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1. Introduction

Improving the seismic performance of lateral load resisting systems has become a critical focus in modern
structural engineering, particularly in the rehabilitation of vulnerable structures [1,2]. Among the various
systems developed to enhance seismic resilience, the Strongback system has attracted increasing interest
due to its capability to redistribute story drifts more uniformly and prevent soft story mechanisms during
seismic events [3,4].

The Strongback system introduces a vertical spine or stiffening element into the structural frame,
allowing for better control of deformation patterns and enhancing energy dissipation [5,6]. While several
studies have investigated the general behavior of Strongback equipped frames, research specifically
focused on the optimization of these systems remains relatively limited. In particular, few studies have
explored optimization frameworks that incorporate practical design constraints such as drift uniformity,
which plays a vital role in minimizing localized damage during seismic events [4].

To address this gap, the present study introduces a novel constraint into the optimization process: the
uniformity of inter story drift distribution. This constraint aims to minimize the concentration of
deformation in specific stories, thereby improving the overall seismic performance and post earthquake
reparability of the structure.

To achieve optimal design configurations, a genetic algorithm was employed within a MATLAB
environment, integrated with OpenSees for structural analysis. Linear static analysis was used to evaluate
the lateral performance of the structural models, and the optimization objective focused on minimizing
peak inter story drift while satisfying the drift uniformity constraint.

This study proposes a constraint driven optimization framework that not only improves seismic response
but also addresses a research gap in the existing literature. The findings are expected to provide new
insights into the application of Strongback systems in seismic rehabilitation and inform future design
strategies for resilient building structures.

in recent decades, structural optimization has emerged as a pivotal area in earthquake resistant design,
with particular emphasis on performance based engineering and cost efficiency. Among the various
metaheuristic methods, the GA has proven to be an effective and flexible tool in solving complex
optimization problems involving discrete variables and nonlinear constraints. GA has been widely applied
to the optimal design of trusses [7], steel frames [8], reinforced concrete structures [9], and bracing
systems [10-12], aiming to minimize structural weight while satisfying design constraints such as
strength, buckling, and serviceability.

Several studies have also explored the use of GA in the seismic design of structures [13—15], particularly
for optimizing lateral force resisting systems under static or dynamic loading. These applications
typically focus on satisfying traditional constraints like strength and drift limits, yet they often overlook
modern performance based criteria such as inter story drift uniformity, which is crucial in preventing soft
story mechanisms and local failures [16—18] consequently, there is a growing interest in integrating
intelligent optimization with innovative structural systems to better control lateral deformations in seismic
design.

One of the most promising developments in [16] this regard is the Strongback bracing system, first
introduced by Lai and Mahin [5]. The system was designed to reduce concentration of inelastic
deformations in steel braced frames by incorporating a vertical elastic spine that remains elastic during
seismic events. The spine, composed of vertical truss or beam elements, distributes lateral displacements
uniformly along the building height and reduces soft story formation. Lai and Mahin recommended
limiting the stress ratio in spine members to 0.5 to ensure elastic behavior and improve drift uniformity.



E. Jahankhani et al. Journal of Rehabilitation in Civil Engineering 14-3 (2026) 2515

Following this concept, several researchers proposed modifications to the Strongback system. Panian et
al. [19] introduced a new configuration using buckling restrained braces (BRBs) as inelastic members.
Their study on a four story model demonstrated that the spine system could enhance redundancy and
eliminate structural indeterminacy. Laqi et al. [20,21]investigated the effect of connection types by
comparing spine systems with rigid and pinned joints, finding that moment resisting frames experienced
lower base level stresses than pinned ones.

Liu [22] developed a rotational Strongback system using self centering dampers and fuse links, providing
around 20% of the lateral strength through the spine, while the remaining portion was supported by
BRBs. Palermo et al. [23] emphasized the role of beam to column stiffness ratio in stress distribution,
where stiffer beams reduced lower story demands and softer beams transferred forces upwards.

Experimental and numerical investigations confirmed the improved seismic performance of Strongback
systems. Simpson and Mahin [6] conducted FEMA P695 based studies on a four story Strongback frame,
revealing better drift distribution and reduced collapse probability compared to BRB only frames. In
another study [3], they showed that even after BRB core rupture, the elastic spine maintained lateral
control through force redistribution.

Tully [24] promoted capacity based modal design for Strongbacks, leading to improved force distribution.
Lin et al [25] evaluated the effect of spine stiffness in reducing inter story drift in RC buildings. Salek
Faramarzi et al, [26] proposed a direct Performance based design using yield frequency spectrum,
achieving 98% convergence in OpenSees and a 20% higher median collapse capacity than code based
design.

Higher mode effects in tall buildings were addressed by Simpson [27], who found that elastic spines
effectively distributed modal forces and reduced soft story formation. Toorani et al. [4] analyzed
Strongback systems under sequential near and far fault ground motions, identifying that optimal stiffness
ratio between elastic and inelastic braces improved drift uniformity across various building heights.
Toorani et al. were the first to introduce the drift uniformity index. However, they did not pursue
optimization in their work and, consequently, did not define a Drift Uniformity Factor (DUF) constraint to
explore its impact on structural optimization, weight reduction, and the redistribution of forces and
stiffness. Therefore, the present paper investigates a constraint inspired by the drift uniformity index from
Toorani et al. work. The DUF concept is also derived from this same index. The drift-uniformity
constraint introduced in this study is formulated to regulate inter-story drift distribution by limiting
excessive concentration in any single story. This constraint directly targets soft-story formation and
enhances the seismic performance of the system. A brief numerical illustration is later provided to clarify
its practical impact.

Smart materials such as SMAs have also been shown to reduce residual drift and promote more uniform
interstory deformation patterns, further emphasizing the importance of drift-management strategies such
as those examined here [28].

In addition to structural systems, supplemental damping technologies have also advanced significantly.
Recent studies on steel bar hysteretic dampers (SBHDs) have shown that properly calibrated hysteretic
devices can greatly enhance the energy-dissipation capacity of isolated systems, with reliable predictive
models developed using nonlinear regression. These findings further emphasize the importance of
regulating drift and deformation demands an emphasis consistent with the present study [29].

Faramarzi and Touraj [30] emphasized the influence of brace to beam intersection location, showing that
placing it at two thirds of the beam length improved ductility and reduced drift by 30%. Astudillo et al.
[31] compared Strongback to conventional BRB Chevron systems, reporting better drift control and
energy dissipation in the Strongback frames.
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Abolghasemi et al. [32] demonstrated that in damped buildings, Strongback reduced drift sensitivity to
damper configuration. Recent advances have also explored hybrid strong-back configurations that
combine vertical strong-back trusses with shear-link fuses to eliminate soft-story formation and enhance
global energy dissipation. Nonlinear cyclic and time-history analyses have demonstrated that such hybrid
systems can successfully delay drift concentration and fully engage shear links along the building height,
offering further evidence of the effectiveness of drift-management strategies relevant to the present study
[33]. Gholhaki et al. [34] retrofitted 5, 10, and 15 story RC frames using Strongback and reported 33%—
44% reduction in inter story drift.

Recent studies have increasingly focused on developing innovative bracing and energy-dissipation
mechanisms to improve seismic resilience and mitigate excessive drift concentration in steel frames.
Among these advances, elliptic-braced moment-resisting frames equipped with rotational friction
dampers (ELBRF-RFD) have been proposed as an effective displacement-restraint system capable of
enhancing structural ductility and collapse resistance. Through nonlinear static and incremental dynamic
analyses, this system has demonstrated significant improvements in seismic performance factors and
reduced collapse probability compared to conventional braced frames. Such research highlights the
growing interest in bracing configurations that improve drift distribution and promote more uniform
structural response an objective aligned with the motivation of the present study, which investigates drift-
regularizing mechanisms within Strongback braced frames [35].

Recent advances in innovative bracing systems, including multi-story Elliptic-Braced Resisting Frames
(ELBRF) and their enhanced Mega-ELBRF counterparts, have shown improved ductility, stable
hysteresis, and reduced collapse probability through laboratory and numerical investigations. These
systems emphasize the importance of deformation-uniformity and drift mitigation in seismic design. Such
trends further motivate the present work, which aims to enhance drift distribution in Strongback braced
frames [36].

Recent advances have also emphasized the importance of system-specific loading protocols for accurately
characterizing seismic deformation demands. Studies developing tailored protocols for different structural
systems have shown that generalized loading histories may misrepresent drift patterns and cumulative
damage, highlighting the necessity of precise deformation modeling an aspect that closely aligns with the
drift-focused objectives of the present work [37].

Complementing earlier experimental studies on ELBRF/MELBRF systems, recent work on multi-story
Elliptic and Quasi-X Braced Resisting Frames has further shown that advanced brace geometries can
substantially enhance stiffness, ductility, and energy dissipation, while delaying failure progression. These
results reinforce the relevance of deformation-modifying bracing strategies and provide additional
motivation for the drift-uniformity-oriented Strongback framework developed in this study [38].

Recent studies have also demonstrated the effectiveness of supplemental energy-dissipation systems in
controlling seismic demands. For example, the use of innovative Arc and Ring Dampers (ARDs) has been
shown to significantly enhance drift performance, reduce residual deformations, and lower expected
losses in deficient steel moment frames under the FEMA P-58 methodology [2]. These results further
emphasize the growing focus on drift management and performance-based control strategies, aligning
with the motivation of the present work [39].

Complementing these recent advances, mega elliptic-braced moment-resisting frames (MELBRFs) have
also been investigated through rigorous FEMA P695 seismic performance factor evaluations [40].
MELBRFs combine special moment frames with mega-scale elliptic braces to improve ductility,
overstrength, and collapse safety while reducing structural weight and preserving architectural openness.
Nonlinear analyses across multiple archetype heights have confirmed acceptable collapse margin ratios
and a response modification factor of 6.5, demonstrating the efficiency of this emerging dual lateral
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system. These developments collectively highlight the increasing emphasis on systems capable of
regulating drift patterns and improving story-wise deformation performance an emphasis that aligns
directly with the objectives of the drift-uniformity optimization strategy proposed in this study [41].

Parallel to structural innovations, optimization-based approaches have gained increasing attention in
seismic engineering. Notably, recent studies employing the improved Prairie Dog Optimization (I-PDO)
algorithm have demonstrated its effectiveness in both topology and size optimization of steel mega-
braced frames, achieving enhanced stiffness, stability, and lateral load distribution. These efforts
underscore the importance of metaheuristic optimization in refining seismic performance, providing
further context for the optimization-driven methodology adopted in the present research [42].

The proposed drift-uniformity constraint differentiates this study from earlier optimization research,
which rarely incorporated explicit drift-distribution control.

Despite these advancements in the structural behavior and design of Strongback systems, limited studies
have incorporated them within optimization frameworks, particularly using Genetic Algorithms. Most
previous research evaluated the performance of Strongback configurations post design rather than
including them as decision variables during optimization. To date, no study has simultaneously addressed
seismic performance, weight minimization, and inter story drift uniformity as explicit constraints in
optimizing Strongback equipped frames. This study aims to fill that gap by employing a Genetic
Algorithm to optimize steel frames with Strongback bracing systems, subject to constraints on strength,
buckling, deformation, and drift uniformity.

1.1. Significance and Research Scope

This study pursues a focused, comparative aim: to quantify how inter story drift uniformity influences
optimal section selection and total cost in steel frames retrofitted with Strongback bracing. Rather than a
routine weight minimization exercise, the work targets a higher level question why and where enforcing
drift uniformity changes design decisions and economic outcomes and provides a metric and framework
to answer it. The analyses are carried out under an equivalent linear assumption because Strongback
systems are intended to preserve near linear response up to performance limits; consequently, the linear
results are directly useful for preliminary engineering design and economic assessment. Finally, the
proposed index and optimization framework establish a transferable basis for future, more comprehensive
studies (e.g., nonlinear static and time history analyses) that will validate and extend the findings into
fully nonlinear performance regimes.

1.2. Research Gap and Motivation

Although Strongback systems have been shown to improve drift distribution and delay soft-story
formation, existing studies have rarely examined how design optimization might enhance their
performance. Prior research has primarily focused on predefined configurations, leaving the influence of
geometric parameters, such as the brace-to-beam intersection location, insufficiently quantified. More
importantly, no optimization-based study has incorporated a drift uniformity oriented design constraint,
even though the Drift Uniformity Index originally introduced by Toorani et al. [4] demonstrated the
importance of controlling drift concentration in frame structures.

Another gap in the literature is the absence of a systematic, algorithm-driven framework capable of
evaluating different Strongback geometries under practical design constraints. The combined effect of
frame configuration and drift-uniformity requirements remains unexplored, and there is limited evidence
on how these factors interact to influence structural weight, efficiency, and seismic deformation patterns.

Motivated by these gaps, the present study develops an integrated GA—OpenSees optimization platform
and investigates how incorporating a DUF based constraint affects the optimal behavior of Strongback
frames with different brace-to-beam intersection ratios. This provides the first quantitative evaluation of
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how drift-uniformity-driven optimization interacts with Strongback geometry, addressing a clear gap in
prior research.

2. Materials and Methods

To investigate the seismic performance and optimize the design of steel frames equipped with Strongback
bracing systems, a comprehensive computational framework was developed. The study focused on a six
story steel braced frame subjected to three different Strongback configurations, distinguished by the
. . : 11 5 .
location of the brace to beam intersection (at > and 5 of the span length) [4]. Structural analysis was
carried out using linear static procedures in OpenSees, while optimization was performed in MATLAB
using a Genetic Algorithm. The objective was to minimize structural weight while satisfying constraints
related to strength, buckling, lateral deformation, and a newly introduced constraint on inter story drift

uniformity. Full integration between analysis and optimization modules enabled automated and efficient
evaluation of candidate solutions throughout the process.

The structural model investigated in this study is a two dimensional, six story, three bay steel frame
equipped with Strongback bracing systems. Each bay has a clear span length of 9.14 m. The first story
height is 5.49 m, while each of the remaining five stories has a uniform height of 3.96 m. Three distinct
Strongback configurations were examined, differentiated by the brace to beam intersection location: at

one quarter (i), one third (%), and five twelfths (15—2) of the beam span. These configurations are illustrated

in Figure 1, which presents the elevation views of the six story frame for the three investigated layouts.
The structural model of the six story frame and the member grouping scheme used for defining the 19
design variables are illustrated in Figure 1. The three Strongback configurations investigated in this study
are shown in Figure 1(a—c).

he selected ratios (i, g, and %) reflect meaningful variations in the brace force path and beam shear—
moment interaction. The i ratio engages higher shear transfer, the % ratio offers balanced stiffness

. 5 . . . .
segmentation, and the -, ratio increases the bending-dominated response. These choices are also
consistent with prior studies [13,24].
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Fig. 1. Structural configuration of the six-story Strongback braced frame for the three brace-to-beam intersection
.11 5
ratios (Z’ > and o of the span).

Figure 1 illustrates the three Strongback configurations analyzed in this study. These configurations were
selected to represent distinct stiffness interaction mechanisms between the braced and unbraced portions
of the frame. The one third span layout provides a balanced stiffness transfer along the height All units in
Figure 1 are expressed in meters (m) for dimentions.

All beam to column and brace to beam connections were modeled as pinned joints and column bases were
assumed to be pined. Structural members were selected from standard W and HSS steel sections.
Strongback elements were modeled as purely elastic members to maintain stiffness and facilitate uniform
drift distribution during seismic events. Table 1 presents the mechanical properties assigned to the steel
sections used in all numerical analyses.

Table 1. Mechanical properties assigned to the steel members in the analytical models.

Name of peroperty symbol Parameter value
density p (kg/m?) 7850
Elastic modulus E (MPa) 200000
Yield strength fy (MPa) 317

As indicated in Table 1, the selected mechanical properties are representative of conventional structural
steel used in seismic design, thereby providing appropriate stiffness, yield behavior, and mass
characteristics for the modeled Strongback systems.Gravity loads were applied as follows: floor dead load
of 5500 N/m?, floor live load of 2000 N/m?, roof dead load of 6100 N/m?, and roof live load of 1500
N/m?. Seismic loading was determined in accordance with the design spectrum parameters for site classes
Type II and Type III soils, with Ru(Response Modification factor (behavior factor)) = 6, I (Importance
factor)= 1, A (Design Base Acceleration coefficient (Spectral acceleration at short period))= 0.35, and cd
(Displacement Amplification factor) = 5.2. [13,25] The maximum allowable lateral displacement at each
joint was limited to 0.02 m. Additional design constraints included axial and flexural strength limits for
columns, combined axial and bending checks for beams, compression and buckling checks for braces, and
the drift uniformity constraint for the optimization cases.

To clearly illustrate the Strongback configuration and the location of brace-to-beam intersections adopted
in this study, the overall structural layout is shown in Figure 2.
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Fig. 2. Structural configuration of the Strongback braced frame with brace-to-beam intersection ratios of i, é, and

> of the span.
12

As shown in Figure 2, the Strongback elements are placed along the two exterior bays, forming a
continuous vertical spine that constrains the deformation profile. The three investigated brace-to-beam

. . . 5 o .
intersection ratios i, é, and o of the beam span are indicated along the base of each bay. These geometric

variations define the effective brace angle and influence the global drift distribution, which are later
evaluated through the optimization framework. The regions enclosed by the dotted outlines represent the
Strongback elements of the system, while the members shown with dashed lines correspond to the energy
dissipating braces that yield and form part of the intended structural mechanism. in Figure 2, L is length
of span.

The selected brace-to-beam intersection ratios (i, % and % span) follow the configurations adopted by
Toorani et all. [4], who applied the same proportions in their numerical Strongback frame study. Similar
geometric ratios (% and %) were also investigated by Lai and Mahin [5]. The present study therefore adopts

these ratios to maintain consistency with previous research and to capture a representative spectrum of
brace geometries for comparative evaluation.

The numerical analysis of the proposed frames was carried out using the OpenSees platform. A two
dimensional linear static analysis was adopted to evaluate the structural performance under seismic and
gravity loading conditions. No dynamic analyses, such as response spectrum or time history procedures,
were performed in this study. All structural members were modeled with linear (two linear) elastic
material behavior to be consistent with the adopted analysis method.

Beam, column, and Strongback elements were represented using elastic beam—column elements with the
specified cross sectional and material properties described in Section 2.1. All beam to column and brace
to beam connections were modeled as idealized pinned joints and column bases were assumed to be
hinged. The Strongback members were modeled as purely elastic components, ensuring that they
remained undeformed beyond the elastic range and acted as stiff vertical spines to control inter story drift
distribution.

Second order effects (P—A) were neglected in the analysis, given the linear static approach and the service
level load conditions considered. The gravity loads were applied as uniformly distributed loads on beams,
while seismic lateral forces were calculated using equivalent static load procedures in accordance with the
relevant design code parameters. The load combination adopted for the analysis incorporated dead load,
live load, and seismic effects.
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This modeling approach allowed for efficient integration with the optimization algorithm implemented in
MATLAB, facilitating rapid evaluation of numerous design candidates while ensuring compliance with
the defined strength, buckling, deformation, and drift uniformity constraints.

The optimization and structural evaluations presented herein employ linear static analysis (equivalent
static seismic loading) as an efficient and robust tool for comparative exploration of discrete section
choices and brace geometries across a large design space. It should be noted that this elastic approach is
most appropriate for preliminary design and screening, particularly in cases where the Strongback spine is
intentionally proportioned to remain elastic up to the targeted performance level, as recommended in prior
studies [4].

However, linear analysis cannot capture post-yield phenomena such as strength degradation,
redistribution of internal forces due to plastic hinging, residual drifts, or cyclic energy dissipation.
Consequently, the quantitative effectiveness of the DUF under severe inelastic demand cannot be fully
validated within the present elastic framework. In view of this limitation, the DUF is here interpreted as
an elastic stage regularizer that promotes balanced stiffness allocation and delays the onset of localized
plastic demands. A systematic nonlinear validation (nonlinear static pushover and selected nonlinear time-
history analyses) is necessary to assess the DUF’s performance in the post-yield regime; a program to
perform these analyses for representative optimized designs is planned as part of future researching work.

To effectively integrate the structural analysis and optimization stages, a computational framework was
developed to enable automated evaluation of candidate designs. The process begins with defining the
structural geometry, material properties, and member cross sections. Gravity and equivalent static seismic
loads are then applied according to the design code provisions. The structural performance is evaluated
through linear static analysis in OpenSees, and the results are checked against multiple design constraints,
including strength, buckling, lateral deformation, and inter story drift uniformity. The optimization
process, implemented in MATLAB using a Genetic Algorithm, iteratively updates the design variables
until convergence to the optimal solution is achieved. The overall workflow of the proposed methodology
is illustrated in Figure 3.

Fig. 3. Flowchart of the proposed MATLAB-OpenSees optimization framework using a Genetic Algorithm for
Strongback system design.
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Figure 3 clearly illustrates the geometric configuration and the member grouping scheme adopted for the
optimization. This systematic grouping not only reduces the dimensionality of the design space but also
ensures that members with similar load and deformation characteristics share consistent section
properties, improving both computational efficiency and structural regularity.

2.1. Optimization Framework

The optimization problem in this study is formulated as a discrete size optimization, where each design
variable corresponds to the cross sectional size of a specific member group in the structural model. A total
of 19 design variables were considered, representing the 19 member groups in the frame. The section
sizes were selected from a predefined database of 263 standard W and HSS steel profiles. The
optimization problem is formulated as a discrete size optimization aiming to minimize the total structural
weight, as expressed in Equation (1) [8].

211 LiA;p; (1)

where p; is the steel density, A; is the cross sectional area of the jth section type, L; is the mem ber length,

Minimize: = Weprqr = 2

and n; is the number of members using that section type.
The following constraints are imposed during the optimization process:

- Strength constraints — axial, flexural, and combined axial-flexural strength checks according to the
relevant steel design code.

- Buckling constraints — elastic and inelastic buckling limits for compression members.
- Maximum inter story drift constraint — to limit lateral deformations and ensure serviceability.

- Drift uniformity constraint — a novel performance criterion introduced in this study to control the
distribution of inter story drift along the height, improving seismic performance.

( 1. axial strength
1.Strength constraints 2. flexural strength
3.combined axial — flexural strength
y 2.overall buckling of the element constraints
3.Local buckling of the element constraints
4. Maximum inter — story drift constraint
\ 5. Drift uniformity constraint

The seismic design constraints, including the maximum inter-story drift and story displacement limits,
were defined according to the provisions of the Iranian Seismic Code (Standard No. 2800, 4th Edition,
2015) [43]. This code specifies that the amplified story drift, obtained by multiplying the computed elastic
drift by the displacement amplification factor, should not exceed 0.02 of the story height.

The optimization was performed using a GA implemented in MATLAB, fully integrated with OpenSees
for structural analysis. Candidate solutions were evaluated using linear static analysis, with automated
data transfer between the analysis and optimization modules. The GA implementation details are as
follows:

- Number of design variables: 19

- Initial population size (Np): 280 individuals, randomly generated from the discrete section database
- Selection operator: Roulette Wheel selection

- Crossover operators: Single point and double point crossover, chosen randomly

- Mutation rate: 0.2, applied to randomly selected genes to maintain diversity

10
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- Termination criterion: 100 generations
Optimization Procedure:

The process begins with the generation of an initial random population of Np = 280 chromosomes. Each
chromosome consists of 19 genes, corresponding to the discrete design variables representing the section
sizes of the member groups. Gene values are selected from the 263 section database using randomly
generated integer masks with bounds between 1 and 263, determining the position of each gene in the
design space. The optimization process was conducted using a discrete pool of 263 W and HSS sections,
whose statistical characteristics are summarized in Table 2.

Once the chromosomes are generated, each is mapped to a structural model in which member section
sizes are assigned according to the chromosome’s genes. The structural geometry is created in MATLAB
and exported to an OpenSees input script, where a linear static analysis is conducted. The resulting nodal
displacements and member stresses are returned to MATLAB for constraint verification and objective
function evaluation.

The cost function is defined as the total structural weight, with penalty terms added when any constraint
is violated. These penalties increase the cost value, lowering the probability of selecting infeasible
solutions.

Table 2. Statistical characteristics of the steel section pool considered for the optimization process.

Area I
Minimum (HSS2X2X1/8) (HSS2X2X1/8)
u 0.0005 0.0000002
. (W36X652) (W36X652)

Maximum 0.1242 0.0211
Mean(average) 0.0241 0.0019
median 0.016 0.0004

variation 0.0005 0.000009
Standard deviation 0.0234 0.0031

Number of sections 263

Table 2 summarizes the statistical characteristics of the steel section pool used in the optimization
process. The database consists of 263 W and HSS sections covering a broad range of cross sectional areas
and moments of inertia. The minimum and maximum values of the section area indicate the wide
variability in available profiles, allowing the optimization algorithm to explore both lightweight and high
capacity design options. Similarly, the large range in the moment of inertia values ensures sufficient
flexibility in stiffness distribution during the optimization search.

The mean and median values demonstrate that the section pool is moderately skewed toward medium
sized members, which provides a balanced foundation for both economical and structurally efficient
solutions. The calculated standard deviations and variances further confirm a significant diversity among
available profiles, preventing premature convergence of the Genetic Algorithm and enhancing the
robustness of the search process.

Overall, the statistical characteristics presented in Table 2 reflect a well defined and diverse section pool
that enables the proposed optimization framework to effectively balance weight minimization with
structural performance requirements.
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After evaluation, chromosomes are ranked by their cost values (lower is better). Parent chromosomes are
selected using the Roulette Wheel operator based on their relative fitness. Crossover is performed using
either single point or double point methods (chosen randomly) to generate offspring. A two parent, two
offspring strategy is adopted, and this process continues until the offspring population reaches size Np.

Mutation is then applied to individuals selected via Roulette Wheel, with a mutation rate of 0.2, where
one or more genes are randomly altered. This produces an additional population of size Np. The original
population, crossover offspring, and mutation offspring are combined into a pool of 3Np individuals. This
combined population is sorted by cost function value, and the top Np individuals are retained as the next
generation.

The best solution from each generation is recorded for performance monitoring. This iterative process
continues until the stopping criterion reaching 100 generations is satisfied.

A maximum of 100 generations was adopted as a conservative termination limit to ensure stable
convergence in all cases. Several trial runs with different random initial populations showed highly
similar final fitness values, indicating that the optimization results are reproducible and insensitive to
initial randomization.

Figure 4 illustrates the flow of the GA applied in this study. The process starts with the random generation
of an initial population of discrete design solutions. Each individual is evaluated via structural analysis,
and penalties are applied for constraint violations. Selection is performed using the Roulette Wheel
method, followed by crossover (single or double point) and mutation operations to generate new designs.
The best solutions are carried forward to the next generation. The process repeats until the stopping
criterion of 100 generations is met.

Generate initial population pe—

Evaluate population (Analysis
Structure+ check constrains

Applied penalty

. Constrain
function on cost g

function

Mutation operator

Stop ok
criteria
check

Sort and truncated and generate new
population

Fig. 4. Flowchart of the GA optimization procedure used in this study.

2.2. Definition of Novel Drift Uniformity Constraint

In seismic design, inter story drift is a critical parameter that governs the deformation capacity and overall
performance of structures under lateral loading. Current design codes and guidelines, such as AISC 341
[1] and FEMA 356 [44], primarily impose limitations on the maximum allowable drift to prevent
excessive lateral displacements and to ensure serviceability. However, these provisions do not explicitly
address the distribution of drift along the height of the structure. In many cases, non uniform drift patterns
may occur, leading to undesirable effects such as soft story mechanisms or concentration of deformations
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in specific stories. These irregularities can significantly compromise seismic performance and increase
the likelihood of structural damage or collapse.

Despite the importance of controlling maximum inter story drift, conventional design approaches often
overlook the uniformity of drift distribution. As a result, buildings may satisfy the code based drift limits
while still experiencing highly irregular drift profiles, where one or more stories undergo significantly
larger deformations compared to adjacent stories. This phenomenon, commonly referred to as the "soft
story" effect, can lead to severe structural and non structural damage, concentration of inelastic demands,
and in extreme cases, partial or total collapse. Therefore, ensuring a more uniform distribution of inter
story drift is essential to enhance structural resilience and improve seismic performance.

To address the limitations of conventional drift based design, this study introduces a novel Drift
Uniformity Constraint. Rather than restricting only the maximum inter story drift, the proposed criterion
explicitly governs the regularity of the drift profile along the building height. The degree of uniformity is
quantified through a dedicated (DUF), defined as the ratio of local story drift to the global average drift
demand (see Equation 3). Maintaining this factor within a narrow permissible range (e.g., 0.9 < DUF <
1.1) ensures a highly uniform deformation pattern, whereas deviations beyond this interval indicate
irregular drift concentrations or potential soft story behavior. The optimization algorithm enforces this
constraint by penalizing candidate solutions exhibiting excessive drift non uniformity, thereby steering the
search toward configurations that achieve both global stability and improved seismic performance.

Each chromosome consists of 19 genes, corresponding to the discrete design variables representing the
section sizes of member group.

discrete optimization vector, representing the sectional configuration of the 19 member groups, is defined
in Equation (2) [8], where each variable x;jcorresponds to a section type selected from the 263 available
profiles in the database.

x = {x1,X3,..., X105, % = {1,2,...,263} 2

Each design variable xj represents the discrete index of a W or HSS section selected from the section
database. The DUF is formulated as shown in Equation (3) [4] The proposed DUF is defined in Equation
(3) as the normalized ratio between local and global drift demands.

Novel drift uniformity constraint (proposed):

d2-d1
)
dr
H

09 <

<11 (3)

In equation (3), the parameters d2, dl, hs, dr, and H are the displacement of the upper floor, the
displacement of the lower floor, the height difference between the upper and lower floors (floor height),
the displacement of the roof, and the height of the entire structure, respectively. The parameters used in
Eq. (3) are graphically illustrated in Figure 5 to clarify the geometric definition of the DUF. The
geometric representation of these parameters is shown in Figure 5, where d,, d,, hg, d,, and H denote the
story displacements, story height, roof displacement and total structure height, respectively. the threshold
range (0.9-1.1) was adopted based on preliminary parametric calibration.The geometric parameters
defining the DUF are schematically shown in Figure 5 to illustrate the physical meaning of Equation (3).
The target range for the DUF was selected based on a set of preliminary parametric calibration studies
aimed at balancing drift uniformity enhancement and structural efficiency. Several DUF bands namely
0.85-1.15, 0.90-1.10, and 0.95-1.05 were examined to assess the sensitivity of the optimization
outcomes. The interval of 0.90—1.10 was found to provide the most effective compromise: it ensured that
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the inter-story drift distribution remained nearly uniform (within £10% variation) while maintaining a
moderate increase in total structural weight. Tighter bounds such as 0.95-1.05 led to significantly higher
weight penalties with limited uniformity improvement, whereas wider bounds such as 0.85—1.15 resulted
in noticeable loss of drift control. Therefore, the DUF target range of 0.90—1.10 was adopted in this study
as a practical and calibrated balance between seismic performance and structural economy.

dr

*

d2

! h
” \s H

N

P8 \/.» £ P.S .
Fig. 5. Geometric definition of parameters used in the formulation of the proposed drift uniformity index.

The proposed drift uniformity constraint was incorporated into the optimization framework by extending
the objective function with a penalty term associated with the DUF. In each iteration, after the structural
analysis was completed in OpenSees, the inter story drift ratio for every story was calculated and
compared with the overall roof drift ratio normalized by the total building height. For each story, the DUF
was determined as the ratio of local to global drift demand, as defined in Equation (3). The deviation of
each DUF from the target range (0.9 < DUF < 1.1) was then quantified, and a penalty proportional to the
magnitude of this deviation was incorporated into the objective function.

This procedure ensured that candidate solutions exhibiting significant drift irregularities where one or
more stories deviated beyond the acceptable DUF bounds received higher penalty values, reducing their
likelihood of survival in subsequent generations. Conversely, designs maintaining nearly uniform drift
patterns along the building height were assigned minimal penalties and thus retained a higher probability
of reproduction and propagation through the evolutionary process. Through this mechanism, the Genetic
Algorithm was efficiently guided not only to minimize the total structural weight but also to promote a
balanced and stable lateral deformation profile, thereby enhancing the seismic reliability of the optimized
Strongback braced frames.

To clearly illustrate the formulation of the proposed Drift Uniformity Index, the geometric definition of
the parameters involved is presented in Figure 5. As shown, d;and d,represent the lateral displacements
of the lower and upper story levels, respectively, while hgdenotes the story height. The global roof
displacement and total building height are defined as d,and H, respectively. The ratio (d, —d;)/
hsrepresents the local inter story drift, and its normalization by the global drift ratio (d,/H)forms the
DUF used in Equation (3).

This schematic visualization facilitates understanding of how the DUF quantitatively captures the relative
uniformity of story drifts along the building height and distinguishes between regular and concentrated
deformation patterns.

It should be emphasized that although the DUF effectively regularizes elastic drift distributions, its direct
extrapolation to inelastic behavior is not guaranteed. Inelastic mechanisms modify stiffness characteristics
and modal participation, and therefore the DUF requires validation against nonlinear responses. For future
verification, two complementary pathways can be adopted: (i) the DUF may be computed using target
inelastic (yield-level) drifts obtained from pushover analyses or scaled inelastic demand spectra and
subsequently incorporated into the optimization constraint; and (ii) incremental dynamic analyses (IDA)
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may be performed on selected optimal designs to quantify performance metrics such as peak inelastic
drift, residual drift, and collapse margin. Implementing these steps would enable a rigorous assessment of
the DUF under severe seismic demands and facilitate potential recalibration of its threshold range for
inelastic regimes.

2.3. Design Constraints and Mathematical Formulations

To provide a complete and transparent definition of the optimization problem, the mathematical
formulations of all adopted design constraints are presented in this subsection. These constraints include
strength limits, drift limits, slenderness requirements, member capacity checks, and DUF, which is
introduced as an additional performance-oriented criterion. All constraint expressions follow relevant
provisions of the AISC 341-16 [1] specification unless otherwise noted.

To prevent global instability in compression members and to ensure that all frame components satisfy the
fundamental elastic stability requirements, an overall buckling constraint is imposed on each member.
This constraint limits the slenderness ratio to acceptable bounds prescribed in steel design provisions,
thereby avoiding premature global buckling under axial compression. The mathematical form of this
stability requirement is expressed in Equation (4). to evaluate the global elastic stability of compression
members and to establish a reference capacity against which axial demands can be compared, the
classical Euler critical buckling load is computed. This load represents the theoretical maximum
compressive force that an ideal prismatic member can sustain before experiencing elastic instability. The
governing expression for the Euler buckling capacity is given in Equation (5). it is first constraint. In
addition to the theoretical Euler load, the actual critical compressive strength of each member must
account for effective length, boundary conditions, and geometric properties. Accordingly, a refined
expression is employed to determine the practical critical axial capacity of the member under
compression. This stability-based capacity, which governs the admissible axial demand-to-capacity ratio
in the optimization process, is expressed in Equation (6).

g1(x;) = max(A4,Ay) —200<0 (@)

Fe =— (%)

E
A>4.71 |—— Fcr = 0.877F,

fy
A<4.71 |~ - Fer =£,(0.658) e
fy
Fer = min(fy, Fer) (6)

In Equations (4-6), the parameters are defined as follows:

« A, and 4, are the member slenderness ratios about the principal x- and y-axes, respectively.
o E denotes the modulus of elasticity of the steel.

e A represents the governing member slenderness ratio.

e F, isthe Euler buckling stress.

e F.. isthe critical buckling stress.

e [y isthe steel yield stress.

e g signifies a constraint function within the optimization framework.

e x; are the design variables for the optimization problem.
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To establish the design compressive capacity of members subjected to axial compression, the nominal
compressive strength is calculated based on the governing buckling limit state and material yielding. The
corresponding expression is presented in Equation (7). The nominal tensile strength of tension-controlled
members is evaluated by considering both yielding and potential rupture through the net cross-sectional
area. The governing expression for the nominal axial tensile capacity is provided in Equation (8)

P, = ¢.Fcr.A )
T, = ¢.f;. A (8)

In Equations (7) and (8), P, and T,, denote the nominal axial compressive and tensile capacities,
respectively, as defined by the governing steel design specification (AISC 3¥)-16) [1]. A is area of
section.

To ensure that all tension members remain within admissible axial limits, a tensile demand-to-capacity
check is imposed. This constraint compares the factored axial tension force with the nominal tensile
strength and prevents overstressing under design loads. The mathematical form of this constraint is given
in Equation (9). For compression members, an additional constraint is introduced to ensure that the
applied axial compressive force does not exceed the nominal compressive strength determined from
buckling and yielding criteria. This compressive demand-capacity requirement is expressed in Equation

(10).
G2(x) =T, — T, <0 )
g3(x;)) =P, — P, <0 (10)

The slenderness of the flange component is quantified to assess its susceptibility to local buckling under
axial and flexural demands. The existing flange slenderness ratio is calculated according to Equation (11).
Similarly, the slenderness of the web is evaluated to verify its stability against local buckling. The existing
web slenderness ratio is determined using the expression in Equation (12). To classify the flange as
compact, noncompact, or slender, the limiting slenderness threshold prescribed by design standards is
applied. The limiting compactness criterion for the flange is given in Equation (13). A second limit
associated with flange slenderness is considered to ensure elastic—plastic stability under combined axial
and flexural actions. This slenderness requirement is defined in Equation (14). The limiting slenderness
value for the web—used for stability classification and buckling checks is presented in Equation (15), in
accordance with relevant design provisions. To enforce flange compactness within the optimization
process, a constraint is imposed requiring the actual flange slenderness to remain below the prescribed
limit. This requirement, representing the fourth design constraint, is formulated in Equation (16). Finally,
to ensure adequate ductility and prevent premature local buckling, a compactness constraint is applied to
the web. This condition requires the existing web slenderness to not exceed its allowable limit, as
expressed in Equation (17).

(bf—tw)
=g a
2
/1 _ dC—th (12)
i
E
Ay =038 | (13)
y

16



E. Jahankhani et al. Journal of Rehabilitation in Civil Engineering 14-3 (2026) 2515

her = |2 (14)

Apr = 5.7 |[= (15)
fy

gS(xi) = /1W - Awp <0 (17)

In Equations (11) to (17), the parameters are defined as follows:

o by: flange width

o ty: flange thickness

e t,: web thickness

e d,.: overall depth of the section

A flange slenderness ratio

e A, web slenderness ratio

o Agp: limiting slenderness for a compact flange

o Agr: limiting slenderness for a noncompact flange
e Ay limiting slenderness for the web

To evaluate the global stability of compression members, the effective braced length must be quantified
based on their bracing conditions and lateral support intervals. The expression used to determine the
maximum effective braced length is provided in Equation (18). The stability of a compression member
depends strongly on its radius of gyration, which governs its slenderness ratio and susceptibility to global
buckling. The radius of gyration for the compression region of the cross-section is calculated using
Equation (19). To facilitate stability and bending capacity calculations, the total depth of the structural
section 1s defined. This geometric quantity, representing the full cross-sectional height, is expressed in
Equation (20). The unbraced length of a member plays a critical role in determining its lateral—torsional
buckling capacity. The maximum unbraced length relevant to lateral stability checks is obtained using
Equation (21).

E
Lp = 1.76r, \/% (18)
ts = Iy.cy 19
rts = [ (19)
ho = dc — tf (20)
B E | |Jec J.c? Tyy2
Lr = 1.95rts(0_7fy) \/SZ% + Jszho +6.76(0.72) (21)

In Equations (18) to (21), the parameters are defined as follows:

o L, Limiting laterally unbraced length for the limit state of yielding
e L,: Limiting laterally unbraced length for the limit state of inelastic lateral-torsional buckling
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 7,: Radius of gyration about the y-axis

e 1, Effective radius of gyration for the compression flange
e C,: Warping constant

o S, Elastic section modulus about the z-axis (minor axis)

« I, Moment of inertia about the y-axis (minor axis)

e J: Torsional constant

e hy,: Distance between flange centroids

The plastic moment capacity of the section is evaluated to determine its flexural resistance under fully
plastic stress distribution. This plastic bending capacity, which governs flexural strength checks, is
computed using Equation (22). The axial compressive resistance of columns, accounting for buckling
effects and material yielding, is determined using the nominal compressive strength expression shown in
Equation (23). To assess column behavior under axial tension, the nominal tensile strength considering
yielding and potential rupture through the net area is calculated using Equation (24).

M, =1£/Z, (22)
Pcp = 0.9Fcr. A (23)
Pct = 0.9f,.A (24)

In Equations (22) to (24), the parameters are defined as follows:

e M, plastic moment capacity of the section

o Z,: plastic section modulus about the z-axis

» P, nominal compressive capacity of the section
e P, nominal tensile capacity of the section

To account for the effects of non-uniform bending moment distribution along a member, a moment
gradient modifier (also known as the lateral-torsional buckling correction factor) is introduced. This
coefficient refines the effective buckling capacity under varying moment diagrams and is evaluated using
Equation (25).

12.5M.
Cb — max
Z'SMameax

(25)

In Equation (25), the parameters are defined as follows:

e (p: the moment gradient modifier (lateral-torsional buckling modification factor)

e M, .. the absolute value of the maximum moment in the unbraced segment

e M,: the absolute value of the moment at the quarter-point of the unbraced segment

e M, the absolute value of the moment at the centerline of the unbraced segment

e M,: the absolute value of the moment at the three-quarter point of the unbraced segment

To evaluate the flexural strength of beam and column elements under bending, the nominal moment
capacity is determined according to the section classification prescribed by steel design provisions.
Depending on whether the flange and web are compact, noncompact, or slender, different expressions
govern the nominal flexural capacity. The general formulation leading to these strength expressions is
introduced in Equations (26 28). When both the flange and the web satisfy compactness limits, the
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section is capable of developing its full plastic moment prior to the onset of local buckling. Accordingly,
the nominal flexural strength is governed by the plastic moment capacity, as defined in Equation (27). For
sections with a compact web but a noncompact flange, local buckling in the flange may occur before
reaching the fully plastic state. In such cases, the nominal flexural strength is reduced relative to the
plastic moment and must be determined using the transition equation that accounts for flange
noncompactness. The corresponding expression is provided in Equation (28).

Lb < Lp » My, = M,

M, — (M, — 0.7£,)(Lb — Lp)

M,.. =
Lb<Lr-{ " Lr— Lp
My = min( My, M;,)

Cb.m? EJ1+0 078( )(—)2

rts

Lb > Lr - { Fer = Iy (26)

rts

My = min(M,, S, Fcr)

Ap < App&Ay < Awp = My = dMy 27)

AE—AF
M,, = M, — 0.7f P
Ap > App8hy S Ayp > My =1 " P 752 G (28)

= ¢.min(M,q, M;)

In Equation (26), Lb represents the laterally unbraced length of the member and M, is denotes the
nominal flexural strength of the element.

For members whose flange and web do not fall into the compact or noncompact categories considered
previously, the flexural strength must be evaluated using the more general expressions provided in
advanced stability-based formulations. The corresponding procedure begins with the definition presented
in Equation (29). A dimensionless parameter is introduced to quantify the influence of web slenderness
and to support the development of subsequent reduction factors for flexural capacity. This non-
dimensional factor, which forms the basis for the web slenderness reduction, is defined in Equation (30).
Using the parameter introduced in the previous step, a reduction coefficient is derived to account for the
decrease in nominal flexural strength caused by web slenderness. The expression for this reduction factor
is given in Equation (31). For sections not fully compact, the resistance to lateral-torsional buckling
depends on an effective radius of gyration that reflects the member’s torsional—flexural stability
characteristics. This effective radius of gyration is computed using Equation (32). The effective braced
length associated with lateral-torsional stability is quantified through Equation (33). This length
represents the distance between lateral bracing points that restrain the compression flange. The effective
braced length associated with lateral-torsional stability is quantified through equation (33).This length
represents the distance between lateral bracing points that restrain the compression flange.

Otherwise:

a,, = min( 10, ac. tw) (29)
ff

Rpg —mm(ll—(m)—w—57—) (30)

M, = ¢Rpgfy5xc (31)
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rt=—2l (32)

/12(1+“TW)
Lb = 1.1rt F (33)
fy

Lr = nrt 0E—7 (34)
fy

In Equations (29) to (34), the parameters are defined as follows:

e a,:adimensionless quantity

e Ry, bending strength reduction factor due to web slenderness

e S, elastic section modulus relative to the extreme compression fiber
« 1;: effective radius of gyration for lateral-torsional buckling

When the effective braced length of the member is less than or equal to the limiting value, the section is
considered sufficiently braced to prevent lateral-torsional buckling. Under this condition, the nominal
flexural strength is calculated according to Equation (35). For members whose effective braced length
exceeds the compact limit but remains below the maximum unbraced length, the flexural strength must be
interpolated between the plastic moment and the elastic lateral-torsional buckling capacity. The
corresponding expression is given in Equation (36). Since several potential limit states may control the
flexural capacity (plastic rotation, web slenderness effects, lateral-torsional buckling, or flange
noncompactness), the governing nominal flexural strength is taken as the minimum value among all
candidate strengths. This final governing expression is documented in Equation (37).

0.3fy(Lb—Lp)

if (Lb < Lr) = Fer = min(f,, Cb(fy ==} =)

if (Lb > Lp) = 1 otherwise — Fcr = min(fy,%) (35)
rt
M,, = ¢Rpg.Fcr. sy,
/1F - AFp

. Fer=f, —(03f,)G———
ifdg > App > fy=( fy)(/lpr - /va)
. M,z = ¢Rpg.Fcr.sy,
ifAp < App > My3 = Rpg.M,, (36)
M, = min( My, My, Mp3) (37)

In Equation (36), M,, represents the yield moment of the cross-section.

To incorporate the computed flexural capacity into the optimization framework, a flexural demand-to-
capacity constraint is formulated. This constraint ensures that the applied bending moment does not
exceed the governing nominal strength determined previously. The mathematical form of this final
flexural requirement is presented in Equation (38).

ge(x)) =M, —M, <0 (38)

20



E. Jahankhani et al. Journal of Rehabilitation in Civil Engineering 14-3 (2026) 2515

In Equation (38), M,, represents the required flexural strength (factored applied moment).

The optimization process incorporates two key strength interaction constraints to address combined stress
conditions. Constraint 7 ,Equation (39) defines the axial-flexural interaction for members subjected to
high compressive axial loads, ensuring stability and strength under compression-dominated states.
Conversely, Constraint 8 ,Equation (40) specifies the interaction criterion for members under significant
tensile forces, safeguarding against tensile-yielding failures. These dual constraints collectively ensure a
comprehensive strength-based design.

_Pup Pup
—>0. ) =
lchp = 0.2 > g7(x) (P p) 9M
Pup
otherwise - g,(x;) = (Pcp) +M_1>0 (39)
Puty 8M
f— > 0.2 ( ) =
Put
otherwise - gg(x;) = (%) + ——1>0 (40)

Pct

In Equations (39) and (40), the following parameters are defined:

e P, the factored applied tensile axial force
« P,,: the factored applied compressive axial force

To satisfy serviceability and damage-control requirements, Constraint 9 Equation (41) limits the
maximum computed inter-story drift ratio to the code-specified allowable value, thereby controlling
structural deformations under seismic actions.

go(xi) = ballpmay (41)
In Equation (41), the parameters are defined as follows:

e O,y the allowable story drift, taken as 0.02 times the story height,
e Omax. the maximum computed story drift under design loads,
e (4 the deflection amplification factor accounting for inelastic deformations.

3. Results and Discussion

This section presents the numerical results of the optimization procedure and discusses their implications
for the seismic performance of steel frames equipped with Strongback bracing systems. The results are
organized as follows: first, the adopted computational framework is verified against available studies to
ensure reliability; second, the optimization outcomes for the three Strongback configurations are reported
and compared, both with and without the drift uniformity constraint; finally, the significance of the
proposed constraint and its influence on structural efficiency and seismic response are analyzed.
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3.1. Optimization Results

The optimization procedure was applied to the six story steel frame equipped with three different

Strongback configurations, namely brace to beam intersections at one quarter (i), one third (%), and five

5 . o .
twelfths (E) of the beam span. For each configuration, two cases were analyzed: (i) without the inter
story drift uniformity constraint, and (ii) with the drift uniformity constraint included in the optimization
process.

The optimized cross sectional sizes assigned to each member group are presented in Table 3 for the three
brace intersection configurations (i, %, and o span), both with and without the drift uniformity constraint.

As shown in Table 3, the optimization outcomes reflect geometry dependent stiffness redistribution,
indicating how the drift uniformity constraint directly influences sectional design decisions across
different Strongback configurations.

Table 3. Optimized cross sectional areas (m?) of 19 member groups under different Strongback configurations (%, %,

and % span), with and without the DUF.

% span % span % span
Number Ar’ea sections Are.a sections A¥ea sections Arqa sections A?ea sections Areg sections
without DUF with DUF without DUF with DUF without DUF with DUF
of group : . . . . .
constraint constraint constraint constraint constraint constraint
1 0.0650 0.0735 0.0703 0.0589 0.0399 0.0677
2 0.0195 0.0257 0.0304 0.0257 0.0347 0.0467
3 0.0671 0.0499 0.0650 0.0634 0.0552 0.0684
4 0.0671 0.0671 0.0448 0.0498 0.0925 0.0579
5 0.0735 0.0362 0.0303 0.0279 0.04 0.0468
6 0.0328 0.0281 0.0281 0.0498 0.0498 0.0467
7 0.0459 0.0365 0.0421 0.0498 0.0468 0.0439
8 0.0381 0.0367 0.0307 0.0619 0.0619 0.0400
9 0.0106 0.0058 0.0101 0.007 0.007 0.0086
10 0.0065 0.0065 0.0155 0.0160 0.0201 0.0184
11 0.0367 0.0159 0.0117 0.0141 0.0121 0.0075
12 0.0118 0.0094 0.0128 0.0105 0.0101 0.0128
13 0.0144 0.0101 0.0072 0.0103 0.0087 0.0129
14 0.0247 0.0221 0.0105 0.0057 0.0094 0.0135
15 0.0121 0.0087 0.0121 0.0146 0.0139 0.0101
16 0.0121 0.0106 0.0057 0.0040 0.0074 0.0051
17 0.0087 0.0076 0.0101 0.0053 0.0066 0.0074
18 0.0034 0.0017 0.0011 0.0013 0.0023 0.0017
19 0.0026 0.0057 0.0014 0.0023 0.003 0.0026

The results in Table 3 reveal clear trends in the redistribution of material among member groups due to
the application of the DUF. In general, the inclusion of the DUF constraint led to an increase in the cross
sectional areas of critical members responsible for lateral stiffness particularly in the upper and mid story
bracing and beam groups while slightly reducing the sizes of non critical members. This behavior
indicates that the optimization algorithm compensated for the drift uniformity requirement by
strengthening regions contributing to inter story stiffness balance, rather than uniformly increasing all
member sizes.

For the one third and one fourth span configurations, the adjusted section areas demonstrate a more
efficient stiffness allocation, leading to reduced total structural weight despite the added constraint. This
confirms that the DUF constraint enhanced the coordination of stiffness demand along the height of the
structure. Conversely, in the five twelfths configuration, most member areas increased simultaneously,
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reflecting a less favorable stiffness path between the Strongback and frame elements. This geometric
inefficiency caused a net rise in the optimized structural weight.

Overall, Table 3 highlights that the proposed drift uniformity constraint not only improves deformation
regularity but also promotes rational material distribution, enhancing both mechanical performance and
design efficiency.

In contrast, incorporating the drift uniformity constraint resulted in larger and more uniformly distributed
member sections along the building height. This adjustment indicates that the algorithm effectively
increased the stiffness of the upper and mid story members to achieve a more consistent lateral
deformation profile. Among the three brace to beam intersection configurations, the one fourth span
layout demonstrated the most balanced pattern of section sizes, achieving improved drift uniformity with
only a moderate increase in member dimensions.

To further illustrate the influence of the DUF on lateral deformation patterns, Figure 6 presents the inter-

. . . . 11 5 .

story drift profiles for the three brace-to-beam intersection configurations (Z’ > and E) under scenarios

with and without the DUF constraint.

—@— 1/3 span without DUF
1/3 span with DUF
1/4 span without DUF
1/4 span with DUF

story number
w

2 ——5/12 span without DUF
—@—5/12 span with DUF

0 2 4 6 8 10 12 14 16

drift ratio (mm)

Fig. 6. Inter-story drift profiles for the three Strongback configurations (i, %, and %span ratios) with and without
the DUF constraint.

As shown in Figure 6, the drift demand in the “without-DUF” cases exhibits the typical concentration in
the lower stories, a behavior commonly associated with soft-story tendencies in braced frames.
Introducing the DUF constraint significantly regularizes the drift profile across the height, producing

nearly uniform drift values for all three configurations. The %—span configuration achieves the most

balanced distribution with the lowest drift concentration, whereas the —5-Span configuration remains the

least uniform, even under DUF enforcement consistent with its higher optimized weight and reduced
stiffness redistribution efficiency. These drift trends provide clear physical insight into the role of brace-
to-beam geometry in controlling lateral deformation patterns within Strongback systems.
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A comparison of the optimized total weights under the three brace to beam intersection ratios is given in
Table 4.

As observed, the inclusion of the drift uniformity constraint results in a weight reduction of
approximately 2.48%, 6.96% for the one third and one fourth span configurations, while a slight increase
(14.92%) 1s observed for the five twelfths span layout. The summary of the total optimized weights for
the three Strongback configurations, with and without the drift uniformity constraint, is presented in Table
4.

Table 4. Comparison of optimized total structural weights for different Strongback configurations, with and
without the DUF.

Brace to Beam Intersection Ratio Opﬁmuﬂﬁgﬂiyﬁ ;:;Zi(‘gring drift Opﬁ“é‘;irg Kjffolﬁnvivs;h;‘gei"&sgifeﬁng
~ span 90802.224 93111.9374
i span 87165.4955 93686.7541
= span 121976.5752 106137.0903

Table 4 shows the optimized weights for different brace to beam intersection configurations, both with
and without the drift uniformity constrain. As summarized in Table 4, the drift uniformity constraint
yielded geometry dependent effects on optimized weight, highlighting the nonlinear interaction between
stiffness distribution and global efficiency.The results indicate that the GA was successful in identifying
optimal section sizes that satisfy all design constraints while minimizing the structural weight. In the
absence of the drift uniformity constraint, the optimization converged to lighter solutions; however, the
drift distribution along the height of the frame was highly non uniform, with concentration of
deformations in upper stories. When the drift uniformity constraint was enforced, the structural weight
generally increased, but the drift profile became significantly more uniform, leading to improved seismic
performance and better energy dissipation capacity.

Among the three Strongback configurations, the brace to beam intersection at one fourth (i) of the span
exhibited the most favorable trade off between weight reduction and drift uniformity, while the
configuration at five twelfths (15—2) of the span showed limited weight reduction when the drift uniformity
constraint was imposed. This suggests that the geometric location of the Strongback plays a critical role in
balancing stiffness, strength, and drift control.

To assess the convergence stability and computational efficiency of the optimization process, the
evolution of the objective function value (structural weight) with the number of generations is presented
in Figure 7. Both constrained and unconstrained optimization cases are shown for all three brace
intersection configurations.

It was observed that the o brace-to-beam intersection led to a noticeably higher optimized weight when
the DUF constraint was applied. This behavior can be attributed to the mechanical characteristics of this
configuration. The —; Position lies closer to the beam mid-span, where flexural demand is highest and

shear transfer effectiveness is reduced. As a result, the coupling between axial brace forces and lateral
story shear becomes weaker, limiting the ability of the Strongback system to redistribute stiffness
efficiently along the frame height. To satisfy the DUF constraint under this less effective force-transfer

mechanism, the optimization process increases the brace and column sizes more substantially than in the "

. . . 5 . . .
and % configurations. Therefore, the higher weight of the T, eometry arises not only from its geometric

characteristics but from this inherent mechanical limitation.
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As 1llustrated in Figure 7, all optimization scenarios exhibit stable and rapid convergence behavior,
confirming the robustness of the Genetic Algorithm implementation. For both constrained and
unconstrained cases, the objective function (structural weight) decreases sharply during the first 30-50
iterations, after which the changes become negligible, indicating that near optimal solutions were reached
well before the maximum iteration count of 100.

In the unconstrained optimizations, the minimum structural weights stabilized at approximately 9.3x10*
kg for both the é span and % span configurations, and 1.06x10° kg for the % span configuration. This
confirms that, without the drift uniformity constraint, the optimization primarily focuses on minimizing
weight without regard to lateral stiffness distribution.

When the drift uniformity constraint was introduced, the convergence rate remained nearly identical,
showing that the additional constraint did not compromise computational efficiency. However, its
influence on final weight varied depending on brace geometry. For the § span and i span layouts, the
optimized weights slightly decreased to about 8.8x10* kg and 9.0x10* kg, respectively, indicating more
efficient stiffness distribution due to the imposed drift constraint. In contrast, for the = span

12
configuration, the final weight increased to approximately 1.25%10° kg, implying that this geometry

generates redundant stiffness that does not effectively contribute to drift uniformity.

Overall, the convergence histories demonstrate that all optimization cases achieved steady state solutions
within roughly 50 generations, verifying the stability, consistency, and computational efficiency of the
developed GA—OpenSees optimization framework. Moreover, the distinct trends among the three brace

25



E. Jahankhani et al. Journal of Rehabilitation in Civil Engineering 14-3 (2026) 2515

configurations quantitatively confirm the strong dependency of optimal performance on brace placement
geometry. The results summarized in Tables 3 and 4 form the basis for the following discussion, which
interprets the observed trends in light of stiffness distribution and drift control.

3.2. Discussion

The optimization results highlight the crucial role of the drift uniformity constraint in achieving efficient
and resilient Strongback braced steel frames. Conventional optimization approaches that minimize only
the total weight typically yield lighter but mechanically unbalanced designs, characterized by pronounced
concentration of inter story drifts in the upper levels. Such irregular drift distributions may trigger soft
story mechanisms and lead to premature local failures during seismic excitation. The incorporation of the
proposed drift uniformity constraint effectively mitigates these shortcomings by enforcing a more
balanced redistribution of stiffness along the structure’s height, thereby reducing the concentration of
deformations in specific stories and preventing localized drift failures.

A particularly noteworthy outcome of this study is the unexpected reduction in optimized structural
weight observed for the one third and one fourth span configurations when the drift uniformity constraint
was applied. At first glance, adding a new constraint is generally expected to restrict the solution space
and increase the objective value (i.e., total weight). However, in this case, the drift uniformity

requirement indirectly improved the overall efficiency of stiffness allocation For the % span configuration,

the structural weight unexpectedly decreased by 3.5% after applying the uniformity constraint. This
occurred because, the optimization algorithm naturally favored section combinations that provided better
stiftness coordination between stories, thereby eliminating over stiffness in localized regions that existed
in unconstrained solutions. This redistribution of stiffness reduced redundant material usage, leading to
lighter yet more mechanically efficient designs. This behavior reveals that the drift constraint can act as
an implicit stiffness regularizer, guiding the optimization toward structurally more balanced solutions.

In contrast, the five twelfths span configuration exhibited an increase in total weight when the same
constraint was applied. This specific configuration saw a weight increase of 14.96%, a behavior which
can be attributed to its less effective geometric interaction between the Strongback brace and the
surrounding frame members, which limits the system’s capacity to redistribute stiffness without adding
material. Consequently, the optimization algorithm compensated for the drift uniformity requirement
through the selection of heavier sections, resulting in an increased total weight. This finding is consistent
with the observations by Faramarzi and Taghikhany [30], who also reported geometry dependent drift
uniformity in Strongback frames.

Overall, the results demonstrate that the effectiveness of the drift uniformity constraint is geometry
dependent: when the brace to beam intersection occurs at positions that promote favorable stiffness
coupling such as at one third or one fourth of the beam span the constraint enhances both performance
and material efficiency. However, in suboptimal geometries (e.g., the five twelfths configuration), the
constraint imposes additional stiffness demands that increase material consumption.

These findings also reaffirm the capability of the GA to manage multi objective optimization landscapes
involving nonlinear interdependencies between stiffness, strength, and deformation. The observed
convergence behavior indicates that the GA consistently identifies near optimal solutions within fewer
than 100 generations, validating its robustness and computational efficiency for discrete structural
optimization. Future research could further refine these insights by incorporating nonlinear static and
dynamic analyses to investigate post yield behavior, residual drift, and energy dissipation mechanisms
under realistic seismic scenarios.These findings suggest that the proposed framework can be integrated
into preliminary design tools for drift controlled and weight efficient optimization of steel braced frames.
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Uncertainties associated with material properties, geometric variability, and model idealization were not
explicitly modeled. Future work will incorporate sensitivity and uncertainty propagation to examine
robustness of the optimization results.

A clearer relationship between geometry and seismic indicators emerges: configurations with lower
brace-to-beam ratios suppress soft-story formation more effectively, reduce drift concentration, and
achieve a more favorable deformation pattern. This behavior aligns with the mechanics of stiffness
redistribution and the role of the vertical spine in Strongback systems

4. Conclusions

This study presented a discrete size optimization framework for six story steel frames equipped with
Strongback bracing systems, with particular emphasis on inter story drift uniformity as a novel design
constraint. The optimization was performed using a Genetic Algorithm integrated with OpenSees for
structural analysis. Based on the results, the following conclusions can be drawn:

1. Effectiveness of Drift Uniformity Constraint — Incorporating drift uniformity significantly
improves the seismic performance of Strongback systems by preventing excessive concentration
of deformations in individual stories, thereby reducing the risk of soft story collapse mechanisms.

2. Impact of Strongback Configuration — Among the three investigated configurations, the one
fourth span intersection consistently provided the best balance between weight efficiency and drift
uniformity. In contrast, the five twelfths configuration showed limited weight reduction under the
uniformity constraint, indicating that geometric placement plays a critical role in Strongback
effectiveness.

3. Optimization Efficiency — The proposed GA based framework proved effective in handling the
discrete design space and multiple performance constraints, achieving near optimal solutions
within a reasonable number of generations.

4. Practical Implications — The findings demonstrate that Strongback systems, when properly
optimized, can provide improved seismic resilience with only a modest increase in structural
weight, making them an attractive option for performance based design of steel frames.

5. Future Work — While the present study focused on linear static analysis, future research should
incorporate nonlinear time history simulations and additional performance criteria, such as
residual drift and energy dissipation, to further validate the robustness of the proposed
methodology.

Overall, the proposed framework provides a practical and computationally efficient tool for drift
controlled design of steel Strongback frames, offering a promising basis for future extensions toward
nonlinear and performance oriented analyses.

While the numerical findings are directly associated with the six-story benchmark frame, the observed
behavioral trends are expected to extend to taller configurations. Nevertheless, the current results should
be interpreted within the specific modeling assumptions adopted.

The key findings of this study can be summarized as follows:

e A GA integrated with OpenSees was successfully implemented to optimize Strongback braced
frames under linear static analysis while enforcing multiple design constraints, including a newly
introduced drift-uniformity constraint.

e The optimization results revealed that geometric configuration plays a decisive role in the seismic

behavior of Strongback systems. The brace-to-beam intersection ratios (i, § %of the span)
produced distinct drift and weight distribution patterns.
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o In the unconstrained optimization, differences in total structural weight between configurations
were modest (0.61% between gand % spans; 12.27% between § and %; 11.73% between i and %).

e When the drift-uniformity constraint was applied, these differences increased to 4.17%, 25.56%,
and 28.55%, respectively highlighting the strong sensitivity of Strongback action to geometric
layout.

e The drift-uniformity constraint led to weight reductions of 2.47% (% span) and 6.95% (% span),

while the % span configuration experienced a moderate weight increase of 14.96%.

e Across all configurations, the drift-uniformity constraint substantially improved drift distribution,
demonstrating its effectiveness as a novel and practical design feature for enhancing seismic
performance.

e The comparative analysis indicates that the g-span configuration consistently offers the most

favorable balance between drift uniformity and total structural weight.

e The findings establish that incorporating a drift-uniformity constraint into optimization
frameworks can provide a systematic and performance-oriented strategy for selecting Strongback
configurations in seismic design.

The study is subject to limitations related to linear analysis assumptions, idealized material modeling, and
exclusion of record to record ground motion variability

This work demonstrates that introducing a drift-distribution constraint provides a new pathway for
performance-based optimization.

Future research will involve nonlinear time-history simulations to evaluate residual inter-story drift,
inelastic drift distribution, and plastic hinge development, providing a more comprehensive validation of
the proposed drift-uniformity constraint.

Finally, it should be noted that the present results are obtained under linear static assumptions and
therefore represent a preliminary, design-level assessment. Future developments of the framework will
involve incorporating nonlinear static and time-history analyses to validate the DUF in fully inelastic
regimes and to adapt the constraint formulation for controlling residual drifts and energy dissipation
under severe earthquakes.
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