.e., 
monotonic and cyclic) was used [47–49]. Tables 1 and 2 
present design documentation of the structural elements 
of RC. h and b are the height and width of section, s is 
spacing of transverse reinforcement, �

tot
 is longitudinal 

reinforcement ratio, �′ is longitudinal reinforcement ratio in 
compression, and �

sh
 is transverse reinforcement ratio near 

end of column (close spacing region).
It worth mentioning that the structures have symmetric 

plan in both directions and regular weight distribution. 
Therefore, it is only possible that they collide in X-direction 
due to assumptions and there is no torsion impact during 
pounding. Due to these assumptions, it can be possible 
to model two-dimensional steel and RC structures with 
pounding effects [26–28, 46].

2.2 � 2.2. Impact element model

Seismic codes prescribed minimum SD regarding 
experimental and analytical models. In this study, SD 
prescribed by ASCE/SEI 7–16 [39] was used. According to 
this, Eq. (1) shows SDmin that can be calculated as follows:

where δM is maximum inelastic deformation, and I is impor-
tance factor. To calculate δM, base shear-roof displacement 
curves (pushover curve) based on the first mode lateral-load 
distribution for both categories of structures were obtained. 
In this research, the distance between two adjacent structures 
was selected as 0.0, 0.5, and 1.0 times of SDmin. Table 3 
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Fig. 2   Structural elements and geometry of the selected steel and RC structures
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shows numerical models of structures used in this study with 
assumed SDs between them.

There are many impact element models that can be used 
to model impact force due to colliding between adjacent 
structures. They can be sorted from the high accuracy of 
modeling this phenomenon such as linear and nonlinear 
viscoelastic model to the lower accuracy such as using 
spring element [50, 51]. The equation of linear viscoelastic 
element can be presented as follows:

where the impact force, F(t) , can be calculated by the con-
tact stiffness, Ki, and the damping coefficient of the contact 
model, Ci, having the amount of �(t) and 𝛿̇(t) , relative defor-
mation and velocity of adjacent structures, respectively. In 
addition, m1 and m2 are the masses of structures in the level 

(2)

F(t) = K
i
𝛿(t) + C

i
𝛿̇(t), C

i
=

−2 × ln(e)
√

𝜋2 + (ln e)2

�

K
i

m1m2

m1 + m2

,

Table 1   Detail of the column 
members of RC

Model Floor Exterior Interior

h (m) b (m) s (m) �
tot

(%) �
sh

(%) h (m) b (m) s (m) �
tot

(%) �
sh

(%)

3-story RC 1st 0.762 0.711 0.127 1.33 0.98 0.762 0.711 0.127 1.7 0.98
2nd 0.762 0.711 0.127 1 0.98 0.762 0.711 0.127 1.7 0.98
3rd 0.762 0.711 0.127 1 0.98 0.762 0.711 0.127 1.7 0.98

5-story RC 1st 0.762 0.813 0.089 2.1 0.85 0.762 0.813 0.089 1.6 1.12
2nd 0.762 0.813 0.089 2.1 0.85 0.762 0.813 0.089 1.6 0.8
3rd 0.762 0.813 0.102 1 0.61 0.762 0.813 0.102 1 0.8
4th 0.762 0.813 0.102 1 0.61 0.762 0.813 0.102 1 0.8
5th 0.762 0.813 0.102 1 0.61 0.762 0.813 0.102 1 0.8

9-story RC 1st 0.711 0.661 0.089 2 0.97 0.711 0.661 0.089 1.8 1.2
2nd 0.711 0.661 0.089 1.5 0.97 0.711 0.661 0.089 1.3 1.2
3rd 0.711 0.661 0.089 1.5 0.97 0.711 0.661 0.089 1.3 1.2
4th 0.711 0.661 0.102 1.3 0.97 0.711 0.661 0.102 1.3 1.2
5th 0.711 0.661 0.102 1.3 0.69 0.711 0.661 0.102 2.2 0.69
6th 0.711 0.661 0.102 1 0.69 0.711 0.661 0.102 1.5 0.69
7th 0.711 0.661 0.102 1 0.69 0.711 0.661 0.102 1.4 0.69
8th 0.711 0.661 0.102 1 0.69 0.711 0.661 0.102 1 0.69
9th 0.711 0.661 0.102 1 0.69 0.711 0.661 0.102 1 0.69

Table 2   Detail of the beam 
members of RC

Model Floor Exterior and interior

h (cm) b (cm) s (cm) �
tot

�′ �
sh
t

3-story RC 1st 71.1 71.1 12.7 0.0065 0.0075 0.0039
2nd 71.1 71.1 12.7 0.0065 0.0075 0.0039
3rd 71.1 71.1 12.7 0.0065 0.0075 0.0039

5-story RC 1st 61 81.3 12.7 0.0108 0.0123 0.0051
2nd 61 81.3 12.7 0.01 0.0115 0.0048
3rd 16 81.3 12.7 0.0093 0.0180 0.0039
4th 61 81.3 12.7 0.0048 0.0060 0.0029
5th 61 81.3 12.7 0.0048 0.0060 0.0029

9-story RC 1st 76.2 66.1 12.7 0.0068 0.0075 0.0042
2nd 76.2 66.1 16.5 0.0073 0.0083 0.0045
3rd 76.2 66.1 12.7 0.0068 0.0080 0.0043
4th 76.2 66.1 13.9 0.0063 0.0075 0.0041
5th 76.2 66.1 15.2 0.0055 0.0068 0.0037
6th 76.2 66.1 16.5 0.0049 0.0055 0.0031
7th 76.2 66.1 13.9 0.0032 0.0040 0.0025
8th 76.2 66.1 15.2 0.0032 0.0032 0.0024
9th 76.2 66.1 15.2 0.0032 0.0032 0.0024
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of implementing contact element. The coefficient of restitu-
tion, denoted as “e” signifies the ratio of the final relative 
velocity to the initial relative velocity of impacting bodies. 
It assumes a value between 0.0 and 1.0, representing fully 
elastic or fully plastic impacts, respectively. In the adopted 
models, the floor levels were treated as instances of con-
crete-to-concrete pounding, and a coefficient of restitution 
of 0.65 was presumed, aligning with findings from various 
other studies (for more details, see [5, 26–28, 31]).

The impact stiffness and damping coefficients of 
contact elements are contingent upon the material 
properties involved in the collision, and there is no 
singular relationship for their calculation. Nevertheless, 
Polycarpou et  al. [52] proposed the methodology of 
three-dimensional colliding simulation that considers a 
simple approximation of the impact stiffness and damping 
coefficients assuming the plan geometry and material 
properties. This methodology prepares the requirements 
of this study for modeling of contact element. They 
proposed Eq. (3) to calculate the impact stiffness along 
the colliding side, K, as follows:

where EDynamic is concrete dynamic elastic modulus that 
can be determined from static modulus of concrete, EStatic 
equal to 21 GPa. νi is Poisson's ratio and assumed equal to 
0.2. Therefore, K can be calculated from Eq. (3) equal to 
K = 20.96 × 106 kN/m2. According to Fig. 1, the colliding 
length (9.15 m) multiplying by K can be used as Ki, which 
is 1.9185 × 108 kN/m, and from then, the impact damping 
coefficient Ci equal to 7576 kN. s/m was obtained [26–28].

(3)

K =

[

1 − �2
1

EDynamic,1

+
1 − �2

2

EDynamic,2

]−1

, EDynamic = 5.82
(

EStatic

)0.63

3 � Results of analysis

3.1 � Moment and rotation of hinges

In this section, the effects of colliding on the moment and 
rotation of hinges of beams and columns were investigated. 
Sudden impact force in the floor level can considerably 
affect response of adjacent structures, and then can cause 
damages in beams and columns. The damage state can be 
achieved by evaluation of moment and rotation curves of 
hinges. It should be noted that the collision time could vary 
during the analysis due to lateral behavior of the struc-
tures, while the collision occurs during lateral displacement 
more than the separation distance. In this part, a nonlin-
ear time-history analysis was performed using Duzce Tur-
key record (11/12/1999, Duzce, RSN No. 1605) selected 
from Near-Fault Pulse Like (NF-PL) ground motion subset 
suggested by FEMA-P695 [53]. The 9-Story steel collid-
ing with 3-Story RC was selected from models to use for 
nonlinear time-history analysis assuming Sa (T1) = 1.27 g 
given SD of 0.0. Figures 3 and 4 compare moment curves 
of column and beam hinges of the third floor of the 9-Story 
steel in alone and colliding with the 3-Story RC assuming 
SD of 0.0, respectively. According to results, colliding can 
cause sudden changes in the moment curve compared to 
the excluding model. These changes in some time step of 
analysis can increase the amount of moment value suddenly, 
which causes damages in the structural element. Accord-
ing to Figs. 3 and 4, the maximum moment value of col-
umn and beam hinges increased by 37.96% (from 797.86 to 
1100.75 kN. m) and 13.22% (from 1145 to 1296.4 kN. m), 
respectively.

Figures  5 and 6 compare rotation curves of column 
and beam hinges of the third floor of the 9-Story steel in 
alone and colliding with the 3-Story RC assuming SD of 
0.0, respectively. It is obvious that in the same time step 
of increasing the moment values, the rotation values 

Table 3   SDs assumed between 
numerical models of steel and 
RC structures

* Cd = 5.5 and I = 1.0 have been used

Numerical models δM1
* δM2 0.0 0.5SDmin (m) 1.0SDmin (m)

3-story RC with 3-story steel 0.013 0.024 0.0 0.083 0.147
3-story RC with 5-story steel 0.013 0.025 0.0 0.077 0.155
3-story RC with 9-story steel 0.013 0.027 0.0 0.074 0.166
5-story RC with 3-story steel 0.017 0.027 0.0 0.088 0.176
5-story RC with 5-story steel 0.023 0.041 0.0 0.129 0.259
5-story RC with 9-story steel 0.023 0.044 0.0 0.138 0.275
9-story RC with 3-story steel 0.012 0.027 0.0 0.830 0.166
9-story RC with 5-story steel 0.020 0.041 0.0 0.125 0.250
9-story RC with 9-story steel 0.028 0.073 0.0 0.216 0.431
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Fig. 3   Comparison between the moments of the third-floor column hinge of 9-Story steel in collision with the 3-Story RC given SD = 0.0
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Fig. 4   Comparison between the moments of the third-floor beam hinge of 9-Story steel in collision with the 3-story RC given SD = 0.0
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Fig. 5   Comparison between the rotations of the third-floor column hinge of 9-Story steel in collision with the 3-Story RC given SD = 0.0
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experienced sudden changes. This means that the hinges of 
the selected column and beam entered into a nonlinear state. 
In addition, according to the results, the maximum rotation 
value of column and beam hinges increased by 31.25% (from 
0.0032 rad to 0.0043 rad) and 29.62% (from 0.0108 rad to 
0.0140 rad), respectively. It is noteworthy that results con-
cern all of the hinges of columns and beams in the consid-
ered analytical models.

3.2 � Analysis procedure

Incremental Dynamic Analysis (IDA) method establishes 
a probabilistic framework for evaluating structural fragility 
through the creation of numerous response curves aligned 
with varying intensity levels. Gradually escalating the 
ground motion intensity enables IDA to encapsulate the non-
linear dynamics and eventual collapse mechanisms of struc-
tures, thereby facilitating the derivation of fragility curves 
that accommodate uncertainties in ground motion attributes 
and structural behavior [54]. Previous section emphasized 
that colliding structures may experience a sudden impact 
force in the colliding level and this force affected the 
moment and rotation of the structural members’ hinges. To 
extent the results, IDA is employed that uses IM to increase 
the intensity of records in each step until the total destruc-
tion of the structure, and in each step, EDP controls stability 
of structure. According to Kazemi et al. [55], various non-
structure-specific IMs, including acceleration, velocity, and 
displacement-related IMs, were compared, revealing that the 
spectral-based IM, Sa (T1), exhibited superior performance. 
Additionally, the analysis of the variations in standard devia-
tion of natural logarithm of IMs indicated that Sa (T1) dem-
onstrated lower values, suggesting its efficiency as a scalar-
valued IM for conducting IDA. Sufficiency, defined as the 
ability of an IM to render seismic response independent of 
other characteristics of seismic ground motion records, was 

evaluated by calculating the p value with respect to ground 
motion characteristics, such as M (magnitude), R (distance), 
and Vs30 (shear wave velocity). The results indicate that Sa 
(T1) exhibits proper sufficiency, with p values ≥ 0.05, con-
cerning M, R, and Vs30. For this purpose, spectral accelera-
tion in the structure's period, Sa (T1), is selected as IM, and 
maximum Interstory Drift Ratio (IDR) is selected as EDP. 
Therefore, in each step, IM and EDP values can be used for 
drawing the IDA curve. In this research, two ground motion 
sets of NF-PL and Near-Fault No Pulse (NF-NP) are consid-
ered regarding FEMA-P695 [53]. The NF records comprises 
28 records (i.e., 56 individual components) sourced from 
the PEER NGA database, following the criteria outlined in 
Section A.7 in FEMA P-695 [53]. Among these, 14 records 
exhibit pulses (classified as NF-PL), while the remaining 
14 records do not display pulses (classified as NF-NP). The 
selection of records is based on the maximum values of as-
recorded Peak Ground Acceleration (PGAmax) and Peak 
Ground Velocity (PGVmax), which significantly influence the 
collision of adjacent structures. The mean spectrum of the 
chosen records aligns with the target spectrum specified for 
soil class D across the structural periods of colliding struc-
tures. Figure 7 presents the response spectrum of NF-PL and 
NF-NP record sets.

It is obvious that the real condition of colliding struc-
tures should be considered during analysis. Regarding this, 
in this research, the real condition of colliding structures 
has been investigated. In the real colliding between two 
adjacent structures, differences between fundamental peri-
ods of adjacent structures (e.g., T1,1 and T1,2) can cause 
each of the structures to have different collapse IM. There-
fore, one of them should be collapsed before the second 
one. Moreover, Sa (T1,1) and Sa (T1,2) should be assumed 
for selecting the IM. A Tcl algorithm improved in MAT-
LAB [37] and OpenSees [38] software to assume these 
characteristics in the models, and capture the results of 
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Fig. 6   Comparison between the rotations of the third-floor beam hinge of 9-story steel in collision with 3-story RC given SD = 0.0
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each structures separately with considering their effects 
on each other. Therefore, it is possible to capture both 
structure's IDA curves at the same time in one model, 
which reduces the analytical time and efforts. Figures 8 

and 9 present IDA curves and the median of IDA curves 
(M-IDA) of selected steel and RC structures including 
NF-NP record subset, respectively.
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3.3 � Seismic performance level

In accordance with the descriptions provided in the pre-
ceding section, it is feasible to concurrently evaluate IDA 
curves for both adjacent structures. In this section, seismic 
limit state capacities of the aforementioned structures were 
achieved from IDA curves. Four seismic performances of 
Immediate Occupancy (IO), Life Safety (LS), Collapse 
Prevention (CP), and Total Collapse (TC) were defined in 
accordance with FEMA 356 [56]. To determine these per-
formance levels for steel structures, the allowable IDR of 
0.7%, 2.5%, and 5.0% represented for primary members 

and performance levels of IO, LS, and CP, respectively, 
were considered. In addition, for RC, the allowable IDR of 
1.0%, 2.0%, and 4.0% represented for primary members and 
performance levels of IO, LS, and CP, respectively, were 
assumed. Moreover, the seismic performance level of TC 
was selected in the flat part of IDAs of steel and RC struc-
tures. Table 4 presents performance levels of steel and RC 
structures in alone condition including NF-NP and NF-PL 
record subsets. According to Table 1, in all seismic per-
formance levels, Sa (T1) values for RC including NF-NP 
records were higher than those including NF-PL records, 
correspondingly. The same result can be seen for the 3-Story 
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Fig. 9   IDAs of a 3-, b 5-, and c 9-Story steel including NF-NP record subset

Table 4   Seismic performance 
of steel and RC structures in 
alone state including NF-NP 
and NF-PL records

* Unit of all values are (g)

Record subset IO* LS CP TC IO LS CP TC IO LS CP TC
3-Story RC 5-Story RC 9-Story RC

NF-PL 0.33 0.56 0.84 1.11 0.27 0.46 0.73 0.99 0.16 0.29 0.45 0.53
NF-NP 0.39 0.72 1.15 1.54 0.28 0.52 0.85 1.17 0.17 0.30 0.48 0.54

3-Story steel 5-Story steel 9-Story steel
NF-PL 0.28 0.81 1.37 1.89 0.15 0.50 0.95 1.27 0.08 0.28 0.46 0.55
NF-NP 0.28 0.80 1.46 2.22 0.13 0.48 0.94 1.30 0.06 0.24 0.38 0.47

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Archives of Civil and Mechanical Engineering          (2024) 24:178 	 Page 11 of 26    178 

steel, while for the 5-Story and 9-Story steel, Sa (T1) for per-
formance levels including NF-PL record subset are higher.

Tables 5 and 6 present seismic performance levels of col-
liding steel and RC structures including considered records 
for SD of 0.0 and 1.0SDmin, respectively. According to 
Table 5, in the colliding 3-Story steel with RC structures, 
the Sa (T1) values in NF-PL record subsets are lower than 
those in NF-NP records, correspondingly. Except in per-
formance level of IO for in collision with 3-, and 9-Story 
RC structures, the Sa (T1) values in NF-PL record subsets 
are higher than in NF-NP record subsets. In addition, it 
can be seen that seismic performance level of TC in the 
3-Story steel colliding with the 3-, 5-, and 9-Story RC 
structures decreased from 1.892 to 1.848, 1.812, and 1.861, 
respectively, in NF-PL record subset assuming 1.0SDmin. 
Therefore, the 3-Story steel is more vulnerable to structural 
damages in NF-PL record subsets. In the 5-Story steel col-
liding with RC structures, the Sa (T1) values in the seismic 
performance levels of IO and LS in NF-PL record subsets 
are higher than those in NF-NP record subsets, while Sa 
(T1) values in seismic performance levels of CP and TC in 
NF-PL record subsets are lower than those in NF-NP record 
subsets. It means that due to the seismic performance level, 
the seismic vulnerability of the 5-Story steel changes from 
NF-NP record subsets to NF-PL record subsets. Seismic 

TC performance in 5-Story steel colliding with 3-, 5-, and 
9-Story RC structures decreased from 1.269 to 1.202, 1.216, 
and 1.245, respectively, in NF-PL record subset assuming 
1.0SDmin. In the 9-Story steel colliding with 3-, and 9-Story 
RC structures, the Sa (T1) values in NF-PL record subsets 
are higher than those in NF-NP record subsets correspond-
ingly, while in the colliding with 5-Story RC structure, the 
Sa (T1) values in NF-NP record subsets are higher than those 
in NF-PL record subsets correspondingly.

The results showed that TC performance in 9-Story 
steel in collision with the 3-, 5-, and 9-Story RC structures 
increased from 0.547 to 0.626, 0.690, and 0.697, 
respectively, in NF-PL record subset assuming 1.0SDmin. 
Therefore, in the 9-Story steel, the kind of adjacent 
structures can change the seismic vulnerability from NF-NP 
record subsets to NF-PL record subsets.

According to Table 6, similar results were achieved 
for 3-, and 5-Story steel structures in collision with RC 
structures given 1.0SDmin. Therefore, increasing the 
distance between 3-, and 5-Story steel in collision with RC 
structures had no effects on their vulnerability according to 
the type of record subsets, while in the general view, the Sa 
(T1) values in the 1.0SDmin were higher than those in 0.0, 
correspondingly. The comparison of results derived from 
contact elements under colliding conditions verifies that 

Table 5   Performance of steel 
structures in collision with RC 
structures including seismic 
records for SD of 0.0

* Unit of all values are (g)

Steel models Record RC structures colliding with SD of 0.0

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.26 0.78 1.29 1.71 0.23 0.73 1.23 1.64 0.29 0.76 1.25 1.77
NF-NP 0.25 0.80 1.398 2.07 0.26 0.80 1.40 2.06 0.27 0.79 1.52 2.17

5-Story NF-PL 0.14 0.50 0.86 1.17 0.17 0.52 0.88 1.16 0.18 0.52 0.81 1.07
NF-NP 0.13 0.50 0.91 1.25 0.15 0.50 0.94 1.27 0.17 0.50 0.91 1.27

9-Story NF-PL 0.08 0.28 0.54 0.70 0.06 0.24 0.42 0.53 0.10 0.28 0.48 0.56
NF-NP 0.06 0.25 0.42 0.49 0.06 0.25 0.45 0.59 0.08 0.27 0.44 0.52

Table 6   Performance of steel 
structures in collision with RC 
structures including seismic 
records for 1.0SDmin

* Unit of all values are (g)

Steel models Record RC structures colliding with SD of 1.0SDmin

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.25 0.81 1.36 1.85 0.25 0.81 1.35 1.81 0.26 0.80 1.29 1.86
NF-NP 0.25 0.81 1.45 2.17 0.25 0.82 1.44 2.13 0.24 0.79 1.38 2.16

5-Story NF-PL 0.17 0.52 0.895 1.20 0.16 0.52 0.91 1.22 0.17 0.53 0.88 1.25
NF-NP 0.14 0.49 0.95 1.30 0.14 0.48 0.99 1.30 0.14 0.51 0.98 1.30

9-Story NF-PL 0.08 0.29 0.54 0.63 0.08 0.28 0.53 0.69 0.09 0.28 0.52 0.70
NF-NP 0.07 0.25 0.43 0.50 0.07 0.244 0.43 0.53 0.07 0.25 0.43 0.57
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the acceleration response is influenced by the separation 
distance.

These variations in acceleration values have the potential 
to alter the extent of damage in structural elements. Conse-
quently, as the separation distance increases to 1.0SDmin, the 
occurrences of pounding decrease accordingly. Therefore, 
the separation distance of 0.0 is more critical than 1.0SDmin. 
In 9-Story steel in collision with 3-, and 9-Story RC struc-
tures given SD of 1.0SDmin, similar results were obtained, 
while the Sa (T1) values in the 1.0SDmin were higher than 
those in 0.0, correspondingly. For 9-Story steel colliding 
with 5-Story RC structure, the Sa (T1) values in NF-PL 
record subsets are higher than those in NF-NP record sub-
sets correspondingly. Tables 7 and 8 present seismic perfor-
mance levels of RC in collision with steel structures includ-
ing NF-NP and NF-PL records for SD of 0.0 and 1.0SDmin, 
respectively. According to Table 7, in 3-, and 5-Story RC 
structures colliding with steel structures, Sa (T1) values in 
NF-PL record subsets are lower than those in NF-NP record 
subsets correspondingly. Thus, 3-, and 5-Story RC structures 
are more vulnerable to structural damages in NF-PL records. 
In 9-Story RC colliding with steel structures, Sa (T1) values 
in NF-PL records are upper than NF-NP records.

According to Table  8, similar results were obtained 
for selected RC colliding with steel structure given SD 
of 1.0SDmin. Therefore, increasing the distance between 
RC colliding with steel structures had no effects on their 
vulnerability according to the type of record subsets. In 
the general view, Sa (T1) values of selected RC structures 
colliding with 3-Story steel witnessed an increase in both 
record subsets by changing the SD to 1.0SDmin. In addition, 
Sa (T1) values of 3-Story RC in collision with 5-Story steel 
decreased in both record subsets by changing the SD from 
0.0 to 1.0SDmin, while experienced an increase in colliding 
with 9-Story steel in both record subsets.

The Sa (T1) values of 9-Story RC colliding with 9-Story 
steel decreased in both record subsets by changing the SD 
from 0.0 to 1.0SDmin. Therefore, the elevation and T1 can 
significantly affect the performance levels of structures. This 
means that during the applied record subsets, the adjacent 
structure may collapse earlier and affect the response of the 
remained structure. It is important to highlight that due to 
some preliminary analysis on the pounding cases having 
0.5SDmin, the results are approximately between those 0.0 
and 1.0SDmin. Therefore, for brevity, only results of 0.0 and 
1.0SDmin have been presented in the manuscript. Moreover, 

Table 7   Seismic performance of RC in collision with steel structures including seismic records for SD of 0.0

* Unit of all values are (g)

RC models Subset Steel structures colliding with SD of 0.0

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.284 0.494 0.793 1.066 0.306 0.524 0.844 1.195 0.309 0.534 0.949 1.274
NF-NP 0.348 0.644 1.151 1.518 0.379 0.697 1.163 1.548 0.379 0.719 1.157 1.563

5-Story NF-PL 0.245 0.466 0.753 1.021 0.265 0.469 0.796 1.116 0.289 0.521 0.909 1.409
NF-NP 0.283 0.536 0.947 1.289 0.286 0.539 0.945 1.314 0.302 0.572 1.040 1.439

9-Story NF-PL 0.159 0.276 0.478 0.621 0.160 0.280 0.490 0.633 0.163 0.288 0.493 0.612
NF-NP 0.143 0.268 0.478 0.553 0.145 0.270 0.484 0.563 0.161 0.275 0.481 0.597

Table 8   Seismic performance of RC in collision with steel structures including seismic records for 1.0SDmin

* Unit of all values are (g)

RC models Subset Steel structures colliding with SD of 1.0SDmin

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.285 0.493 0.817 1.106 0.287 0.490 0.796 1.124 0.280 0.503 0.896 1.166
NF-NP 0.357 0.663 1.142 1.606 0.355 0.658 1.142 1.583 0.377 0.685 1.296 1.667

5-Story NF-PL 0.268 0.471 0.805 1.148 0.268 0.464 0.768 1.142 0.274 0.491 0.864 1.203
NF-NP 0.297 0.559 0.956 1.332 0.297 0.561 0.946 1.326 0.303 0.612 1.086 1.441

9-Story NF-PL 0.162 0.284 0.475 0.643 0.164 0.278 0.458 0.615 0.158 0.260 0.406 0.536
NF-NP 0.150 0.278 0.464 0.573 0.155 0.284 0.459 0.550 0.147 0.253 0.400 0.524
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the outcomes of pounding for 0.5SDmin can be approxi-
mated through linear interpolation of the results as detailed 
in Tables 5–8. It should be added that these tables are com-
prehensive source for designers to predict the effects of the 
collision phenomenon regarding structures' type, record sub-
sets, and seismic code prescribed distance.

3.4 � Seismic fragility curve for SD of 0.0

Seismic fragility curves express the seismic vulnerability 
of structure for different damage states at different ground 
motion intensities. These curves are a typical tool for the 
physical understanding of functionally level of structures. 
The damage states play a pivotal role in illustrating the con-
dition of a compromised structure and assessing the fea-
sibility of retrofitting and repair options. In the Sect. 3.3, 
four seismic performances (e.g., IO, LS, CP, and TC) were 
defined that show the structural damage states prescribed in 
FEMA 356 [56]. Seismic fragility curves were derived for 
aforementioned performance levels for both adjacent col-
liding structures given two record subsets. Comparison was 
made between the structure in alone condition and collid-
ing one to clearly show the pounding effect on the seismic 
fragility curves. Figure 10 illustrates the procedure done 
to determine fragility curve. It should be mentioned that 
fragility curves of colliding structures achieved consider-
ing the influence of collapsed structure into the analyses. 
Therefore, due to assuming the real conditions of buildings, 
these results can be used for buildings with similar structural 
characteristics.

According to the analytical procedure, the seismic fra-
gility curves were generated from obtained IDA curves. 
Figures 11, 12, and 13 present fragilities of 3-Story steel 
in collision with 3-, 5-, and 9-Story RC structures for dif-
ferent drift thresholds given SD of 0.0, including NF-PL 
records, respectively. Capacity level probability of 3-Story 
steel increased in LS, CP, and TC performances, while it 
reached a reduction in IO performance. Therefore, adjacent 
RC structures have a negative effect on capacity level prob-
ability of 3-Story steel. On the other side of colliding struc-
tures, capacity level probability of 3-Story RC increased for 
all different drift thresholds. Capacity level probability of 
5-Story and 9-Story RC structures experienced an improve-
ment in IO and LS performances, while this value decreased 
in CP and TC performances.

Figures 14, 15, and 16 present the fragilities of 5-Story 
steel in collision with 3-, 5-, and 9-Story RC structures for 
different drift thresholds given SD of 0.0, including NF-PL 
record, respectively. Capacity level probability of 5-Story 
steel increased in IO, LS, CP, and TC performances. It is 
obvious that adjacent RC structures have a negative effect 
on capacity level probability of 5-Story steel.

Whereas, limit state probability of 3-Story RC increased 
in IO and LS performance levels, and remained unchanged 
in the CP and TC performance levels. It should be noted 
that limit state probability of 5-, and 9-Story RC were 
significantly decreased in CP and TC performance levels 
that shows the positive effects of being adjacent to 5-Story 
steel. Although 5-Story steel achieved a higher limit state 
probability, it helped the adjacent RC to achieve a lower 
limit state probability (e.g., 5-, and 9-Story RC).
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Fig. 10   Analytical procedures of this study
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Fig. 11   Seismic fragilities of a 3-Story steel, and b 3-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 12   Seismic fragilities of a 3-Story steel, and b 5-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 13   Seismic fragilities of a 3-Story steel, and b 9-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 14   Seismic fragilities of a 5-Story steel, and b 3-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 15   Seismic fragilities of a 5-Story steel, and b 5-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 16   Seismic fragilities of a 5-Story steel, and b 9-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 17   Seismic fragilities of a 9-Story steel, and b 3-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 18   Seismic fragilities of a 9-Story steel, and b 5-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Fig. 19   Seismic fragilities of a 9-Story steel, and b 9-Story RC for drift thresholds given SD of 0.0, including NF-PL records
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Figures 17, 18, and 19 present the fragilities of 9-Story 
steel colliding with selected RC structures for different drift 

thresholds given SD of 0.0, including NF-PL subset, respec-
tively. Figure 17 shows that limit state probability of 9-Story 
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Fig. 20   Seismic fragilities of a 3-Story steel, and b 3-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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Fig. 21   Seismic fragilities of a 3-Story steel, and b 5-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
0.0

0.2

0.4

0.6

0.8

1.0

IO
LS
CP
TC
IO-Colliding
LS-Colliding
CP-Colliding
TC-Colliding

Pr
ob

ab
ili

ty
of

E
D

P
Ex

ce
ed

in
g

Sa(T1) [g]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.0

0.2

0.4

0.6

0.8

1.0

IO
LS
CP
TC
IO-Colliding
LS-Colliding
CP-Colliding
TC-Colliding

Pr
ob

ab
ili

ty
of

ED
P

Ex
ce

ed
in

g

Sa(T1) [g]

b)a)

Fig. 22   Seismic fragilities of a 3-Story steel, and b 9-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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steel significantly reduced LS, CP, and TC performance lev-
els, while the same reduction was observed in the adjacent 
3-Story RC. The same results were observed from Fig. 18 
for 9-Story steel colliding with 5-Story RC. According to 
Fig. 19, limit state probability of 9-Story steel reduced in 
IO, CP, and TC performances, while limit state probability 
of 9-Story RC significantly reduced in CP and TC perfor-
mances. Therefore, 9-Story steel prevents adjacent RC from 
destruction during the seismic events and decreases their 
seismic limit state probabilities. According to the results, 
this phenomenon can be considered in the seismic evaluation 
of the adjacent structures.

3.5 � Seismic fragility curve for SD of 1.0SDmin

Figures 20, 21, and 22 present fragilities of 3-Story steel 
colliding with selected RC structures for various drift thresh-
olds given SD of 1.0SDmin, including NF-PL record subset, 
respectively. Fragilities of 3-Story steel in all performances 

were steeper than the colliding values and limit state prob-
ability of 3-Story steel can be achieved according to Sa (T1) 
values. Limit state probability of 3-Story RC increased dur-
ing the colliding in all performance levels, while limit state 
probability of 5-, and 9-Story RC structures significantly 
decreased in CP and TC performances. Although the slope 
of fragility curves of 3-Story steel reduced during collision, 
adjacent RC achieve a lower limit state probability (e.g., 5-, 
and 9-Story RC); thus, colliding effects can be considered in 
their seismic evaluation in the conservative way.

Figures 23, 24, and 25 present fragilities of 5-Story 
steel colliding with selected RC for different drift thresh-
olds given SD of 1.0SDmin, including NF-PL record subset, 
respectively. According to results, limit state probability 
of 5-Story steel remained unchanged in IO performance, 
while decreasing in LS performance level. Limit state prob-
ability of 5-Story steel in collision with 3-, and 5-Story RC 
increased in CP and TC performances, and CP performance 
increased in colliding with 9-Story RC. On the other side, all 
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Fig. 23   Seismic fragilities of a 5-Story steel, and b 3-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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Fig. 24   Seismic fragilities of a 5-Story steel, and b 5-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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Fig. 25   Seismic fragilities of a 5-Story steel, and b 9-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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Fig. 26   Seismic fragilities of a 9-Story steel, and b 3-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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Fig. 27   Seismic fragilities of a 9-Story steel, and b 5-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records
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performance levels of 3-Story RC affected by collision and 
5-, and 9-Story RC-MRFs experienced a significant decrease 
in TC performance.

Figures 26, 27, and 28 present the fragilities of 9-Story 
steel colliding with selected RC structures for different drift 
thresholds given SD of 1.0SDmin, including NF-PL record 
subset, respectively. According to Fig. 26, limit state prob-
ability of 9-Story steel remained unchanged in IO perfor-
mance, while significantly decreasing in LS, CP, and TC 
performances. Although seismic limit state probability of 
3-Story RC decreased in IO and LS performances, values 

showed a reduction in CP and TC performances. Figure 27 
shows that the seismic limit state probability of 9-Story steel 
and 5-Story RC significantly decreased. Therefore, these 
adjacent structures can help each other to remain more sta-
ble and achieve higher performance levels. Figure 28 shows 
that limit state probability of 9-Story steel and 9-Story RC 
increased during colliding and they have a negative effect on 
their performance levels.

Similar results hold true for aforementioned collid-
ing cases, but due to brevity, seismic limit state fragility 
curves were presented for NF-PL record subset. In addition, 
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Fig. 28   Seismic fragilities of a 9-Story steel, and b 9-Story RC for drift thresholds given SD of 1.0SDmin, including NF-PL records

Table 9   Seismic limit state 
probability of for RC and 
steel structures in alone state 
including NF-NP and NF-PL 
records

* Unit of all values are (g)

Record subset IO* LS CP TC IO LS CP TC IO LS CP TC
3-Story RC 5-Story RC 9-Story RC

NF-PL 0.507 0.490 0.496 0.504 0.465 0.496 0.491 0.503 0.454 0.506 0.502 0.500
NF-NP 0.488 0.498 0.498 0.501 0.483 0.475 0.496 0.490 0.436 0.497 0.488 0.492
NF-PL 0.536 0.507 0.497 0.498 0.404 0.493 0.491 0.492 0.523 0.468 0.500 0.486
NF-NP 0.540 0.497 0.505 0.498 0.449 0.499 0.495 0.497 0.445 0.491 0.495 0.485

Table 10   Seismic limit state probability of for steel in collision with RC including seismic records for SD of 0.0

* Unit of all values are (g)

Steel models Subset RC structures colliding with SD of 0.0

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.324 0.535 0.554 0.588 0.444 0.583 0.594 0.618 0.193 0.574 0.600 0.575
NF-NP 0.396 0.492 0.543 0.577 0.367 0.503 0.543 0.566 0.300 0.514 0.458 0.520

5-Story NF-PL 0.715 0.498 0.611 0.581 0.367 0.443 0.591 0.588 0.205 0.448 0.699 0.668
NF-NP 0.673 0.448 0.527 0.543 0.399 0.441 0.503 0.527 0.266 0.443 0.538 0.530

9-Story NF-PL 0.471 0.442 0.278 0.266 0.629 0.389 0.315 0.201 0.321 0.470 0.460 0.468
NF-NP 0.605 0.430 0.396 0.402 0.586 0.461 0.322 0.274 0.301 0.481 0.472 0.493
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Tables 9, 10, 11, 12, and 13 present the seismic limit state 
probability of RC and steel structures with and without col-
liding conditions for SDs of 0.0 and 1.0SDmin, including 
NF-NP and NF-PL record subsets. Then, it is possible to find 
out limit state probability in aforementioned performances 
for all types of models considered in this study. Then, it will 
be possible to compare limit state probability of a struc-
ture before and after colliding. For example, according to 

Table 9, 5-Story RC achieved probability of 0.503 in TC per-
formance. Then, to find out the effects of colliding with SD 
of 0.0, the seismic probabilities presented in Table 12 can 
be used for any adjacent steel with all performance levels.

Table 11   Seismic limit state probability of for steel in collision with RC including seismic records for 1.0SDmin

* Unit of all values are (g)

Steel models Subset RC structures colliding with SD of 1.0SDmin

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.361 0.480 0.510 0.521 0.409 0.477 0.516 0.536 0.275 0.491 0.565 0.433
NF-NP 0.405 0.467 0.495 0.525 0.408 0.464 0.508 0.540 0.500 0.524 0.567 0.527

5-Story NF-PL 0.376 0.419 0.563 0.547 0.502 0.452 0.546 0.534 0.285 0.404 0.576 0.468
NF-NP 0.447 0.462 0.486 0.499 0.498 0.503 0.447 0.500 0.445 0.439 0.451 0.406

9-Story NF-PL 0.534 0.404 0.251 0.323 0.548 0.461 0.310 0.248 0.497 0.491 0.537 0.564
NF-NP 0.458 0.437 0.371 0.416 0.445 0.494 0.401 0.356 0.028 0.302 0.362 0.508

Table 12   Seismic limit state probability of for RC in collision with steel including seismic records for SD of 0.0

* Unit of all values are (g)

RC models Subset Steel structures colliding with SD of 0.0

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.671 0.608 0.557 0.529 0.577 0.530 0.465 0.449 0.513 0.519 0.414 0.334
NF-NP 0.616 0.605 0.499 0.507 0.478 0.416 0.348 0.322 0.638 0.626 0.550 0.475

5-Story NF-PL 0.584 0.548 0.495 0.503 0.473 0.474 0.405 0.373 0.482 0.548 0.387 0.305
NF-NP 0.533 0.529 0.488 0.494 0.458 0.404 0.352 0.309 0.633 0.623 0.513 0.458

9-Story NF-PL 0.562 0.505 0.384 0.382 0.395 0.377 0.296 0.248 0.436 0.508 0.393 0.352
NF-NP 0.531 0.489 0.401 0.479 0.357 0.345 0.238 0.224 0.453 0.551 0.455 0.385

Table 13   Seismic limit state probability of for RC in collision with steel including seismic records for 1.0SDmin

* Unit of all values are (g)

RC models Subset Steel structures colliding with SD of 1.0SDmin

IO* LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.681 0.609 0.526 0.494 0.507 0.477 0.399 0.324 0.456 0.535 0.442 0.316
NF-NP 0.589 0.575 0.505 0.450 0.414 0.369 0.337 0.272 0.590 0.604 0.515 0.439

5-Story NF-PL 0.678 0.621 0.551 0.480 0.501 0.492 0.444 0.342 0.466 0.551 0.479 0.343
NF-NP 0.591 0.578 0.505 0.466 0.410 0.370 0.361 0.293 0.538 0.560 0.523 0.480

9-Story NF-PL 0.675 0.561 0.428 0.448 0.424 0.422 0.329 0.334 0.533 0.598 0.581 0.487
NF-NP 0.535 0.544 0.389 0.419 0.367 0.296 0.209 0.200 0.546 0.684 0.646 0.507
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3.6 � Modification factors

Results confirm that colliding between structures even in the 
prescribed SD (i.e., seismic code) affects both performance 
levels of structures; however, the designer does not consider 
these effects in design process that can cause severe damages 
to structures. Therefore, it is hard for the structural designer 
to find out the external forces that can exert by colliding. To 
overcome this problem, researchers proposed modification 
factors that could be considered to estimate limit state capac-
ities of adjacent structures (e.g., see [27, 28]). In this study, 
seismic Probability Factors (PFs) proposed to predict prob-
ability of colliding steel and RC structures in four perfor-
mances. Figure 29 presents procedure used in this study for 
calculating the PF for the 9-Story steel including and exclud-
ing colliding with 5-Story RC in TC performance, given SD 
of 1.0SDmin including NF-PL record subset. In the first step, 
IO, LS, CP, and TC performances with the allowable IDR 
described in Sect. 3.3 were shown in M-IDA curve of the 
9-Story steel (Fig. 29a). The Sa (T1) values corresponding 
to IO, LS, CP, and TC performances were calculated by 

0.079, 0.275, 0.459, and 0.547, respectively (these values are 
determined in Table 4). Then, these values can be assumed 
to determine seismic limit state probability. For instance, 
a value corresponding to the TC performance (i.e., 0.547) 
connected to limit state probability of 9-Story steel includ-
ing and excluding collision with 5-Story RC (Fig. 29b), and 
the values of 0.248 and 0.486 were achieved, respectively. 
Comparing probability values of colliding and alone condi-
tions show that colliding can decrease failure probability by 
51%. Therefore, a seismic PF of 0.51 is obtained and can be 
easily used by designers to calculate the colliding effects on 
the seismic limit state probability.

Seismic PFs proposed in this study significantly reduced 
the time and analysis efforts for designers, and help them 
to consider the colliding effect in their analyses. Tables 14, 
15, 16, and 17 present seismic PFs for colliding steel and 
RC structures including NF-NP and NF-PL record subsets, 
given SD of 0.0 and SDmin. For example, to calculate collid-
ing effects on limit state probability of 5-Story steel includ-
ing NF-NP records given SD of 0.0, the values presented 
in Table 14 can be used. According to Table 14, adjacent 
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Fig. 29   Procedure to calculate the seismic probability factors using a M-IDA curve of 9-Story steel, and b fragility curves of 9-Story steel 
including and excluding colliding with 5-Story RC in TC performance, given SD of 1.0SDmin, including NF-PL records

Table 14   Seismic probability factors of steel structures in collision with RC including seismic records for SD of 0.0

Steel models Subset RC structures colliding with SD of 0.0

IO LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.604 1.055 1.115 1.181 0.828 1.150 1.195 1.241 0.360 1.132 1.207 1.155
NF-NP 0.733 0.990 1.075 1.159 0.680 1.012 1.075 1.137 0.556 1.034 0.907 1.044

5-Story NF-PL 1.770 1.010 1.244 1.181 0.908 0.899 1.204 1.195 0.392 0.957 1.398 1.372
NF-NP 1.499 0.898 1.065 1.093 0.889 0.884 1.016 1.060 0.598 0.902 1.087 1.093

9-Story NF-PL 0.901 0.944 0.556 0.546 1.203 0.831 0.630 0.413 0.614 1.004 0.920 0.961
NF-NP 1.360 0.876 0.800 0.829 1.317 0.939 0.651 0.565 0.676 0.980 0.954 1.016
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3-Story RC can improve limit state probability of 5-Story 
steel by a factor of 1.499 in IO performance. Therefore, 
designers can use these tables to find out about the effects 
of adjacent structures and take them into account.

4 � Conclusions

This study aimed to evaluate the limit state probability of 
steel structures in collision with RC structures including 
NF-PL and NF-NP records introduced by FEMA-P695 

[53] given SDs of 0.0, 0.5SDmin, and 1.0SDmin. Accord-
ing to developed analytical model, it is possible to perform 
IDAs for adjacent colliding structures with different fun-
damental periods (e.g., T1,1 and T1,2) assuming the effects 
of collapsed structure as it happens in real conditions. 
M-IDA curves and fragilities of selected structures have 
been determined and PFs have been proposed to estimate 
limit state probability of considered colliding structures. 
The results are summarized as follows:

Table 15   Seismic probability factors of steel structures in collision with RC including seismic records for 1.0SDmin

Steel models Subset Colliding with SD of 1.0SDmin

IO LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 0.674 0.947 1.026 1.046 0.763 0.941 1.038 1.076 0.513 0.968 1.137 0.869
NF-NP 0.750 0.940 0.980 1.054 0.756 0.934 1.006 1.084 0.926 1.054 1.123 1.058

5-Story NF-PL 0.931 0.850 1.147 1.112 1.243 0.917 1.112 1.085 0.545 0.863 1.152 0.961
NF-NP 0.996 0.926 0.982 1.004 1.109 1.008 0.903 1.006 1.000 0.894 0.911 0.837

9-Story NF-PL 1.021 0.863 0.502 0.663 1.048 0.985 0.620 0.510 0.950 1.049 1.074 1.158
NF-NP 1.029 0.890 0.749 0.858 1.000 1.006 0.810 0.734 0.063 0.615 0.731 1.047

Table 16   Seismic probability factors of RC in collision with steel structures including seismic records for SD of 0.0

RC models Subset Steel structures colliding with SD of 0.0

IO LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 1.323 1.241 1.123 1.050 1.138 1.082 0.938 0.891 1.012 1.059 0.835 0.663
NF-NP 1.262 1.215 1.002 1.012 0.980 0.835 0.699 0.643 1.307 1.257 1.104 0.948

5-Story NF-PL 1.256 1.105 1.008 1.000 1.017 0.956 0.825 0.742 1.062 1.083 0.771 0.610
NF-NP 1.104 1.114 0.984 1.008 0.948 0.851 0.710 0.631 1.452 1.254 1.051 0.931

9-Story NF-PL 1.238 0.998 0.765 0.764 0.870 0.745 0.590 0.496 0.960 1.004 0.783 0.704
NF-NP 1.218 0.984 0.822 0.974 0.819 0.694 0.488 0.455 1.039 1.109 0.932 0.783

Table 17   Seismic probability factors of RC in collision with steel structures including seismic records for 1.0SDmin

RC models Subset Steel structures colliding with SD of 1.0SDmin

IO LS CP TC IO LS CP TC IO LS CP TC

3-Story 5-Story 9-Story

3-Story NF-PL 1.343 1.243 1.060 0.980 1.000 0.973 0.804 0.643 0.899 1.092 0.891 0.627
NF-NP 1.207 1.155 1.014 0.898 0.848 0.741 0.677 0.543 1.209 1.213 1.034 0.876

5-Story NF-PL 1.458 1.252 1.122 0.954 1.077 0.992 0.904 0.680 1.026 1.089 0.954 0.686
NF-NP 1.224 1.217 1.018 0.951 0.849 0.779 0.728 0.598 1.234 1.127 1.072 0.976

9-Story NF-PL 1.487 1.109 0.853 0.896 0.934 0.834 0.655 0.668 1.174 1.182 1.157 0.974
NF-NP 1.227 1.095 0.797 0.852 0.842 0.596 0.428 0.407 1.252 1.376 1.324 1.030
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•	 The findings validate that the Sa (T1) values for RC 
structures, across various drift thresholds, including 
the NF-PL record subset, are lower compared to the 
NF-NP record subset. Consequently, it is evident that 
the NF-PL record subset has the potential to heighten 
the vulnerability of adjacent structures. Similar out-
comes were observed for 3-story steel structure, while 
the Sa (T1) values of 5-story and 9-story steel structures 
exhibited distinct trends across different drift thresh-
olds.

•	 It is evident that structural collisions can exert external 
forces on the contact level of adjacent structures. 
These external forces may lead to sudden changes 
in the moment and rotation curves compared to the 
isolated condition of the structure. Examination of these 
external forces for 9-story steel structures colliding with 
3-story RC structures, assuming a SD of 0.0, revealed 
that the maximum moment values of column and beam 
hinges increased by 37.96% and 13.22%, respectively. 
Additionally, the maximum rotation values of column 
and beam hinges increased by 31.25% and 29.62%, 
respectively.

•	 The analysis results indicate that structural pounding 
can affect performance levels. For instance, in 3-story 
and 5-story steel structures in collision with 5-story RC 
structures, the TC performance decreased by 4.22% and 
4.17%, respectively, while the TC performance improved 
by 26.14% in 9-story steel structures in the NF-PL 
record subset under the assumption of 1.0SDmin. Thus, 
accounting for the effects of collisions on performance 
levels is deemed necessary.

•	 To apply the findings of this study, the authors propose 
seismic PFs to estimate the probability of capacity levels 
in various performance states such as IO, LS, CP, and TC, 
assuming 0.0 and 1.0SDmin, including both NF-PL and 
NF-NP record subsets. These proposed seismic PFs can 
significantly streamline the analysis process and reduce 
the modeling efforts required by designers to account for 
collision phenomena. Furthermore, the authors suggest 
that these PFs could be widely adopted for retrofitting 
existing buildings by considering the additional capacity 
that collisions might provide. In addition, for 0.5SDmin, 
the PFs can be approximated through linear interpolation.

Although this study tried to include a wide range of 
results, the findings are applicable for those low- to mid-
rise adjacent structures including near-field records that 
present floor-to-floor collision. For future research, the 
authors suggested to include far-field records as well as 
more pounding cases having floor-to-column collision. In 
addition, it is suggest including different structural plan to 
see the influence of various floor weight.
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