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Abstract

This study presents a comprehensive
performance-based seismic design and
evaluation of reinforced concrete (RC)
frame buildings. The research implements
advanced analytical procedures to assess
the seismic performance of RC frames
designed according to performance-based
engineering principles. Multiple
performance levels were evaluated through
nonlinear time history analysis using a suite
of ground motions with varying intensities.
A prototype 10-story RC frame building
was designed following current code
provisions and then redesigned using
performance-based methodologies. The
seismic behavior was characterized through
interstory drift ratios, plastic hinge
formation patterns, and global damage
indices.  Results  demonstrate  that

performance-based designed structures

exhibited 22% lower maximum interstory
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drift ratios and 35% improved damage
distribution compared to code-compliant
designs under design-level earthquakes.
The proposed methodology achieved
significant improvements in controlling
damage distribution and reducing repair
costs with only a marginal 7% increase in
initial construction costs. This research
contributes to the advancement of
earthquake-resistant design methodologies
for RC frame buildings by providing
quantitative evidence of performance
enhancements and  practical  design

recommendations for practicing engineers.

Keywords: Performance-based design,
Seismic performance, RC frame buildings,

Nonlinear analysis, Damage assessment.
1. Introduction
1.1 Background and Motivation

Conventional seismic design approaches

have historically relied on force-based
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methodologies that often result in buildings
with unpredictable performance during
actual earthquakes. The catastrophic
structural failures and economic losses
observed during major seismic events like
the 1994 Northridge, 1995 Kobe, and 2010
Chile earthquakes have highlighted the
limitations of traditional design approaches.
These events demonstrated that even code-
compliant  buildings may suffer
unacceptable levels of damage during
earthquakes that exceed or differ from
design assumptions. As urban centers
continue to grow in seismically active
regions worldwide, there is an urgent need
to develop and implement design
methodologies that can reliably predict and
control structural performance under
various earthquake scenarios. Performance-
based seismic design (PBSD) has emerged
as a promising alternative that directly
addresses the limitations of conventional
approaches by explicitly considering
multiple performance objectives. Unlike
traditional force-based design, which
primarily focuses on life safety through
strength and ductility provisions, PBSD
enables engineers to design structures with
predictable performance across various
seismic hazard levels. This approach allows
stakeholders to make informed decisions
regarding the balance between construction

costs and expected seismic performance,
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ultimately leading to more resilient built

environments.

1.2 Current State of Practice and

Research Gaps

Despite significant advances in analytical
capabilities and computing power over the
past decades, the implementation of PBSD
in routine engineering practice remains
limited. Current design codes, such as
ASCE 7-22 and ACI 318-19, have
incorporated certain performance-based
concepts, but they still rely heavily on
prescriptive requirements and simplified
analysis procedures. The gap between
research advancements and practical
implementation stems from several factors,
including the complexity of nonlinear
analysis procedures, uncertainties in
performance prediction, and the lack of
standardized design methodologies that can
be readily applied by practicing engineers.
Previous research has made significant
contributions to developing the theoretical
framework for PBSD. Studies by Priestley
et al. (2007) established the direct
displacement-based design methodology
for RC structures, while Moehle (2015)
provided comprehensive guidelines for
performance-based seismic design of tall
buildings. However, limited empirical
studies have systematically quantified the
achieved

performance  improvements
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through PBSD compared to conventional
approaches, particularly for mid-rise RC
frame buildings that constitute a significant

portion of urban infrastructure worldwide.
1.3 Research Objectives and Scope

This research aims to bridge the gap
between theoretical advancements and
practical implementation of PBSD for RC
frame buildings through the following

specific objectives:

1. Develop a systematic and practical
methodology for implementing
performance-based seismic design
of mid-rise RC frame buildings that
can be adopted by practicing

engineers.
2. Quantitatively assess the
performance improvements

achieved through PBSD compared
to conventional code-based designs
using a comprehensive suite of

seismic performance metrics.

3. Evaluate the economic implications
of PBSD in terms of initial
construction costs, expected repair
costs following earthquakes of
varying intensities, and life-cycle
costs considering multiple hazard

levels.

4. Establish correlation  between

design parameters and performance
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outcomes to provide design
guidance for achieving specific

performance objectives efficiently.

The scope of this study focuses on regular
RC moment frames with heights ranging
from 6 to 12 stories, representing typical
mid-rise buildings commonly found in
urban environments. The research employs
advanced nonlinear analysis techniques,
including both pushover analysis and
nonlinear time history analysis with a suite
of ground motions, to evaluate seismic
performance across multiple intensity
levels corresponding to different return

periods.
2. Literature Survey

Performance-based seismic design has
evolved significantly since its conceptual
introduction in the vision 2000 document
(SEAOC, 1995), which first established the
multi-level performance objectives
framework. This evolution has been driven
by advancements in structural analysis
methods, improved understanding of
seismic hazard characterization, and
lessons learned from post-earthquake
reconnaissance studies. Early
implementations focused primarily on
performance evaluation rather than design,
as exemplified by FEMA 273 (1997) and its
successor FEMA 356 (2000), which
seismic

provided guidelines for
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rehabilitation of existing buildings based on
performance objectives. The transition
from evaluation to design methodologies
gained momentum with the development of
direct displacement-based design
procedures by Priestley et al. (2007), which
provided a rational framework for
designing new structures to meet specific
drift limitations. This approach represented
a paradigm shift from force-based to
displacement-based design, recognizing
that damage in structures correlates better
with deformations than forces.
Concurrently, researchers like Krawinkler
and Miranda (2004) developed the
probabilistic framework for performance-
based earthquake engineering (PBEE),
which explicitly accounts for uncertainties
in seismic hazard, structural response,

damage assessment, and loss estimation.

For RC frame buildings specifically,
significant research has focused on
establishing reliable relationships between
engineering demand parameters (EDPs)
and damage states. Haselton et al. (2011)
conducted extensive studies on the collapse
assessment of RC frame buildings,
providing valuable insights into the
influence of design parameters on collapse
probability. Complementary work by
Ramirez and Miranda (2012) established

frameworks for translating structural

ISSN:2456-4265
IJMEC 2025

International Journal of Multidisciplinary Engineering in Current Research - IJIMEC

Volume 10, Issue 5, May-2025, http://iimec.com/, ISSN: 2456-4265

response parameters into repair costs,
facilitating the economic evaluation of
design  alternatives. ~ More recently,
researchers have explored the integration of
advanced simulation techniques with
performance-based design methodologies.
Zareian and Krawinkler (2012) developed
the concept of component-based fragility
functions for performance assessment,
while Ghobarah (2004) emphasized the
importance of considering both global and
local deformation  parameters in
performance evaluation. These
advancements have contributed to a more
comprehensive understanding of structural
behavior under seismic loading and enabled

more accurate prediction of performance

outcomes.

Despite these significant advances, several
challenges remain in the practical
implementation of PBSD for RC frame
buildings. The complexity of nonlinear
modeling, particularly regarding the
deterioration behavior of RC components
under cyclic loading, continues to present
difficulties for accurate performance
prediction. Additionally, the quantification
of uncertainties associated with ground
motion selection, material properties, and
construction quality remains an active area
of research. Furthermore, limited studies

have  systematically = compared the

795


http://ijmec.com/

performance of conventionally designed
buildings with those designed using
performance-based approaches, making it
difficult to quantify the benefits of adopting
more advanced methodologies. The present
study builds upon these previous works
while addressing some of the identified
gaps. By developing a systematic PBSD
methodology specifically tailored for RC
frame buildings and  quantitatively
comparing its outcomes with conventional
designs, this research aims to provide
practical insights that can facilitate the

broader adoption of performance-based

approaches in engineering practice.
3. Methodology
3.1 Research Framework

This study employs a comprehensive

research  framework that combines

analytical modeling, performance
assessment, and economic evaluation to
investigate the effectiveness of
performance-based seismic design for RC
frame buildings. The methodology follows
a systematic approach consisting of four
main phases: (1) design of prototype
buildings following both conventional
code-based and performance-based
methodologies; (2) development of detailed
nonlinear models capable of capturing the
complex behavior of RC components; (3)

performance assessment through nonlinear
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static and dynamic analyses under various
seismic hazard levels; and (4) comparative
evaluation of performance outcomes and
economic implications. The prototype
buildings considered in this study include
6-, 8-, and 10-story RC moment frames
with regular configurations in both plan and
elevation. Each building was designed
twice: first following the prescriptive
requirements of ASCE 7-22 and ACI 318-
19 (representing conventional practice),
and then using the proposed performance-
based methodology targeting specific drift
limitations and damage thresholds at
multiple hazard levels. This dual-design
approach enables direct comparison of
between

performance outcomes

conventional and  performance-based

designs.

3.2 Performance-Based Design

Procedure

The performance-based design procedure
implemented in this study follows an
iterative displacement-based approach with
multi-level performance objectives. The
procedure begins with the establishment of
specific performance targets corresponding
to four distinct seismic hazard levels:
frequent earthquakes (43% probability of
exceedance in 50 years), occasional
earthquakes (20% in 50 years), rare
earthquakes (10% in 50 years), and very
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rare earthquakes (2% in 50 years). For each
hazard level, target performance states were
defined in terms of interstory drift ratios,
residual deformations, and component
damage thresholds. The design process
involves initial sizing based on gravity and
wind  requirements, followed by
preliminary proportioning to meet the target
displacement profile under the design-level
earthquake. Nonlinear time history analyses
are then conducted using a suite of
spectrum-compatible ground motions to
verify performance at all hazard levels. If
performance objectives are not satisfied,
the design is refined through adjustments to
member dimensions, reinforcement ratios,
or both, focusing on the critical components
identified in the analysis. This iterative
process continues until all performance
achieved with an

objectives  are

economically viable design.

3.3 Analytical Modeling and Analysis

Procedures

Detailed nonlinear models were developed
using the OpenSees computational platform
to accurately represent the behavior of RC
frame components under cyclic loading.
Beam and column elements were modeled
using displacement-based beam-column
elements with fiber sections capable of
capturing the spread of plasticity along

member lengths. The constitutive models
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for concrete incorporated confinement
effects, tension softening, and cyclic
degradation, while reinforcing steel was
modeled using the Giuffré-Menegotto-
Pinto model with isotropic hardening
parameters calibrated against experimental
data from literature. The seismic
performance assessment employed
multiple analysis procedures, including
nonlinear static pushover analysis to assess
capacity and identify potential failure
mechanisms, and nonlinear time history
analysis to evaluate dynamic response
under real earthquake records. A suite of 22
ground motion records, selected and scaled
according to ASCE 7-22 guidelines, was
used for each hazard level. The analyses
tracked multiple response parameters,
including global drift ratios, interstory
drifts, floor accelerations, component
plastic rotations, and cumulative energy
dissipation, providing a comprehensive
picture of structural performance across

various intensity levels.
4. Data Collection and Analysis

The seismic performance assessment
generated extensive data on structural
response parameters across multiple ground
motions and hazard levels. This section
presents the key findings through
comparative analysis of code-compliant

(CC) and performance-based (PB) designs.
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The data collection focused on critical
engineering demand parameters that

correlate with damage and loss, including
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maximum interstory drift ratios, residual
deformations, plastic hinge rotations, and

floor accelerations.

Table 1: Maximum Interstory Drift Ratios (%) at Different Hazard Levels

Story | Code- Performance-
Compliant Based Design
Design
Frequent (43% | Occasional | Rare Very Frequent (43% | Occasional | Rare Very
in 50y) (20%  in | (10% | Rare in 50y) (20% in | (10% | Rare
50y) in (2% in 50y) in (2% in
50y) | 50y) 50y) | 50y)
10 0.52 0.91 1.65 2.37 0.38 0.72 1.35 1.85
9 0.61 1.08 1.98 2.82 0.45 0.85 1.51 2.14
8 0.67 1.22 2.13 3.05 0.52 0.95 1.67 2.31
7 0.71 1.29 2.25 3.21 0.58 1.03 1.75 242
6 0.74 1.35 231 3.28 0.61 1.08 1.82 2.48
5 0.73 1.33 2.29 3.25 0.62 1.10 1.85 2.45
4 0.69 1.27 2.18 3.12 0.59 1.05 1.78 2.38
3 0.62 1.15 2.02 291 0.54 0.97 1.65 2.21
2 0.53 0.98 1.75 2.58 0.46 0.85 1.45 1.96
1 0.41 0.76 1.38 2.05 0.35 0.65 1.12 1.53
Table 1 illustrates the distribution of More importantly, the performance-based

exhibited a

more

uniform

maximum interstory drift ratios along the

building height for both design approaches

across the four hazard levels. The
performance-based design consistently
achieved lower drift demands, with

reductions ranging from 22% to 28%

compared to the code-compliant design.
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design

distribution of drift demands across
different stories, avoiding the concentration
of deformation that was observed in the
conventional design, particularly at the

mid-height of the building.
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Table 2: Plastic Hinge Formation and Rotation Demands at Rare Earthquake Level

(10% in 50 years)

Story | Code- Performance-

Compliant Based Design

Design

Beam  Hinges | Column Max Beam Hinges (%) Column Max

(%) Hinges (%) | Rotation Hinges (%) | Rotation

(rad) (rad)

9-10 |85 25 0.028 75 0 0.021
7-8 95 35 0.032 90 0 0.023
5-6 100 45 0.035 95 15 0.025
3-4 90 40 0.030 85 10 0.022
1-2 75 50 0.026 70 25 0.019

Table 2 presents data on plastic hinge
formation patterns at the rare earthquake
hazard level. The percentages indicate the
proportion of potential plastic hinge
locations that developed actual hinges
during the analysis. The code-compliant
design exhibited significant column
hinging throughout the height of the
with high

building, particularly

concentrations at the lower stories. In

contrast, the performance-based design

successfully implemented the strong-

column-weak-beam  mechanism, with
minimal column hinging except at the base
level. Furthermore, the maximum rotation
demands were consistently lower in the
performance-based design, reducing the
likelihood of

significant damage to

structural components.

Table 3: Residual Interstory Drift Ratios (%) at Different Hazard Levels
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Hazard Level | Code-Compliant Design Performance-Based Design
Min Mean | Max | Min Mean | Max
Frequent 0.02 0.09 | 0.15 | 0.01 0.05 | 0.08
Occasional 0.08 0.22 | 035 0.04 0.12 | 0.19
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Rare 0.25 0.58 | 0.86 | 0.12 0.31 0.45
Very Rare 0.65 1.12 | 1.58 | 0.28 0.57 |0.78

Table 3 compares residual drift ratios
between the

Residual

two design approaches.
deformations  are critical
indicators of post-earthquake repairability
and functionality. The performance-based
design achieved substantially lower
residual drifts across all hazard levels, with

reductions of approximately 45-55% in

mean values. Notably, the maximum
residual drift for the performance-based
design under the very rare earthquake
(0.78%) remained below the 1% threshold
often associated with the economic

feasibility of repair, whereas the code-

compliant design exceeded this threshold.

Table 4: Construction Cost Comparison and Expected Annual Loss (EAL)

Design Approach

Relative Initial Cost

Expected Annual Loss | Benefit-Cost Ratio
(% of Building Value)

Code-Compliant Design 1.00

0.58 -

Performance-Based Design | 1.07

0.31 2.15

Table 4 provides an economic comparison
between the two design approaches. The
performance-based design resulted in a
modest 7% increase in initial construction
costs, primarily due to additional
reinforcement and slightly larger member
dimensions in critical regions. However,

this initial investment yielded a significant

reduction in expected annual losses (EAL),
from 0.58% to 0.31% of the building value.
The benefit-cost ratio of 2.15 indicates that
the additional investment in the
performance-based design is economically
justified through reduced losses over the

building's lifetime.

Table 5: Probability of Exceeding Various Damage States at Design-Level Earthquake
(10% in 50 years)

Damage Description Code-Compliant Performance-Based
State Design Design
DSI1 Minor cracking, no structural repairs needed | 0.99 0.95
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DS2 Moderate damage, repairable 0.85 0.60
DS3 Extensive damage, significant repairs | 0.45 0.18
needed
DS4 Severe damage, partial replacement needed | 0.12 0.03
DS5 Near collapse, complete replacement likely | 0.03 <0.01

Table 5 presents the probabilities of
exceeding various damage states under the
design-level earthquake (10% probability
of exceedance in 50 years). The
performance-based design significantly
reduced the likelihood of extensive and
severe damage (DS3 and DS4), with
particularly notable reductions in the
probability of reaching the near-collapse
state (DS5). This improved damage control
translates directly to enhanced post-
earthquake functionality and reduced repair
costs and downtime. The analysis of these
data clearly demonstrates the effectiveness
of the performance-based design approach
in achieving enhanced seismic performance
across multiple metrics. The most
significant improvements were observed in:
(1) the reduction and more uniform
distribution of drift demands; (2) the
implementation of desirable plastic hinge
patterns; (3) the control of residual
deformations; and (4) the reduction in

damage probabilities and expected losses.

5. Discussion
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5.1 Performance Enhancements and

Their Mechanisms

The performance improvements observed
in the performance-based designed
structures can be attributed to several key
design strategies implemented during the
iterative design process. The most
significant factor was the explicit
consideration of drift limitations and
damage thresholds at multiple hazard
levels, which led to more rational
distribution of strength and stiffness
throughout the structure. Unlike the code-
compliant design, which primarily focuses
on strength requirements with limited
attention to deformation compatibility, the
performance-based  approach  directly
targeted the control of interstory drifts and
plastic hinge rotations. The data reveal that
one of the primary mechanisms behind the
enhanced performance was the
achievement of a more uniform distribution
of drift demands along the building height.

This was accomplished through strategic

adjustments to beam and column
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dimensions and reinforcement ratios,
particularly in the middle stories where drift
concentrations were observed in the
conventional design. The performance-
based approach effectively eliminated the
"soft story" behavior that often
characterizes code-compliant designs when

subjected to earthquakes exceeding design

levels.

Another critical factor was the successful
implementation of the strong-column-
weak-beam mechanism, as evidenced by
the plastic hinge patterns reported in Table
2. While both designs incorporated the
code-prescribed column-to-beam strength
ratio requirements, the performance-based
approach included additional
considerations regarding the effects of slab
contribution, strain hardening, and probable
material strengths. These refinements
resulted in more reliable formation of
plastic hinges in beams rather than
columns, thereby enhancing the structure's
deformation  capacity and  energy

dissipation characteristics.
5.2 Comparison with Previous Studies

The findings of this study align with and
extend previous research on performance-
based seismic design of RC buildings.
Haselton et al. (2011) reported similar
reductions  in

collapse  probability

(approximately 50-70%) for performance-
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based designed RC frames compared to
code-compliant designs, consistent with
our observed reduction in the probability of
reaching damage state DS5. However, our
study provides more comprehensive
documentation of performance
improvements across multiple metrics and
hazard levels, offering a more complete
picture of the benefits of performance-
based design. In terms of economic
implications, our findings on the modest
increase in initial construction costs (7%)
are consistent with those reported by
Mochle and Deierlein (2004), who found
cost premiums ranging from 5% to 10% for
performance-based designs of RC frames.
However, our benefit-cost ratio of 2.15 is
somewhat higher than the range of 1.5-2.0
reported in earlier studies, potentially
reflecting advancements in analytical
capabilities and design methodologies over
the past decade. Regarding damage control
and repair costs, Ramirez and Miranda
(2012) developed relationships between
engineering demand parameters and repair
costs that predicted similar reductions in
expected annual losses to those observed in
our study. However, our finding that
performance-based design reduced residual
drifts by approximately 50% exceeds the
30-40% reductions reported in earlier
studies, suggesting that our design

methodology was particularly effective in
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controlling post-earthquake permanent

deformations.

53 Practical Implementation

Considerations

Despite the clear performance advantages
demonstrated in this study, several
challenges remain for the widespread
adoption of performance-based seismic
design in everyday engineering practice.
The iterative nature of the design process
and the requirement for nonlinear analysis
capabilities present significant barriers,
particularly for smaller design firms with
limited computational resources and
expertise. Additionally, the lack of
standardized procedures and acceptance
criteria in current building codes introduces
challenges related to design review and
approval. To address these challenges, we
propose a simplified implementation
framework that reduces computational
demands while preserving the key benefits
of performance-based design. This
framework involves: (1) limiting the
number of hazard levels considered to two
(service-level and design-level
earthquakes); (2) utilizing simplified
nonlinear static procedures for preliminary
design, with full nonlinear time history
analysis reserved for final verification; and
(3) developing standardized performance

verification checklists to facilitate design
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review. Another practical consideration is
the need for improved communication of
performance expectations to building
owners and other stakeholders. The
performance data presented in Tables 1-5
provide a quantitative basis for such
communication, allowing designers to
clearly articulate the benefits of
performance-based design in terms of
reduced damage, improved functionality,
and lower life-cycle costs. This improved
communication is essential for justifying
the modest premium in initial construction

Costs.
6. Conclusion

This study has demonstrated the
effectiveness of performance-based seismic
design for reinforced concrete frame
buildings through a comprehensive
comparison with conventional code-
compliant designs. The empirical data
collected through advanced nonlinear
analyses reveal significant performance
improvements across multiple metrics,
including  reductions in  maximum
interstory drift ratios (22-28%), more
favorable plastic hinge patterns with
minimal column hinging, substantially
lower residual deformations (45-55%), and
reduced probabilities of extensive damage
under design-level earthquakes. These

performance enhancements were achieved
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through strategic implementation of design
principles that explicitly consider multiple
performance objectives across various
hazard levels. The most effective strategies
included: (1) rational distribution of
stiffness and strength to achieve uniform
drift profiles; (2) careful detailing to ensure
reliable formation of plastic hinges in
beams rather than columns; and (3) explicit
consideration of residual deformation
control through appropriate strength-to-

stiffness ratios.

From an economic perspective, the
performance-based design resulted in a
modest 7% increase in initial construction
costs while reducing the expected annual
losses by approximately 47%, yielding a
favorable benefit-cost ratio of 2.15. This
economic advantage, combined with the
improved post-earthquake functionality
and reduced repair requirements, provides
compelling justification for the adoption of
performance-based approaches in regions
of moderate to high seismicity. The findings
of this research contribute to the
advancement  of  earthquake-resistant
design methodologies by providing
quantitative evidence of the benefits of
performance-based approaches and
practical guidance for their implementation.

While challenges remain for widespread

adoption in everyday practice, the
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simplified implementation framework
proposed in this study represents a step
toward making performance-based design
more accessible to practicing engineers.
Future research should focus on extending
the methodology to other structural systems
and developing standardized procedures
that can be incorporated into building codes

and standards.
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