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ABSTRACT

Accurate assessment of the seismic fragility of special reinforced concrete
(RC) moment-resisting frames requires consideration of the factors
influencing the nonlinear response of the structure. In the present study, a
novel and unified framework for assessing the seismic fragility of such
frames is developed, in which the effects of soil-foundation—structure
interaction (SFSI), nonlinear beam-to-column joint behavior, span length,
and the type and vertical location of structural irregularities are
simultaneously considered. For this purpose, five-story structures were
designed in accordance with the seismic provisions of the Iranian codes
and ACI 318-19, and the finite-element models were developed using
OpenSees. Seismic performance was evaluated through incremental
dynamic analysis using a suite of far-field ground-motion records selected
in accordance with FEMA P695. The maximum inter-story drift ratio was
adopted as the engineering demand parameter, and the fragility curves
were developed based on four seismic performance levels. The results
showed that lateral stiffness irregularity in the first story had the most
adverse effect on the seismic fragility of structures in both configurations.
In addition, mass concentration at the first story in short-span frames and
at the third story in long-span frames increased seismic vulnerability.
Accordingly, it was observed that the effects of the type and location of
irregularities depend on the geometric characteristics of the frame, and
this dependency becomes more pronounced in the presence of SFSI and
nonlinear beam-to-column joint behavior. Therefore, neglecting these
factors in the seismic fragility assessment of special RC moment-resisting
frames with various irregularity patterns may lead to inaccurate estimates
of structural seismic vulnerability.
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Introduction

Special  reinforced concrete  (RC)
moment-resisting frames are widely used in
seismic regions owing to their high ductility
and energy dissipation capacity. Their design
philosophy is based on preventing brittle
failure mechanisms, providing adequate
confinement in potential plastic hinge regions,
and ensuring ductile behavior through capacity
design principles.

Despite these advantages, the seismic
response and performance of RC frames are
influenced by several factors, including soil-
foundation-structure interaction  (SFSI),
nonlinear beam-to-column joint behavior, span
length, and structural irregularities. Stiffness
and mass irregularities, which may occur at
different heights of a building, can
significantly alter the distribution of stiffness,
strength, and seismic demands throughout the
structure. Although current seismic design
provisions allow mid-rise buildings with
limited stiffness or mass irregularities, their
effects on seismic fragility and the probability
of exceeding different performance levels have
not been fully quantified. Previous studies
have generally investigated the effects of
SFSI,  nonlinear  beam-to-column  joint
behavior, structural irregularities, and span
length independently. However, the combined
effects of the type and vertical location of
structural irregularities, together with SFSI
and nonlinear joint behavior, as well as their
dependence on frame span length, have not
been systematically investigated.

Within this context, fragility analysis
provides an appropriate framework for
quantifying the probability of exceeding
predefined seismic  performance levels.
Therefore, the main novelty of this study lies
in systematically evaluating the combined
effects of SFSI, nonlinear beam-to-column
joint behavior, frame span length, and the type
and vertical location of stiffness and mass
irregularities within a unified seismic fragility
assessment framework.

Methodology

Five-story special RC moment-resisting
frame buildings with an 18x18 meters squre

plan were designed according to the Iranian
seismic code and ACI 318-19 provisions for
soil type Ill. A three-span frame with six
meters spans and a two-span frame with nine
meters spans were considered. Stiffness and
mass irregularities were introduced at the first
and third stories. Two-dimensional nonlinear
models were developed in OpenSees,
including structural members, beam-to-column
joints, foundations, and supporting soil.
Concrete04 and Steel02 models represented
concrete and reinforcing steel, while SFSI and
joint behavior were modeled using Winkler
springs and the Joint2D element, respectively.
Incremental dynamic analyses were performed
using 15 FEMA P695 far-field records, with
Sa(T1,5%) as the intensity measure. The
collapse criteria were defined by excessive
drift, a reduction in the IDA-curve slope, or
numerical non-convergence. Fragility curves
were developed for four performance levels
based on drift thresholds adopted from
HAZUS for mid-rise special RC moment-
resisting frames with a High-Code design
level. The goodness-of-fit of the lognormal
distribution was evaluated using Q-Q plots and
the Anderson-Darling test, confirming the
adequacy of the assumed distribution. The
annual failure rate and 50-year failure
probability were computed by integrating the
fragility curves with the seismic hazard curve
using a numerical integration procedure. The
reliability index (5) was calculated in
accordance with the JCSS Probabilistic Model
Code for the complete collapse limit state. The
target reliability index recommended by JCSS
for a 1-year reference period ($=4.2) was
converted to an equivalent 50-year target value
for comparison purposes.

Results

The results showed that considering SFSI
increased the probability of exceedance across
all performance levels for all structural
models. This increase was more significant at
the extensive damage and complete collapse
states, indicating that soil flexibility amplifies
the nonlinear deformation demands imposed
on structural components under severe seismic
loading. Frames with a span length of nine



meters exhibited greater sensitivity to SFSI
than those with a span length of six meters .

In most cases, structures with lateral
stiffness irregularity at the first story exhibited
higher probabilities of performance-level
exceedance than those with irregularity located
in the upper stories. However, this trend was
not consistently observed across all
performance levels and frame configurations,
suggesting that its influence depends strongly
on span length and the degree of structural
nonlinearity. Furthermore, mass irregularity
increased seismic fragility relative to the
corresponding regular structures for both span
lengths. In  short-span  frames, mass
concentration in the lower stories resulted in a
more pronounced increase in fragility,
particularly at the complete collapse limit
state. In contrast, in long-span frames, the
greater contribution of higher-mode effects
amplified the adverse influence of mass
irregularity at the third story, leading to
increased fragility at certain performance
levels. The probabilistic assessment results
demonstrated that, across most seismic
performance levels, regular structures were
associated with lower probabilities of failure
and greater reliability compared with
structurally irregular configurations.
Moreover, the results indicated that not only
the type of irregularity but also its vertical
location within the structure significantly
affected the probability of failure and can
result in considerable changes in seismic
vulnerability and fragility.

The reliability assessment indicated that
the reliability indices of all structural models
at the complete collapse limit state were lower
than the equivalent 50-year target value
derived from the JCSS Probabilistic Model
Code. This finding suggests that, within the
framework of the present study, the
investigated RC moment-resisting frame
structures do not achieve the target reliability
level at the complete collapse limit state. It
should be noted that the reported f values and
failure probabilities primarily reflect the
variability of ground-motion records, while
modeling uncertainties were incorporated as
deterministic values. Accordingly, the results

should be interpreted as conditional estimates
within the framework of the selected models
and parameters.

Conclusion

Overall, the findings of this study
indicate that neglecting beam-to-column joint
behavior and SFSI may lead to inaccurate
assessments of seismic capacity, vulnerability,
and structural safety. The results further
demonstrate that both the type and vertical
location of structural irregularities
significantly influence the seismic
vulnerability of RC moment-resisting frames.
Therefore, the combined effects of SFSI,
beam-to-column joint behavior, span length,
and structural irregularities should be
considered to achieve a more realistic
evaluation of seismic performance and
structural safety.
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32- Ultimate Limit States
33- Consequences of Failure
34. Relative Cost of Safety Measures
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