Ferdowsi Civil Engineering, 38, 2, 2025. (1-30)

&

&é’;i‘/ﬂz&
Ferdowsi
University of
Mashhad

Ferdowsi Civil Engineering

7 \

https://civil-ferdowsi.um.ac.ir

) Pavement
Iranian Engineering
Concrete Association of

Institute Iran

Seismic Evaluation of Steel Frames with Dual Linked-Column- Frame under

Successive Earthquakes*
Research Article

Farzaneh Tafreshi!, Elham Rajabi?
DOI: 10.22067/jfcei.2025.90190.1324

, and Yaser Golestani?

1- Introduction

Earthquakes are known as one of the most significant
causes of structural damage. Since Iran is located in the
high seismic belt, numerous major faults can lead to current
severe earthquakes. In these zones, buildings are often
subjected to successive earthquakes and substantial
damage. This phenomenon typically occurs in short time
intervals. Due to the limited time for repair and restoration,
damages will be accumulated and casualties are more
severe than single earthquakes. Although the seismic
design codes primarily focus on main-shock events for
"design earthquake", the performance of structures under
successive earthquakes needs more comprehensive
examinations. Because the caused damage by consecutive
shocks is significantly greater than that caused by single
earthquakes. Consequently, considering the effects of this
destructive phenomenon in structural design and
construction seems necessary. Steel structures are widely
used system in the construction industry, and known as the
key systems in managing earthquake-induced damage. To
mitigate these damages, a novel dual lateral-load-resisting
system known as the Linked Column Frame (LCF) has
been introduced. This system consists of parallel columns
connected by link beams, which play as structural fuses,
dissipating the seismic energy absorbed by the structure.
The LCF system's simplicity in construction, installation,
and replaceable link beams make it economically option
among engineering for building projects.

2- Research Methodology

In this study, after a comprehensive review in previous
researches and design methods based on force and
performance , four structural models consist of 3 and 6-
story buildings equipped by dual span of linked column
frames with flexural and shear link beams were designed
and implemented in the OpenSees software according to

Fig. 1. In this regard, fiber elements were used for
simulation of the nonlinear behavior, dividing member
cross-sections into segments to accurately model material
behavior. Mechanical properties of columns were defined
using Steel02 model, while link beams were designed with
hysteretic materials to involve both flexural and shear
behaviors under cyclic loading. As-recorded ground
motions were used for nonlinear dynamic analysis under
successive earthquakes because artificial simulations such
as "back-to-back" and "random" often have less sufficient
accuracy. Effective peak acceleration (EPA) was selected
as the most reliable parameter for selection of the ground
motions because Peak Ground Acceleration (PGA) is not
always a suitable criterion. Sixteen successive earthquake
records were selected from the PEER database and used in
this study. A 30-second time gap between two shocks in
each scenario was assumed based on previous researches.
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Fig. 1. Plan and schematic view of the studied models

First shocks were scaled according to Standard 2800
seismic code, while the second shocks were scaled using a
new spectrum based on prior studies.

3- Nonlinear Dynamic Analysis

After verification of the studied models in two steps consist
of comparison of (1) period and (2) pushover curve in Fig.
2, nonlinear dynamic analysis was performed under single
and successive shocks and some parameters including roof

and story drifts, base shear, and residual displacements
were calculated and compared for single and successive
cases. For a more comprehensive assessment, the Park and
Ang damage index (1985) was selected as the primary
parameter to evaluate seismic damage for seismic scenarios
with/without sequence (Fig. 3):
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The results revealed that seismic sequence phenomenon
has more destructive effects than single earthquakes,
particularly for 3-story LCF frame with flexure link beams
(Fig.3), which demonstrated superior performance in
energy absorption and damage reduction. Maximum story
drifts and damage indices were mostly concentrated in the
lower stories and decreased with increasing height. The
results also showed that the residual displacement due to
seismic sequences in 3-story frames was less than 6-story
frames (Fig. 4). Moreover, inter-story drifts caused by
successive shocks were up to 3% higher than single
earthquakes, especially in the lower stories. Base shear
forces increased by up to 26%, indicating the impact of
successive earthquakes on lateral loads. Generally, shear
link beams have better performance than flexural link
beams in structural damage reduction because of more
stiffness and higher energy absorption capacity.
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Fig. 2. Push-over curves for reference and implemented model




The findings of this paper suggest that shear link beams
are a more effective choice in severe seismic conditions,
such as successive earthquakes. Since the appropriate
performance of LCF system in reducing the structural
damages caused by successive earthquakes (especially in
high-rise buildings), it can be considered as a suitable
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Fig. 4. Average of residual displacement under single and successive shocks
option for designing structures in seismic active zones.
4- Results

Also, shear link beams have a crucial role in minimizing
the structural damage because they efficiently absorb
seismic energy and prevent damage from propagating to
other parts of the structure. Therefore, considering this
system in the design of structures can significantly
enhance structural safety and durability. The LCF system
not only prevents severe damages from successive
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earthquakes but also improves the structure’s overall
seismic performance, extends its lifespan, and reduces
maintenance costs. Moreover, implementing this system in
seismic-active zones can prevent the total collapse of
structures and provide more safety for occupants during
successive earthquakes. Some of the results are
summarized as follows:

Relative floor displacements under successive
earthquakes are 2 to 3 percent greater than single
case.

The damage index caused by successive earthquakes
for LCF frames with flexural linked beam is about
38% more than LCF models with shear linked beam.
Generally, consecutive earthquakes have 2 to 38
percent more destructive effects on structures than
single earthquakes. Six-story models with flexural
performance are more affected by consecutive
earthquakes than others.
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Seismic Evaluation of Steel Frames with Dual Linked-Column- Frame under Successive Earthquakes

Farzaneh Tafreshi Elham Rajabi Yaser Golestani®

Abstract Since successive shocks occur with short time interval, damage will accumulate in the structures. Recently,
linked column frame system (LCF) as a new dual lateral-resisting system, has been introduced in order to manage and
reduce the structural damage. In this paper, 4 steel frames equipped by dual LCF and shear/flexure link beams were
designed and implemented in Opensees. After nonlinear static and dynamic analysis for single and consecutive
earthquakes, parameters such as displacements of the roof and stories, base shear and Park-Ang damage index were
investigated. The results showed that successive earthquakes cause more seismic damage to structures than single ones
and the frames with the shear link beams have better performance.

Key Words Dual Linked-Column-Frame system, Seismic sequence phenomenon, Nonlinear dynamic analysis,
Structural fuse, Damage index.
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