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ABSTRACT

Background: This research aims to provide a comprehensive and comparative
evaluation of the seismic performance of special steel moment frames designed
using conventional S235 steel, and shape memory alloys (SMA). The necessity of
this study lies in accurately identifying the influence of different mechanical
properties of steels such as yield strength, stress-strain behavior, ductility, and
energy absorption capacity on structural performance indicators under severe
earthquakes.

Methods: In this study, numerical models of special steel moment frames were
developed using nonlinear analysis software, and their behavior under seismic
loading was investigated. To achieve a more accurate assessment, the seismic
performance of the frames was evaluated using nonlinear analyses, including
nonlinear static (pushover) analysis and nonlinear dynamic analysis. This
analytical framework enabled a direct comparison of the structural behavior of the
frames while accounting for differences in the mechanical properties of the steels
used.

Results: The results indicate that the type of steel has a significant effect on the
seismic response of special moment frames. Although the use of high-strength
steels can increase the initial load-carrying capacity of the structure, this increase
in strength does not necessarily lead to improved seismic performance. The
findings reveal that shape memory alloys exhibit higher yield strength but lower
ductility, despite having an initial elastic modulus similar to conventional steel. In
contrast, S235 steel, due to its more favorable ductility and greater ability to
dissipate seismic energy, demonstrates more stable and safer behavior in the
inelastic range and can improve the overall seismic performance of the structure.

Conclusion: The results also show that shape memory alloys (SMA), owing to their
deformation recovery capability and high energy absorption and dissipation
capacity, have considerable potential to enhance the seismic performance of steel
structures. The use of such materials can reduce residual deformations and
improve the re-centering capability of structures after earthquakes, and thus can
be proposed as a novel approach in the seismic design and retrofit of steel frames.
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Introduction

pecial Moment-Resisting Steel
Frames (SMRSFs) are widely
used in  high-seismicity
regions due to their ductility,
energy  dissipation, and
inelastic deformation
capacity. Under performance-
based seismic design, these
systems must undergo severe earthquakes
by dissipating seismic energy through plastic
deformation without experiencing global
instability or brittle failure. While
conventional S235 steel is widely utilized for
its stable inelastic behavior and high
ductility, high-strength alloy steels have
recently gained attention to reduce member
sizes and increase load capacity. However,
the higher yield strength of alloy steels often
comes at the expense of ductility, potentially
leading to localized plastic deformation,
elevated structural demands, and reduced
energy dissipation. Accurately evaluating
these systems requires nonlinear analysis to
capture structural behavior from the elastic
range up to collapse. Nonlinear static
(pushover) analysis is used to assess
capacity curves, plastic hinge distribution,
and drift controls, while Incremental
Dynamic Analysis (IDA) evaluates collapse
capacity under scaled ground motions.
Accordingly, this study systematically
compares the seismic performance of
SMRSFs designed with S235 versus high-
strength alloy steels. The evaluation focuses
on the influence of steel type on structural
weight, stiffness,  ductility,  energy
dissipation, drift, collapse capacity, and the
adjusted collapse margin ratio (ACMR).

Methods

This study evaluates 5-story and 10-story
special steel moment frames designed with
either conventional S235 structural steel or
high-strength  alloy steel. =~ Numerical
modeling and nonlinear analyses are
conducted in OpenSees, while design checks,
data processing, and performance-based
constraints are managed in MATLAB. In the
design phase, the frames are designed
according to AISC-LRFD criteria, evaluating
member capacities under combined axial,
bending, and shear demands. The
optimization process also incorporates
geometric compatibility constraints at beam-
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to-column connections, ensuring stable
column transitions and appropriate beam-
to-column flange width ratios. Performance-
based seismic evaluation is performed via
nonlinear static (pushover) analysis using a
first-mode lateral load pattern. The analysis
targets displacement levels corresponding to
Immediate Occupancy (I0), Life Safety (LS),
and Collapse Prevention (CP) performance
levels, calculated using the ASCE 41-13
displacement coefficient method. To
determine collapse capacity, Incremental
Dynamic Analysis (IDA) is conducted under
a suite of scaled ground motions. Global
collapse is defined by a 10% maximum inter-
story drift limit, the IDA curve slope falling
below 20% of its initial elastic slope, or
numerical non-convergence. Finally, seismic
safety is verified per FEMA P695 by
converting the Collapse Margin Ratio (CMR)
to the Adjusted Collapse Margin Ratio
(ACMR) using Spectral Shape Factors (SSF)
and comparing it against code acceptance
limits.

Results

Design optimization results show that using
high-strength alloy steel does not reduce
structural weight. For the 5-story frames,
S235 designs (12.335 to 12.936 units) were
lighter than alloy steel designs (12.892 to
13.418 units). Similarly, in 10-story frames,
S235 designs weighed between 43.509 and
44.125 units, compared to 45.257 to 45.737
units for alloy steel, proving S235 is more
economical. All frames satisfied
performance-based design limits, inter-story
drift controls, strong-column/weak-beam
criteria, and member strength interactions.
Pushover analysis confirmed that both frame
types safely accommodated inelastic
deformations at target displacement levels,
though lateral displacement profiles were
highly influenced by the steel type and
resulting section sizes.

Incremental Dynamic Analysis (IDA) verified
that all configurations met FEMA P695
collapse safety margins, but high-strength
steel did not improve performance. In 5-
story frames, S235 designs achieved higher
Adjusted Collapse Margin Ratios (ACMR of
3.56 to 3.87) than alloy steel designs (ACMR
of 3.35 to 3.38). Likewise, in 10-story frames,
S235 consistently showed higher safety
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margins (ACMR of 2.92 to 2.95) compared to
alloy steel (ACMR of 2.84 to 2.85). The
superior seismic performance of S235 steel
is attributed to its high material ductility and
stable energy dissipation, promoting
uniform plastic deformation. Conversely,
while high-strength steels increase member
stiffness, their lower ductility can cause
localized damage concentration and
premature instability. Therefore, material
selection must balance strength, ductility,
stiffness, and energy dissipation.

Conclusion

In this study, the seismic performance of 5-
story and 10-story special steel moment
frames designed with S235 steel and high-
strength alloy steel was evaluated using
nonlinear analyses. Numerical modeling was
conducted in OpenSees, and the seismic
response of the frames was investigated via
nonlinear static (pushover) and incremental
dynamic analyses. The collapse capacity and
the adjusted collapse margin ratio (ACMR)
were subsequently evaluated using the
FEMA P695 methodology. The main
conclusions of this research can be
summarized as follows:

e The application of high-strength alloy steel
does not necessarily reduce the weight and
initial cost of steel moment frames. In both
the 5-story and 10-story structures, the
frames designed with S235 steel exhibited
lower optimal weights than the
corresponding alloy steel designs.

o All examined frames, designed with either
S235 or alloy steel, satisfied the seismic
acceptance criteria of FEMA P695 and
exhibited acceptable collapse safety
margins.

e A comparison of the ACMR values revealed
that the frames designed with S235 steel in
most cases possessed higher collapse safety
margins than the frames designed with
high-strength alloy steel.

e Increasing the yield strength of the steel
alone does not guarantee improved seismic
performance, as the inelastic response of the
structure depends on parameters such as
ductility, energy dissipation capacity,
stiffness  distribution, plastic  hinge
sequence, and member stability.

e S235 steel, due to its appropriate ductility
and stable hysteretic behavior in the
inelastic range, represents an economical
and reliable option for achieving the target
seismic safety in special steel moment
frames.

e The findings of this study suggest that in the
optimization of special moment frames,
material selection should be conducted by
simultaneously evaluating economic and
performance-based indicators. Therefore,
the use of high-strength steels without
considering their ductile behavior and
energy dissipation capacity may not lead to
a noticeable improvement in seismic
performance.

Overall, the findings of this research confirm

that S235 steel in special steel moment

frames can provide a highly satisfactory and
economical performance while fully meeting
design codes and seismic acceptance criteria.

Consequently, utilizing this type of steel in

seismically active regions, particularly

where ductility and collapse safety are of
primary concern, represents a technically
and economically justifiable strategy.
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M Year Name

1 6.7 1994 Northridge

2 6.7 1994 Northridge

3 7.1 1999 Duzce, Turkey
4 7.1 1999 Hector Mine

5 6.5 1979 Imperial Valley

6 6.5 1979 Imperial Valley

7 6.9 1995 Kobe, Japan

8 6.9 1995 Kobe, Japan

9 7.5 1999 Kocaeli, Turkey
10 7.5 1999 Kocaeli, Turkey
11 7.3 1992 Landers

12 7.3 1992 Landers

13 6.9 1989 Loma Prieta
14 6.9 1989 Loma Prieta
15 7.4 1990 Manjil, Iran
16 6.5 1987 Superstition Hills
17 6.5 1987 Superstition
18 7 1992 Cape Mendocino
19 7.6 1999 Chi-Chi, Taiwan
20 7.6 1999 Chi-Chi, Taiwan
21 6.6 1971 San Fernando
22 6.5 1976 Friuli, Italy
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