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Abstract of the dissertation 

Seismic resilience of building structures has historically focused on preventing collapse during 

major earthquakes, with less emphasis on post–earthquake functionality and residual deformations. 

Conventional seismic control systems, such as base isolation, hysteretic dampers, and buckling–

restrained braced frames, can provide efficient protection, but they usually cause large permanent 

deformations that make structures in a state of severe post–elastic deformation, which may reduce 

their serviceability and economy. A comprehensive study of Large Deformable Elastic Braces 

(LDEBs) is presented in this dissertation, which are proposed as an innovative structural 

technology for limiting residual deformations while maintaining elastic behaviors under extreme 

seismic loading conditions that would otherwise lead conventional members to yield.  

Large Deformable Elastic Braces adopt a new concept of seismic design, as elastic restoring forces 

act throughout seismic action, and structures return to their original positions even when beams or 

columns have experienced plastic deformation. Unlike traditional hysteretic dampers, which 

require plastic behavior to dissipate energy, LDEBs provide an elastic response over their wide range 

of deformation, up to 1/70 of their original length, as confirmed in our previous research [1,2]. This 

outstanding deformation capability is enabled by precision–engineered geometric forms realized 

from high–strength steel sheets by laser cutting, which provide complex cross–sectional shapes 

that result in good stress distribution and thus avoid early yielding. 

This study focuses on three basic knowledge gaps regarding LDEBs. First, although the theoretical 

basis and initial validation existed, a thorough experimental verification under extreme 

deformation levels exceeding 1/200 and 1/80 of the original length had not been systematically 

completed. The second issue was the buckle under compressive loading, one of the main failure 

modes for bracing members and therefore required an intensive check to ensure they functioned 

reliably. Third, optimal stiffness distribution strategies for LDEBs in multi–degree–of–freedom 
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structures were not investigated, which limited their application in structural engineering design 

practice. 

The experimental test employed three optimized LDEBs specimens (F1–1, F1–2, and F2) 

fabricated from JIS G 3106 SM490A steel with yield strengths of 325 MPa, 408 MPa & 411 MPa, 

respectively. Tensile loading tests were performed to more than 100 mm on specimens with a 

length of 660 mm, equivalent to story drift ratios from about 1/13 to 1/6.5. In addition, parallel 

finite element analyses with material nonlinearity and combined material geometric nonlinearity 

present complete numerical techniques. The research developed close form predictive equations 

derived from classical beam theory that enable practical calculation of yielding deformation and 

force without requiring complex numerical simulations. These equations agreed well with the 

experimental tests and predicted yielding loads of 2.901 kN, 2.88 kN, and 6.120 kN for the three 

specimens, which were in close agreement with the experimental results. 

The investigation of compressive behavior used an eigenvalue buckling analysis, an energy–

principles approach, and experimental validation to show that LDEBs can be designed so that 

yielding consistently precedes elastic buckling. The energy–based method, which accounts for 

torsional strain energy, yielded conservative estimates ranging from 19.52 kN to 39.00 kN, 

depending on the test specimen and boundary conditions, and were generally above the yielding 

loads, which is 3.0 kN. Experimental tests validate the design concept, with no signs of buckling 

observed in all tested specimens up to the ultimate load of 5.90 kN. It was found that buckling 

capacity increased by 40–100% with improved end restraint conditions, with a significant effect 

on connection design in practice. 

The development of the optimization framework was a considerable methodological improvement 

over combining particle swarm optimization algorithms with full Round Robin response surface 

methodology for two–degree–of–freedom structural systems. This combined approach effectively 

found global optimal LDEBs stiffness distributions and, at the same time, assessed solution 
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reliability under various ground shaking conditions and boosted waves, using three different 

ground motion records with intensities of 50 kine velocity and 90 kine velocity. The optimal 

solutions showed that LDEBs systems provide maximum story drift mitigation of 15%–64% 

compared to unbraced frames, with performance most effective at moderate seismic intensities 

where life safety is significant. It was found that optimal stiffness distributions are highly sensitive 

to earthquake intensity, structural natural periods, and ground motions with different frequency 

contents, leading to valley shaped response surfaces in the solution space. 

The practical implications of this research extend beyond academic contribution to immediate 

engineering applications. The methodology for validated predictive equations enables approximate 

predictive assessment without recourse to be advanced finite element analysis; the energy–based 

buckling evaluation yields conservative screening tools for connection design; and the optimization 

approach provides a systematic means of obtaining performance–based forms from both a design 

and a retrofit perspective. It provides additional benefits in high seismicity areas that require post–

quake performance and rapid recovery, as LDEBs systems can restore the residual value of 

structures that would otherwise need costly repairs. 

This work establishes LDEBs as a seismic protection technology that has reached maturity, with 

full scientific validation spanning field tests to system optimization.  The research provides 

theoretical background, validated design tools, and optimization frames to support structural 

engineers to confidently transfer LDEBs technology into performance based seismic design 

practice goals that contribute to the ultimate goal of making earthquake resilient infrastructure, not 

just to life safety but also damage recovery levels, where it may remain serviceable following major 

seismic incidents with retained functionality and economic worth, ready for serving communities 

in earthquake prone regions worldwide. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Introduction of Modern Seismic Design 

The practice of earthquake resistant building design has developed from one–story force–based 

system and buildings to complex performance–based systems. A significant progress was achieved 

with the revision of Japan’s Building Standards Act in 1981, which transitioned the seismic design 

approach from a one–phase investigation into another way around two–phase checking because 

buildings were required to prevent from collapse during severe earthquake (JMA 6+ to JMA 7) 

besides being able to reserve an ability that preventing slight damage under a moderate–scale 

earthquake (JMA5+) [3,4]. This procedure included the structural characteristic factor (Ds 

coefficient), which combined the strength and ductility capacity of the structure [4]. There were 

also parallel conceptual developments in other countries, where similar factors were being found 

to apply factoring in that it is possible for buildings to absorb seismic shock by way of inelastic 

behavior [4]. The 2000 Building Standards Act revision in Japan adopted performance–based 

design methods that were based on the calculation of limit strengths and displacement–based 

methodologies [3]. Performance–based design systems provide the ability for designers to specify 

targeted goals from immediate occupation, down to collapse prevention at explicit detail of repairs 

and recovery time [5]. Performance-based seismic design has evolved significantly since the 1970s, 

when New Zealand pioneered capacity design principles, recognizing that displacement-based 

approaches offer more reliable performance indicators than traditional force-based methods [6]. 

The 1994 Northridge earthquake (Mw 6.7) also resulted in heavy damage and revealed deficiencies 

in the steel moment frame connections which led to major changes in the code provisions [7]. The 

1995 Kobe (Great Hanshin–Awaji) Earthquake (Mw 6.9), with peak ground accelerations more 

than 0.8 g, resulted in the death of 6434 people and collapsed more than 240,000 buildings worth 
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over $100 billion; approximately 90% of fatalities were due to collapse of pre–1981 structures 

[4,8]. 

 The 2010 Chile earthquake (Mw 8.8) had less than 600 fatalities despite enormous magnitude, 

because of strict code implementation which indicates the efficiency of modern earthquake–

resistant design [9]. The 2011 Great East Japan Earthquake (Mw 9.0) claimed over 18,000 lives 

mostly due to tsunami and its structural collapses owing to ground shaking were relatively limited 

[10]. A major seismic risk Japan is subjected to is the Nankai Trough, where it is anticipated that 

a serious earthquake will occur within only a few decades [6,11], with an increased focus on 

resiliency, asset protection and rapid restoration. 

Seismic isolation technology employs flexible base interfaces such as natural rubber (NRB), high–

damping rubber (HDRB), and lead–rubber bearings (LRB) systems that decouple buildings from 

high–frequency ground motions, lengthen structural periods from 0.5–1.0 s to 3–5 s, and reduce 

accelerations by 60–80 %, though their adoption remains limited by cost and displacement 

demands [12–14]. 

The buckling–restrained braced frames (BRBFs) overcome the buckling weakness of conventional 

bracing by enclosing a yielding steel core within a restraining mechanism that allows axial yielding 

and provides stable, symmetric hysteretic behavior, though limited post–elastic stiffness can cause 

P–delta effects and residual drifts of 0.8–2.0 % after design–level earthquakes [15–19]. 

Passive energy dissipation devices reduce seismic response by consuming kinetic energy as heat 

through metal yielding, friction or viscous fluid deformation that is supplied with metallic yielding 

dampers, friction dampers and viscous fluid dampers to obtain reliable energy absorption, yet the 

units need replacement after some large seismic events [20]. 

Self–centering systems improve defects of traditional systems which will accumulate plastic 

deformation with residual displacement leading to functionality loss [21]. These systems include 

elastic restoration elements that reduce the residual drift, without however losing dissipating 
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energy capacity [21]. Tendons are often used in self–centering systems to provide restoring forces 

[21]. In shape memory alloys, super elastic behavior is observed whereby after deformation by up 

to 6–8 % without any plastic strain [22]. 

Although there have been major developments, the performance of any one seismic control 

strategy has limitations and is insufficient to reach its optimal resilience potential. Seismic isolation 

has economic barriers to widespread application and architectural issues [14]. BRB have residual 

displacements that need to be repaired for high rise buildings Additionally, BRB provides a low 

stiffness because of their yielding [18,19]. Self–centering systems reduce effectively residual drift 

but are based on expensive materials or complex devices [21,22]. The requirement for new 

approaches to achieve earthquake performance demands methods that can tackle multiple tasks 

while preserving practical feasibility for a widespread application [5]. An ideal system would 

provide large reductions in both maximum response and residual deformation, work well at the 

full range of earthquake intensity levels, and accomplish this with cost–effective construction 

practices, which are consistent with standard construction practice. 
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CHAPTER 2: LARGE DEFORMABLE ELASTIC BRACES 

 

2.1. Large Deformable Elastic Braces (LDEBs) Introduction 

This study proposed the large deformable elastic brace to address the limitations of conventional 

seismic control systems. Various methods have been developed to address checkerboard patterns 

in continuum topology optimization, including filtering techniques, morphological geometric 

representations with genetic algorithms, and Fourier-based representations for imposing length 

scale constraints [23]. This approach allowed multiple shapes to be made from a single steel plate 

model, optimized designs of which were manufactured using high strength steel (H–SA700) and 

physically tested and analyzed by Seism Struct software. Sawada et al. performed analytical study 

with finite element method to explain the relation between yield displacement and yield load, 

demonstrating that displacement increased and load decreased due to an increase in plate width, 

while Teramoto et al. also improved the technology by incorporating bending to enhance buckling 

resistance and compressive strength capacity [24,25]. 

LDEBs are devices that never yield, even when subjected to large deformations during major 

earthquakes, as introduced by Sawada [26] and representing a special class of structural 

components fabricated from steel plates with optimized geometric configurations that enable large 

elastic deformation at stress levels that would cause yielding in conventional members. The most 

important characteristic of LDEBs is how they operate; they do not dissipate energy by inducing 

permanent plasticity. LDEBs provide elastic restoration throughout the entire record of ground 

motion and actively restore the structure to its original position even after main frame members 

have yielded. LDEBs are developed through precision laser cutting process which allows exact 

reproduction of complex optimized geometries with fine tolerances, minimal material wastages. 

However, thermal effects induced by laser cutting can lead to hardening and residual stresses on 

material that could affect the mechanical performance of specimens, with standard dimension 660 
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× 200 × 9 mm thickness which are made from JIS G 3106 SM490A steel, whose yield strengths 

ranged from 325– 411 MPa and  Figure 2.1 shown the standard geometry of the LDEBs [27]. 

 
 

Figure 2.1 Typical geometric configuration of the large deformable elastic brace: arm domain (370 

mm total length, 10 mm mesh) and design domain (290 mm length, 2.5–5 mm refined mesh). All 

dimensions in mm. 

 

2.2 Comparative Analysis of Seismic Control Technologies 

LDEBs represent a new seismic control technology which is distinct from traditional systems using 

elastic material properties to improve their seismic behavior [23,24]. Here are discussed the basic 

operational features and performance characteristics of LDEBs together with those of seismic 

control technologies such as seismic isolation and hysteretic energy dissipation devices. 

Seismic Isolation Systems operate through period elongation and energy dissipation at the base 

level, shifting fundamental periods from 0.5–1.0 seconds to 3–5 seconds and achieving 60–80% 

reduction in superstructure accelerations [25–27]. Specialized elastomeric or sliding bearings 

(NRB, HDRB, LRB) accommodate large horizontal displacements while supporting vertical loads, 

maintaining the superstructure essentially elastic [27,28]. However, they have limitations such as 
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requiring considerable vertical clearance, being very expensive to implement and not suitable for 

tall or irregular structures, the need of periodic bearing maintenance and possibly replacement after 

extreme events, and disadvantageous correspondence periods elongation for sites with long–period 

ground motions. 

Vibration control systems are a broad group of structural seismic protection mechanisms, and 

dampers are the specific mechanical devices implemented by these systems [29,30]. Dampers are 

passive or semi-active systems installed in building structures to dissipate earthquake energy and 

minimize seismic vibration of the structure [31,32]. Recently, energy dissipation using damping 

devices as an effective adjunct to conventional strength- and ductility-based design is becoming 

more established [33, 34]. 

Dampers are categorized by their energy dissipation mechanisms into four primary types: viscous, 

viscoelastic, friction, and metallic yielding [35,36]. Hydraulic viscous dampers dissipate energy 

through fluid flow , and their force is directly proportional to velocity, which avoids residual 

deformation and allows the structure to fully recenter [37,38]. Viscoelastic dampers combine 

viscous and elastic properties such that the range in movement velocities at which energy is 

absorbed can be broadened [39,40]. Mechanical friction dampers are very simple and cheap and 

are based on the construction of interfaces that allow mechanical friction to convert kinetic energy 

into heat [39,40]. Metallic yield dampers, including buckling-restrained braces (BRBs), are 

designed to absorb seismic energy through the controlled yielding of specially engineered 

components [35,36]. 

Among these, buckling-restrained braces were first developed in Japan during the late 1980s and 

have since become widely employed in building structures worldwide [41–44]. BRBs are made of 

a ductile steel core that is confined to resist buckling under compression and to achieve 

symmetrical yielding in both tensile and compressive modes (rotation or translation) through the 

restraint mechanism provided by BRB action, thereby developing stable hysteretic loops [41,42]. 
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However, as effective as they are, BRBs have a fundamental limitation in that they dissipate 

seismic energy through permanent plastic deformation, which results in residual deformation after 

a major earthquake, making them need to be replaced following large earthquakes with substantial 

economic losses and long downtimes [31, 32, 43, 44]. 

Hysteretic Energy Dissipation Systems work by controlling inelastic behavior, absorbing the 

seismic energy via stable plastic dissipation cycles [45–47]. Such systems are composed of metallic 

yielding dampers, BRBFs and steel plate devices which disseminate plastic energy over the 

structure [45, 48, 49]. They were to ensure symmetry in yielding under both tension and 

compression through buckling–restraining means, generating stable hysteric loops with improved 

energy dissipation [48–50]. However, there is a fundamental limit to the accumulation of plastic 

deformation; when attacked by design level earthquakes, they usually develop little residual drift 

per round 0.8–2.0%, which although ensuring that frames will not collapse can result in very costly 

retrofitting or complete demolition due to low post–yield stiffness and the associated increased 

sensitivity to the second–order P–Δ effect under severe loading [18, 45, 51]. Moreover, devices are 

usually not reusable after large earthquakes leading to more expenses, out–of–service downtime 

and lower post–earthquake operability [17, 45]. 

Large Deformable Elastic Braces (LDEBs) are innovative structural members designed to achieve 

large elastic deformation of specially shaped steel plates, which can sustain high levels of elastic 

strain without rupture under expected earthquake loads [52–55]. Unlike traditional hysteretic 

dampers, which require plastic behavior to dissipate energy, LDEBs provide an elastic response 

over their wide range of deformation and can provide a self–centering action that automatically 

pulls back to the structure's original position without external force [52]. This is due to a highly 

optimized geometry that distributes the load and enables an extremely high elastic strain capacity 

of the brace, far exceeding what could be achieved by regular steel members. Therefore, LDEBs 
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can effectively control inter–story drift and reduce residual deformation under unloading, resulting 

in a high flexibility as well as strong restoring performance [52–55]. 

 

2.3 Research Gaps and Objectives 

Review of relevant literature even though theory provides support and initial empirical validation 

for these relationships, there are several gaps in this research: 

1. Limited Experimental Validation Range: The earlier experimental studies gave data of 

the LDEBs performance up to about 1/70th of its original length. Validations under large 

deformations higher than 1/10 original length representing extreme earthquake conditions 

are not yet available. 

2. Buckling Behavior Under Compression: The buckling fatigue failure as induced by 

compression load is a major issue for any bracing component and has not been 

systematically addressed in the case of LDEBs. Although the problem of buckling restraint 

has been discussed in previous studies on folded braces [56], explicit techniques that 

guarantee LDEBs yield should be further explored. 

3. Optimal Stiffness Distribution Strategies: Although optimization techniques have been 

used effectively for normal dampers and bracing systems, neither has found optimal spatial 

distributions of stiffnesses for LDEBs in multistory buildings. Since LDEBs have unique 

elastic properties, specific optimization schemes taking into consideration their extended 

elastic limits and restoring–force parts are necessary. 

4. Validation of Global Optimality: Optimization research commonly uses metaheuristic 

algorithms, which are far from the global optimal solution. The complex, potentially 

multimodal response surfaces of MDOF systems with LDEBs require robust validation 

techniques. 
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This research fills in these gaps through the combined experimental, analytical, and optimization 

analyses and thus provides a solid scientific/engineering basis for LDEB design, analysis, and 

optimal development for seismic use. The specific objectives are: 

1. Experimental and Analytical Validation of Tensile Performance: Perform tensile 

loading tests on optimized LDEB plates that are conducted until the deformation range of 

1/200 and 1/80 of the original length and comparison of experimental performance with 

finite element results which include material nonlinearity (MNL) and combined material & 

geometric nonlinearities (M&GNL). 

2. Development of Predictive Models: We use classical mechanics to build theoretical 

equations to predict the yielding deformation and force for LDEBs, which allows for 

practical design calculations without the need for complex numerical simulations. 

3. Investigation of Buckling Prevention: Study the compressive behavior of LDEBs through 

finite element eigenvalue and experimental testing to provide the design configurations for 

making yielding occur before buckling, therefore keep intact under compression. 

4. Stiffness Distribution Optimization: Develop and solve the stiffness distribution 

optimization problem for generating optimized LDEBs stiffness distributions in a multi 

degree of freedom structural system by aggressively designed particle swarm optimization 

(PSO) algorithms, complemented with extensive Round Robin response surface 

investigation. 

5. Seismic Performance Evaluation: Verify that the optimal LDEBs design can be applied 

against several seismic demands, such as different levels of intensity with respect to 

frequency contents and correspondingly show superior performance. 
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CHAPTER 3: PERFORMANCE OF OPTIMIZED LARGE DEFORMABLE 

ELASTIC PLATES 

 

3.1 Introduction 

Public awareness of earthquake safety has grown significantly in recent years. This has led to a 

growing focus on comprehensive earthquake preparation, aiming not only to safeguard lives during 

major earthquakes, but also to protect the integrity and value of buildings as critical assets. 

Traditional seismic control structures and isolation structures have been effective in minimizing 

damage to columns and beams in large buildings, like disaster prevention bases [46–48, 57, 58]. 

These advancements are the result of years of dedicated research. 

However, these methods seem to require a high cost. This paper explores Large Deformable Elastic 

Plates (LDEPs) [26, 59–61] as a promising alternative for addressing residual deformations after 

earthquakes. LDEPs are intended for use as braces or knee braces within buildings, those are called 

Large Deformable Elastic Braces (LDEBs). LDEBs are unique structural components that can 

deform significantly without permanent damage. Unlike conventional seismic control methods, 

LDEBs employ distinct response reduction mechanisms [60]. 

It's important to distinguish LDEBs from hysteresis dampers, which are energy–absorbing devices 

commonly used in seismic mitigation [50, 52, 55]. While both aim to reduce maximum 

deformations, they achieve this in different ways. Hysteresis dampers absorb energy through a 

process called plasticization, which results in permanent changes to their structure. While this 

process helps protect the main frame during seismic events, in the case of very strong earthquakes, 

both the dampers and the main frame may experience permanent deformation, reducing their 

overall effectiveness. 

LDEBs, on the other hand, maintain their elasticity even under large deformations. This allows 

them to provide substantial restoring forces that help pull the structure back into shape after an 
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earthquake. While LDEBs might allow for slightly larger deformations compared to dampers, their 

ability to maintain elasticity ensures their continued effectiveness in reducing residual 

deformations [26, 60]. By incorporating LDEBs into structures, their elastic properties offer a 

viable alternative for seismic mitigation. 

Indeed, minimizing residual deformation is the most challenging aspect of the seismic resilience 

target because, as post–earthquake functional requirement, it dictates the serviceability and safety 

of buildings after an earthquake. This is decreased structural strength, higher maintenance costs, 

and in extreme cases demolition, which has extensive costs in a densely populated city. LDEPs are 

uniquely positioned in this context. They serve as secondary stiffness to the fundamental frame of 

the building by providing an additional restorative force, and they do so without the negative 

implications of period shifts of the superstructure or early onset of inelastic deformation found in 

some other systems. 

Potential benefits of LDEPs include high reusability, low maintenance costs, and better post–

earthquake functional performance following aftershocks. However, this new technology presents 

challenges, particularly in optimizing material properties and geometric configurations to achieve 

the desired performance metrics. Careful calibration is required to ensure that the LDEPs meet 

their intended structural and functional objectives.  

To develop ground property measurement technique, and spread of sensors, it is now not so 

difficult to clarify the dominant period property of site. Then, it is likely to be of particular interest 

at the design stage to choose devices which shift respectively the building natural period toward a 

shorter side, longer one or do not really modify it. As a result, there is great expectation for the 

advent of a variety of responding reduction instruments having improved performance 

characteristics. 

A primary challenge in the use of large deformation elastic braces is that it is difficult to prevent 

buckling of the large deformation elastic plates formed under a compression load. Previous 
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investigations presented tests on these plates by stabilizing them against buckling with channel 

sections [62]. In addition, examples of large deformation elastic members that are effective even 

under compression have been suggested [63]. 

This investigates the high elastic property of LDEPs through a systematic study of tensile and 

compression phenomena. We performed experimental tests and FEM simulations for both loading 

cases. Moreover, we also investigate plastic deformation after yielding as an extremely rare event 

for reference. In our previous research [59, 61], tensile tests or nonlinear analysis have already 

been conducted on LDEPs up to the range of small plastic deformation (up to around 1/70 of the 

original length of the plate), however, here we conduct a tensile test up to the range of large plastic 

deformation (around 1/10 of the original length of the plates). We primarily established demands 

of LDEPs, then applied a topology optimization method to find the optimal topologies. Then 

numerical simulations of linear and nonlinear mechanical behavior are performed, which are 

validated with experiments. 

The first part of this chapter concentrates on tensile properties, in that a theoretical model has been 

developed to predict the tensile yield load and displacement. In the second part we perform FEM 

linear compressive load analysis and eigenvalue buckling analysis for large deformation elastic 

braces under several kinds of boundary conditions and investigate the condition where elastic 

buckling load is larger than compressive yield load. We also derived linear buckling equations for 

torsion from energy considerations and experimentally confirmed these equations using a universal 

tester. Load testing verified that the system achieves a high elastic limit response, and no buckling 

was observed at any load level. The results of this study help in the development of light weight, 

high strength structures for many engineering applications. 

A similar study to our approach has been conducted on the folded brace [56], however it differs 

from our approach in terms of the manufacturing method and the target of expanding the elastic 
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limit at a story drift angle of around 1/200. However, our study focusses on enhancing the elastic 

limits at a story drift angle of 1/100 to 1/50 as introduced in section 3.2.1 

 

3.2 Under Tensile Load 

3.2.1 Demands for performances of LDEPs 

The LDEPs are flexible members that retain elastic properties, even for large deformations under 

major earthquakes as we mentioned earlier. The building structure frame gets secondary stiffness, 

that is, elastic resilience by incorporating LDEPs into the whole frame system as knee braces. In 

this way, even after the columns and beams have plasticized, the elastic resilience can make the 

whole frame still resist deformation and regain its initial forms. As a result, the residual and 

maximum deformation of the building is reduced [50, 53, 64]. Furthermore, A response analysis 

on a portal steel frame of an earthquake response showed that using LDEPs as knee braces with an 

axial stiffness of only 500 N/mm (which gives a horizontal stiffness of approximate 15% of the 

horizontal stiffness of the main frame) reduced the maximum deformation response by around 20% 

and the residual deformation response extremely [61, 64–66]. The demand story drift angle in a 

major earthquake is approximately between 1/100 and 1/50, while a large deformation elastic 

member inclined at 45° requires at least 1/140 and 1/70 of the original length as the elastic 

deformation [61]. 

Consequently, in this paper, the following demands are considered for the performances of LDEPs 

as knee braces for the portal frame. 

(1) Axial stiffness of around 500 N/mm 

(2) large elastic deformation of 1/70 to original length corresponding to 1/50 of story drift angle. 
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Figure 3.1. Inter story drift and angle with LDEPs (Reference [27]). 

 

Figure 3.2. F1–1 & F1–2 large deformable elastic plates topology (Reference [27]). 

 

Figure 3.3. F2 large deformable elastic plates topology (Reference [27]). 

 

3.2.2 Formulations of LDEPs 

3.2.2.1 Multi objective optimization problem [59] 

In this study, we selected three model specimens shown in Figure 3.2 & Figure 3.3 among the 

multi objective solutions [59]. The specimen F–1 has the largest yielding deformation among the 

multi–objective solutions. The specimen F2 has the yielding load capacity to some extent. The 

multi objective optimization was solved by genetic algorithm (NSGA–II). The optimization 

problem is formulated based on a four–column method posts mentioned in 3.2.2.2. This method 
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involves dividing the LDEPs into rough rectangular elements and representing each element as 

either solid or void, according to design variables. The NSGA–II was used to explore the design 

space and provide a Pareto in front of non–dominated solutions, each representing a different 

balance between the objectives. The two objectives’ functions are to maximize tensile yielding 

deformation and maximize tensile yielding load. These two objectives often conflict with each 

other, meaning that increasing one can reduce the other. The optimization aims to find a balance 

between these objectives. The optimization problem is defined with design variables x1 and x2 

which represent the positions of the solid and void elements in the four–column topology. The 

problem is solved by finding the combination of x1 and x2 that maximizes both tensile yielding 

deformation (Uy) and tensile yielding load (Py). 

0 0
1 2

max max

andy y
M M

f U U f P P
 

 
     

where,  

f1 & f2 is the objective function for the multi objective optimization problems. 

U is the maximum tensile displacement in all nodes by static linear FEM.  

P is the total tensile load in all nodes by static linear FEM. 

σ0 is the tensile yield strength of steel plate material.  

σM max is the maximum value of von Mises stress in all nodes. 

 

3.2.2.2 Four–column formulation [59] 

The four–column formulation topology representation is used to get the optimal solutions 

sufficiently and simply [59]. This approach defines the topology of the material by specifying, for 

each of the finite elements in a grid, whether that element is solid or void. Finite elements are 

arranged in a grid, and the zij value for each element is assigned to 1 (solid) or 0 (void). The 

procedure for determining the value of zij is described as follows: 
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The finite elements grid is arranged by column (i) and row (j), and then the index i is divided by 4. 

The remainder of this category (written as MOD(i/4)) is used to classify the elements (i,j) into one 

of four possible cases. 

 

Case 1: When MOD(i/4) = 0: 

For elements where the column number i, gives the reminder of i is divided by 4, the element zij is 

determined by the row number j: 

 When the element is solid: zij = 1 if (j ≤ x1 or j ≥ ny – 2 − x1). 

 When the element is void: zij = 0 if (ny – 2 − x1 > j > x1). 

 

Case 2: When MOD(i/4) = 1: 

 For elements where MOD(i/4) = 1, all elements (i,j) is solid: zij=1 

 

Case 3: When MOD(i/4) = 2: 

For elements where MOD(i/4) = 2, the decision is like Case 1 but using x2 as the reference point 

instead of x1: 

 When the element is solid: zij=1if (j ≤ x2 or j ≥ ny – 2 − x2) 

 When element is void: zij = 0 if (ny – 2 − x2 > j > x2) 

 

Case 4: When MOD(i/4) = 3: 

 For elements where MOD(i/4) = 3, all elements (i,j) are solid: zij=1 

where, 

x1, x2: Integer design variables that define the boundaries for the regions where elements are solid 

or void. 

i: column number of finite element (i,j) (i = 0,1, 2, … nx − 1). 



 

29 

Interdisciplinary Graduate School of Natural Science and Technology, Shimane University, Japan. 

Performance and Optimization of Large Deformable Elastic Braces for Seismic Resilient Structures 

j: row number of finite element (i,j) (j = 0, 1, 2, … ny − 1). 

 

This set of rules is applied to all finite elements in the grid to generate a topology where certain 

elements are solid, and others are void based on the design variables x1 and x2. 

 

3.2.3 Analysis 

3.2.3.1 FEM linear analysis and an evaluation by von mises condition 

This study investigates the behavior of large deformable elastic plates (F1–1, F1–2 & F2) 

undergoing significant deformation under tensile load. For finite element method (FEM) linear 

analysis software, LISA [67], is used to determine the deformation and Von Mises stress 

distribution in Figures 3.4–3.6 (A–B). The three models' specimens have dimensions of 660 mm 

by 200 mm. All plates are made of JIS G 3106 (SM490A) steel with a Young's modulus of 205 

GPa, a Poisson's ratio of 0.3, and a thickness of 9 mm. Yield strengths (𝜎௬) are 411 MPa for F1–1 

and 408 MPa for both F1–2 and F2. The yield strengths are obtained from two different mill sheets. 

Here, the boundary condition in the nodes (Fix0) at the left end of the single–sided side are fixed 

nodes in all directions. At the right end are free and applied the tensile load (Fxt) 220 N. However, 

the plate total length is divided into two segments: (i) the design domain 290 mm and meshed more 

finely with 4–node plane stress elements of 2.5 mm mesh; (ii) the arm domain 370 mm and meshed 

with 4–node plane stress elements of 5 mm mesh. 

Figures 3.4–3.6(A–B) represent the displacement, and the von Mises stress distribution that most 

just satisfies von Mises yield condition. It is obtained through linear finite element analysis with a 

2.5 mm mesh, and the multiplication factor just satisfies the condition. At the initial yielding point, 

as shown in the post–processing results in Figures 3.10(A)–(C). However, Table 3.1 presents the 

linear analysis results of F1–1, F1–2 & F2 model spacemen’s, indicating a tensile yielding 

displacement for all plates are 8.10 mm, 8.05 mm and 3.07 mm and a tensile yielding load for all 
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plates is 2471 N, 2453 N & 5656 N. The yield load and displacement in Table 3.1 was calculated 

from the load factor that most just satisfies the von mises condition. 

 

For instance, (F1–1 specimen) 

Tensile Yield Load 
220

411 2471.00
36.59

xt y

v

F
N




     

Tensile Yield Displacement 
0.722

411 8.10
36.59

x y

v

mm




     

 

 

(A) 

 

(B) 

 

Figure 3.4. Finite element analysis of LDEPs F1–1 showing (A) displacement distribution in X–

direction and (B) von Mises stress distribution (Reference [27]). 

  

[mm] 

[MPa] 

 



 

31 

Interdisciplinary Graduate School of Natural Science and Technology, Shimane University, Japan. 

Performance and Optimization of Large Deformable Elastic Braces for Seismic Resilient Structures 

 

(A) 

 

(B) 

Figure 3.5. Finite element analysis of LDEPs F1–2 showing (A) displacement distribution in X–

direction and (B) von Mises stress distribution (Reference [27]). 

 

(A) 

 

(B) 
 

Figure 3.6. Finite element analysis of LDEPs F2 showing (A) displacement distribution in X–

direction and (B) von Mises stress distribution (Reference [27]). 
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Table 3.1. Tensile yield load and tensile yielding displacement calculated based on analysis results 

by Lisa 8.0 and von mises condition at applied load (Fxt) on 220N. 

Specimen / 
Plates 

Linear Analysis 
Displacement 

 x  

Mises 
Stress 

 v  

Tensile Yield 
Load 

xt y

v

F 


 
 
 

 

Tensile Yield 
Displacement 

x y

v



 
 
 

 

Unit’s mm MPa N mm 

F1–1 0.722 36.59 2471 8.10 

F1–2 0.722 36.59 2453 8.05 

F2 0.120 15.87 5656 3.07 

 

3.2.3.2 FEM nonlinear analysis 

In this study, the analysis used a uniaxial stress–strain relationship to capture material nonlinearity. 

The arc–length increment method was applied to ensure accurate equilibrium path tracing, 

particularly under large deformations. This method allowed for more stable and accurate 

simulations, especially for materials exhibiting nonlinear behavior after yielding, which is crucial 

for analyzing large deformable elastic plates. 

Fortran, a pioneering programming language in the world of scientific and engineering computing, 

remains a staple in the domain of structural analysis, particularly when dealing with complex 

nonlinear problems. In our study, we utilized Fortran in conjunction with HYPLAS_v2.0, a 

specialized finite element analysis tool, to accurately simulate the behavior of materials and 

structures under extreme conditions. By incorporating both material nonlinearities (MNL), where 

stress–strain relationships deviate from linearity due to plastic deformation, and material & 

geometric nonlinearity (M&GNL), where large deformations alter the structure's load–bearing 

capacity. This program used finite element analysis (FEM) mesh grid with global co–ordinate 

conditions. The analysis condition and the material properties are like FEM linear analysis. A 

quadrilateral four–node element (QUAD_4) is employed within a single element group.  
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Figure 3.7. Stress–strain relationship during plastic deformation (Reference [27]). 

 

A true stress–true strain relationship (See Figure 3.7) is used in Material and Geometric Nonlinear 

(M&GNL) analysis, while an engineering stress strain relationship (See Figure 3.7) is used in 

Material Nonlinear (MNL) analysis. An approximation of four–fold points and three lines is used 

as the engineering stress–strain relationship. The folding points are determined by mill certificates 

and a typical engineering stress strain curve shape [68]. Referring to [69], the true stress 

relationship is obtained from a direct output, that is, true stress 𝜎௧ =  𝜎௘(1 + 𝜀௘), and true strain 

𝜀௧ =  ln(1 + 𝜀௘) , from the engineering stress–strain relationship. Here, 𝜎௘  and 𝜀௘  represent 

engineering stress and strain. Consequently, the material properties are not strictly bilinear. 

 

 

 

Figure 3.8. A partial model of LDEPs (Reference [27]). 

Only the deformation 
is multiplied by 7 on 
the obtained load 
deformation curve. 

A partial model 
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In the nonlinear analyses of this study, a partial model shown in Figure 3.8 is analyzed. After the 

analysis, only the deformation is multiplied by 7 on the obtained load deformation curve. The 

material properties are the same as section 3.2.3.1 except for nonlinear properties and the nonlinear 

properties used the isotropic hardening rule. 

 

3.2.4 Tensile experimental test specimens 

This study investigates the behavior of a 9 mm thick three steel plate (JIS G 3106 SM490A) shaped 

using a laser cutting machine in Photo 3.1. The steel plates used in this study have a yield strength 

(𝜎௬) of 411 MPa for F1–1 and 408 MPa for F1–2 & F2, as verified by the two different mill sheets. 

The tensile tests were conducted on specimens using a universal testing machine at Shimane 

University in Photo 2(A)–(C). In addition, to improve the experiment's accuracy, the testing 

specimens were cut into suitable shapes, and the gripping part of the large deformable elastic plate 

was explored to prevent skidding. 

 

 

(A) 

 

(B) 
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(C) 

 

Photo 3.1. Large Deformable Elastic Braces: (A) F1–1; (B) F1–2; (C) F2 (Reference [27]). 
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(C) 

Photo 3.2. Tensile experiments by universal testing machine: (A) F1–1; (B) F1–2; (C) F2 

(Reference [27]). 

 

(A) 

 

(B) 

 

(C) 
 

Photo 3.3. Model after tensile experimental tests: (A) F1–1; (B) F1–2; (C) F2 (Reference [27]). 
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3.2.5 Results of numerical analysis and experiment 

Figures 3.10(A)–(C) show experimental test results (load vs. tensile deformation curves). The 

experimental test results show initial slight fluctuations around the 400 N loads marked on orange 

circle in Figures 3.10(A)–(C). At an early stage (up to around 1200 N) during the tests, the gripping 

handles A and B were applied manually according to arrows in Photo 3.2(A)–(C). Then, F1–1 

specimen was loaded until the displacement transducer picked its limits, that is ratio of deformation 

to original length is around 70 mm / 660 mm followed by unloading. However, the ratio 

corresponds to around 1/13 of the story’s drift angle. After the unloading, F1–1 specimen was 

again loaded and measured by displacement gauge built into the head of the universal testing 

machine until the ratio of deformation to original length exceeds 100 mm / 660 mm followed by 

unloading. The final state is shown in photo 3.3(A). F1–2 and F2 specimens were loaded and 

measured by the built–in displacement gage from an initial stage until the ratio of deformation to 

original length exceeds 100 mm / 660 mm followed by unloading. The final states are shown in 

photos 3.3(B) and (C).  

Figures 3.10(A)–(C) also represent load deformation curves or stiffness lines obtained from the 

Material Non–Linear analysis (━MNL), Material and Geometrical Non–Linear analysis (━

M&GNL), static linear analysis (– –linear analysis) as well as experimental tests (━Test). Figures 

3.10(A)–(C) also show yielding points for three curves (○Test_yp, ╳ MNL_yp, and □ 

M&GNL_yp). The yielding points were evaluated by 95 % point of maximum ratio of the load to 

the deformation ratio. This method ensures consistency across the evaluated methods while 

approximating the onset of yielding, as illustrated in Figure 3.9. The approach facilitates 

comparative analysis of material behavior under different modeling assumptions. Figures 3.10(A)–

(C) also show initial yield points that just meet the Von Mises yield condition (○ Mises_yp) plotted 

from Table 3.1. It is observed from the Figures that the stiffness lines by linear analysis correspond 

exactly to the initial stiffness of MNL and M&GNL. Moreover, from the Figures, Mises_yp points 



 

38 

Interdisciplinary Graduate School of Natural Science and Technology, Shimane University, Japan. 

Performance and Optimization of Large Deformable Elastic Braces for Seismic Resilient Structures 

underestimate yield load and yield deformation compared to three yielding points (Test_yp, 

MNL_yp, and M&GNL_yp), while they seem to correspond roughly to one another. 

 

 

 

Figure 3.9. Load–deformation curves yield points determined by the 95% maximum load–to–

deformation ratio (Test, MNL, and M&GNL ) (Reference [27]). 

 

However, after the load increases beyond 4.5 kN, the materials (F1–1 & F1–2) begin to plastically 

deform, while the F2 plate requires 10.1 kN. As a result, the differences between the curves become 

more pronounced. As the material deforms plastically (beyond its elastic limit), material hardening 

occurs, meaning the material becomes stronger and more resistant to further deformation. This 

behavior is reflected in the blue (Test) curve, where the tensile load continues to increase even as 

the deformation progresses. The presence of heat hardening in the experimental data causes the 

material to withstand higher loads compared to the gray (MNL) and red (M&GNL) curves. These 

models do not fully capture the heat hardening effects observed in the experiment, likely 

contributing to the lower predicted load capacity in the simulations. Previous research [70–76] 

found that material hardening from thermal effect by laser cutting significantly influences the 

behavior of the material. 
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Table 3.2. Comparison of tensile load and displacement across different methods at the 

deformation of 70.0mm. 

Methods 
Tensile Load 

(kN) 
Tensile Deformation 

(mm) 

Test (F1–1) 6.020 70.00 

MNL 5.107 70.00 

M&GNL 5.261 70.00 

 

 

Figure 3.10(A). Tensile load shaped curve for F1–1 (Reference [27]). 

 

Figure 3.10(A) Illustrated of a specimen F1–1; the three curves (Test, MNL, M&GNL) start from 

the origin and initially follow a similar path. This region is called the elastic zone, where the tensile 

load increases linearly with the deformation. However, compared to MNL and M&GNL, the test 

curves have an early yielding. The reason is the effect of residual stress, which is a cross–ponder 

of previous research [70–76]. As the deformation increases beyond the elastic limits, the material 

undergoes plastic deformation, leading to large plastic deformation capacity during severe 
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earthquakes. However, both numerical models (MNL and M&GNL) show likely similar trends, 

suggesting that the numerical models could withstand more load before significant deformation 

and the end curve data shown in Table 3.2. Previous research [61] also found that the numerical 

models of material non–linearity and material & geometric non–linearity analysis results are 

approximately similar. 

 

Table 3.3. Comparison of tensile load and displacement across different methods at the 

deformation of 110.0mm. 

Methods 
Tensile Load 

(kN) 

Tensile Deformation 

(mm) 

Test (F1–2) 5.840 110.00 

MNL 5.372 110.00 

M&GNL 5.612 110.00 

 

 

Figure 3.10(B). Tensile load shaped curve for F1–2 (Reference [27]). 
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Figure 3.10(B) shows the corresponding load–deformation response of specimen F1–2. The blue 

experimental curve represents the transition from elastic to plastic deformation of the material, 

with the yielding point denoted by the blue circle. The yielding displacement obtained from this 

curve is overestimated. The yielded point from the simulation of the M&GNL model has no 

differences with the MNL model numerical analysis results, and both curves exhibit a similar 

tendency, as shown in Table 3.3 and the curve data. F1–2 specimens exhibit a similar tendency to 

F1–1 specimen. The linear analysis results are representative of the initial stiffness, while the 

stiffness calculated from the models' predictions is represented by the green dotted line. The actual 

experimental test results show a larger yielding displacement. Therefore, the yielding 

displacements calculated by the MNL, M&GNL, calculated stiffness line, and linear analysis 

stiffness line are underestimated, while the linear analysis stiffness line corresponds to the MNL 

and M&GNL analysis results. 

 

Table 3.4. Comparison of tensile load and displacement across different methods at the 

deformation of 101.00mm. 

Methods 
Tensile Load 

(kN) 
Tensile Deformation 

(mm) 

Test (F2) 16.280 101.00 

MNL 12.617 101.00 

M&GNL 14.020 101.00 

 

Figure 3.10(C) demonstrates the load–deformation behaviors for the F2 specimen. The blue 

experimental curve shows the transition from elastic to plastic deformation in the material, and the 

yielding point is denoted by the blue circle. However, the yielding displacement obtained from this 

curve is an overestimation. As shown again in Table 3.4 and the curve data, it can be found that 

the yield point of the M&GNL simulation corresponds to that of the MNL model, and the trends 

of both curves are also basically consistent. The initial stiffness (from linear analysis) is indicated 
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with the black dashed line, and the calculating stiffness from the model predictions is indicated 

with a green dotted line. The results show that, experimentally, the yielding displacement is much 

larger. As a result, the yielding displacements obtained from the MNL, M&GNL, calculated 

stiffness, and linear analysis stiffness lines are underestimated, while the linear analysis stiffness 

line corresponds to the MNL and M&GNL analysis results. However, the behavior of F1–2 and 

F2 material models was also similar to that of F1–1 material model. 

 

 

 

Figure 3.10(C). Tensile load shaped curve for F2 (Reference [27]). 

 

3.2.6 Predictive equations for yielding deformation and force in LDEBs plates 

This study finds a possible numerical calculation of the tensile–yielding displacement and tensile–

yielding force in LDEPs. Figures 3.4–3.6(A), (B) show the Von Mises stress distribution, which 

indicates the Von Mises stress uniformly distribution in seven springs. Based on such kind of stress 
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behaviors, we selected one LDEPs spring for developing numerical calculation. The geometrical 

properties of one spring are shown in Figure 3.11(a), and the dimension is 200 mm length and 30 

mm width. Also shown in the cross–sectional details of LDEPs spring flange. Figure 3.11 (b) & 

(c) shows a face free body diagram and moment diagram, where the load (Fxt) is applied into the 

center and the support is fixed with both ends for calculating LDEPs spring face moments.  

 

 

(a) One spring of LDEPs. (b) Free body Diagram 

  

(c) Moment diagram. 

 

Figure 3.11. One spring of spring face free body diagram and moment diagram (Reference [27]). 

 

M 

M 

Details of X-X 

M 
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The equations were derived to find the yielding deformation and yielding force under tensile load 

for LDEPs. The bending theory to calculate the flexural stress (𝜎)  on the LDEPs surface, as 

expressed in Eq. (3.1) is as follows. 

The flexural stress, fM

Z
   (3.1) 

Where, 𝑀௙  is the face moment, Z is the section modulus and 𝜎  is the yielding strength. The 

geometric property of a cross–section (X–X) measures its bending strength. 

The Section Modulus,

3

2
12

6
2

tf
I tf

Z
fC

    (3.2) 

However, Figure 3.11(b) & (c) is presented in the one spring free body and moment diagram, as 

the moment (M) values are assumed from both ends and loading point are equal and the face is 

segmented into two parts 1 and 2 as depicted in Figure 3.12. The stiffer region is excluded, while 

the stiffest region is removed from the structure; as demonstrated in Figure 3.12, that splits the 

structural faces into two regions for moment calculation. A quarter moment diagram is used; using 

symmetrical and equal moments, the face moments are calculated from center–to–center moment 

as shown in Eq. (3.3). It facilitates accurate assessment by limiting the analysis to necessary regions 

while simplifying calculations due to reduced diagram representation, improving accuracy without 

imposing realignment since structural behavior is uniformly considered across segments. 

 
Figure 3.12. Segmentation of faces for moment analysis excluding stiff zones (Reference [27]). 
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 (3.3) 

Where t is the thickness of the LDEPs spring, B is the length of the LDEPs springs, f is the flange 

thickness, l is the web thickness of the LDEPs spring and M maximum moment. Substituting Eq. 

(2.2) and Eq. (2.3) into the formula for yielding strength Eq. (3.1), Eq. (3.4) is obtained as follows. 

fM Z   
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(3.4) 

Where Fxt is the yielding force. However, we do not consider the elongation deformation. We 

considered only bending deformation because it occurs very small deformation based on the 

compared to the bending deformation. The yielding displacement (Uxt) is determined using the area 

moment of inertia. The numerical equation is as follows: 

1 1
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 (3.5) 

 

Substituting the yielding force Fxt into Eq. (3.5). 
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(3.6) 

Considering the stiffness zone and that the face is early yielding, the yielding displacement 

equation, Eq. (3.6) is modified as follows: 
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 (3.7) 

Where Wcc is the center–to–center width of the LDEPs spring web and Bcc is the center–to–center 

distance of the length of the LDEPs spring flange as shown Figure 3.11, E is the LDEPs modulus 

of elasticity, I is the moment of inertia of the LDEPs. 

However, to validate the predictive equations for yield deformation and force in LDEBS plates, a 

comparison is made with results from linear and nonlinear numerical analyses, as well as 

experimental data. It is clearly demonstrated that the proposed Eq. (3.7) accurately predicts the 

combined tensile yielding load (Fxt) of 2.901 kN for the LDEPs (F1–1), 2.88 kN for the LDEPs 

(F1–2) and 6.120 kN the LDEPs (F2) in all spring. Additionally, Eq. (3.7) calculates a 

corresponding yielding displacement (Uxt) of 9.94 mm for the plate’s (F1–1), 8.83 mm for the 

plate’s (F1–2) and 4.09 mm for the plate’s (F2) seven springs and the Stiffness lines are shown in 

Figures 3.10(A)–(C). These results agree well with experimental test results even though they do 

not consider the thermal effects of laser cutting. As a result, this calculation is accurate only 

because the laser cutting has negligible thermal effects. 
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3.3 Under Compression Load 

3.3.1 Mechanical properties of LDEBs under tensile load 

The LDEBs are introduced to enable substantially larger recoverable deformations than 

conventional steel structural members by converting global axial deformation into flexural 

displacement of the slit spring segment. Existing numerical studies of thick 9 mm large deforming 

elastic plates under tensile loading have been able to duplicate the non-linear response using an 

elastic–plastic J2 constitutive model with isotropic hardening [27]. In the present work, the steel 

stiffness is characterized by Young’s modulus E = 205 GPa and Poisson’s ratio ν = 0.30. For the 

optimization model, a nominal yield stress of 325 MPa is assumed [77], with values of σy = 411 

MPa used to confirm experimentally; plates tested showed measured yield strengths of 408 and 

411 MPa from the mill certificates. While the tensile model presented in [27] is developed for 

LDEP devices, LDEBs employ a similar opening slit-spring premise and thus bending-dominated 

tensile mechanics accompanied by one spring approximation apply directly to LDEBs. 

The tensile response mechanism is mainly bending dominated deformation of each individual 

spring segment, and almost even force distribution among the multiple springs. Finite element 

analysis results reported in [27] indicate that the von Mises stress is almost uniform among the 

seven springs, suggesting they are repeated springs working in parallel and allowing for a one-

spring idealization of mechanical evaluation. As a result, the force–deformation response at the 

global level can be captured by considering only one representative spring and summing up the 

contributions of the repeated units. 

Derive the predictive equations of the tensile yielding force and the tensile yielding displacement 

according to the bending theory based on one-spring model [27]. The flexural stress at the spring 

face is given by σ = Mf /Z, where Mf is the bending moment at the front of the spring section and 

Z is a section modulus; axial elongation was ignored because it considerably less than bending 
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deformation in slit springs [27]. Thus, tensile yielding load and recoverable deformation capacity 

are essentially determined by spring geometry via its flexural rigidity and section modulus. 

As far as the seismic design is concerned, LDEBs are expected to be maintained in an elastic state 

during severe earthquakes for which the demand story drift angle is about 1/100 and 1/50. In the 

case of a 45° installed large deformation elastic member, this amounts to an axial elastic 

deformation demand in the form of 1/140 to 1/70 of the original length [27]. 

 

Figure 3.13. Relationship between tensile yielding deformation and tensile yielding load (2.5 mm 

grid elements) [77]. 

 

Therefore, a compromise between tensile deformability and strength has to be considered in the 

design and optimization of these devices. The multi–objective optimization solution reveals an 

interesting trade–off: shapes with higher tensile yielding load tend to yield less deformation, while 

shapes that yield more tensile stretching also have a lower tensile load requirement [77]. This 

relationship is illustrated in Figure 3.13 based on reanalysis results at 2.5 mm resolution [77]. In 

addition, since rough meshes may over predict tensile yielding load, [77] suggested reevaluating 

the pre-optimized fine mesh solution for final tensile properties. Figure 3.14 provides a schematic 

representation of how LDEBs contribute to overall system restoring force in terms of both the 
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main–frame component and the supplementary restoring force originating from the LDEBs as a 

function of inter-story drift [27]. 

 

Figure 3.14. Conceptual Restoring Force–Deformation Relationship of the Main Frame with 

LDEBs. 

 

Traditional seismic hysteric dampers attenuate response mainly by inelastic energy dissipation due 

to yielding, which could cause residual drift and might become unsterilized after a severe event. 

Unlike these, LDEBs are to be made nearly elastic against the target deformation range and have 

a strong restoring force, so even if the main-frame members suffer inelastically under a seismic 

load of great magnitude, it is expected that the elastic recovery of LDEBs will suppress residual 

deformation and relieve repair demand after earthquake [27]. These features lead to consideration 

of LDEBs in the context of elastic limit capacity and stability considerations, not maximizing 

plastic energy dissipation as with yielding devices.  
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3.3.2 Behavioral characteristics 

Traditional seismic hysteresis dampers generally reduce response by early energy dissipation and 

depend on the main structure for elastic restoring force [45, 78, 79]. Although widely effective as 

energy dissipation tools, if it is intended that increasing damper rigidity to achieve a high vibration 

control effect tends to shorten the natural period, and their behavior is largely controlled by energy 

dissipation mechanisms. LDEBs, on the other hand, are engineered as a completely different type 

of responsive material. They have much higher elastic limits than the main frame and are capable 

of elastic recovery even when the main structure is plastically deformed. If LDEBs are adopted as 

supplementary braces, their initial stiffness contribution is usually less than of the stiff-dominated 

hysteretic dampers; therefore, a large variation in the fundamental period should not be observed. 

Conversely, the smaller increase in stiffness can result in slightly larger peak displacements (story 

drifts) for the same level of lateral excitation. Moreover, due to their strong residual response 

mitigation capacity with a combined stiffness and enhanced elastic deforming capacity when being 

well designed, the LDEBs can be extremely effective in improving the seismic performance of 

structural systems [80]. 

 

3.3.3 Applications and design considerations 

LDEBs have broad application prospects such as braces, knee braces, stiffened plate, and steel 

plate walls [63]. Figure 3.15 shows representative application ideas and installation locations into 

a frame (brace, knee-brace at the beam–column joint area, plate type link/connector and 

replaceable panel in steel plate wall). It is also worth mentioning that optimized geometries gotten 

by topology optimization were reported in previous works [27, 66].  
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Figure 3.15. Conceptual application examples of Large Deformable Elastic Braces in steel 

structures: a) diagonal braces; b) knee braces; c) stiffened plate; d) steel plate walls components. 

 

For practical considerations, to achieve proper performance LDEBs should be designed: i) to 

ensure an elastic restoring force can be reached without increasing the global lateral stiffness 

excessively, ii) to ensure that the braces demand remain recoverable during the design earthquake 

and iii) to confine the buckling prevention requirement under compression loading. Due to 

sensitivity of buckling resistance to brace–to–frame end restraints, connection detailing needs to 

be accounted for in the assumed boundary condition used for assessment. In this study, the focus 

is on 660 mm × 200 mm × 9 mm SM490A steel plates of of 408 MPa and 411 MPa yield strength, 
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which is with 3.3 aspect ratios, a practical aspect ratio in the case of slit–type knee braces in which 

the mutual effect of yielding and buckling cannot ignore. 

 

3.3.4 Methodology 

This study consists of three stages: (1) FEM linear buckling analysis from which elastic buckling 

load can be obtained, (2) formulation of elastic buckling load with torsional energy considerations, 

and (3) experimental verification for preventions of buckling. 

3.3.4.1 FEM linear buckling analysis 

Finite element analyses were performed by using LISA 8.0 [71] to assess the buckling behavior of 

Large Deformable Elastic Braces. We analyzed the F1–1, F1–2, & F2 plates specimens and the 

plates were meshed with shell elements (QUAD4) with base mesh degree of freedom 66×20 (10 

mm cell size) and refined mesh degree of freedom 132×40 for the convergence study. Figure 3.16 

shows specific dimensions of each sample. The three samples have the same size of outer plate and 

arm design domain geometry, but a different slit/cut configuration within the design domain 

between models. The material properties are the same as section 2.1. The boundary condition Fix30 

was applied, where the left end was completely fixed and the right end was fixed except in the 

compression direction, in which 30 mm long end zones were completely fixed to emulate partial 

end restraint. Fix30 is used as an illustrative form of finite-end restraint created from practical 

brace-connection regions and the experimental end fixtures in this study, meaning it is used as a 

typical partially restrained boundary condition to test for sensitivity. The displacement fields, the 

distribution of the von Mises stress and the shapes of the first eigenmodes resulting from the three 

specimens are shown in Figure 3.17–3.19. The corresponding yield and buckling results for the 

three specimens are listed in Table 3.5. The compressive yield load 𝑃௬ is determined as the load 

corresponding to first yielding, when the maximum von Mises stress in the design domain attains 

the measured yield stress of the steel (408–411 MPa). Since pre-yield behavior can be described 
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as linear-elastic, 𝑃௬ was calculated by scaling a reference linear-static analysis with 𝐹௫௖ = 1 kN. 

Here, Fxc is the applied compressive load; 𝜎௬ is the plates yielding stress; 𝜎௩ is the plate meses 

response stress; ∆௫is the plate linear yielding displacements; and λcr is the buckling load factor. 

Loading was applied as the load was 𝐹௫௖ × 𝜎௬/𝜎௩  instead of 1kN, and the buckling load was 

calculated as Pcr = λcr × applied load. The later theoretical expression in Section 3.2 is expressed 

in terms of the torsional strained energy defined with the eigenmode and work-energy equation 

based on Clapeyron's theorem. 

 

(a) F1-1 

 

(b) F1-2 
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(c) F2 

Figure 3.16. Geometry and dimensions of plate specimens: (a) F1-1; (b) F1-2; & (c) F2. (Units: 

mm.) 

 

Table 3.5. Comparison of Yielding and Buckling Behavior under Applied Load, Fxc = 1.0 kN. 

Specimen / 
Plates 

Yielding Displacement 

x y

v



 

 
   

Mises Response 
Stress 
 v  

Yielding load 

xc y

v

F 


 
 
   

Buckling 
Load 

 cr xcF   

Unit mm MPa N kN 

F1–1 9.25 410.90 3,145 16.83 

F1–2 6.70 408.00 5276 23.48 

F2 3.81 408.00 7849 33.55 

 

Table 3.5 shows a stiffness hierarchy that the yielding displacement decreases from 9.25 mm to 

3.81 mm, with the yield load known as 3.145 kN to be7.849 kN and the eigenvalue buckling load 

increases from16.83 kN to 33.55 kN of F1–1, F1–2 & F2. This gain of buckling resistance 

matches the twist/torsion dominated first eigenmode encountered in Figure 3.18 and discussed in 

post section 3.3.4.2, since cut-patterns govern the effective torsional stiffness of the deformable 

region and prevent out–of–plane twisting due to torsion domination. Thus, a higher effective 

torsional stiffness of the tube in more continuous models implies that they have also larger critical 

buckling loads. 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.17. F1–1 Specimen finite element analysis results for structural response of perforated 

plate with with 30 mm fixed boundary conditions under 1000 N applied load: (a) displacement 

(mm) field in x–direction, (b) von Mises stress (MPa) distribution, and (c) first eigenmode buckling 

configuration is 16.83 kN. 

  

[mm] 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.18. F1–2 Specimen finite element analysis results for structural response of perforated 

plate with 30 mm fixed boundary conditions under 1000 N applied load: (a) displacement (mm) 

field in x–direction, (b) von Mises stress (MPa) distribution, and (c) first eigenmode buckling 

configuration is 23.48 kN. 
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(a) 

 

(b) 

 

(c) 

 

Figure 3.19. F2 Specimen finite element analysis results for structural response of perforated plate 

with 30 mm fixed boundary conditions under 1000 N applied load: (a) displacement (mm) field in 

x–direction, (b) von Mises stress (MPa) distribution, and (c) first eigenmode buckling 

configuration is 33.55 kN. 

 

 

[mm] 

[MPa] 
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3.3.4.2 Energy–based formulation for critical buckling load determination 

Torsion Energy Formulation: According to the FEM linear buckling deformation behaviors 

shown in Figure 3.20, we neglect other strains and only consider the torsional strain energy (UT) 

due to twist deflection in this study. The red circle in Figure 3.20 (c) shows the representative 

plate strip selected to obtain the torsional strain energy. The tensile energy of torsional strain 

integrated over the torsion–effective length (LT) is given by the work-conjugate relation between 

the applied torque (MT) and twist rate 𝑑𝜑/𝑑𝑥: 

0

1

2

TL

T T

d
U M dx

dx

   
   (3.8) 

In the above expression, x = 0 represents the beginning of the torsion-active region and LT is its 

end according to the FEM eigenmode where torsional rotation contributions become negligible. 

The applied torque  /T cM GJ d dx  where G is the shear modulus and Jc is the Saint–Venant 

torsional constant of effective section as illustrated in Figure 3.20 (c). Substituting this relation into 

Eq. (3.8) and employing the FEM-based assumption that the rate of twist is nearly constant over 

0 ≤ x ≤ LT give rise to the analytical torsional strain energy equation: 

2

1

n
i

T c T
i

d
U GJ L

dx




   
 

  (3.9) 

 

(a) 

 

(b) 
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(c) 

Figure 3.20. Elastic buckling mode shapes from finite element analysis: (a) full plate buckling 

deformation under compressive loading; (b) magnified deformation gradient; (c) Definition of the 

torsion effective length and cross section parameters for cross section’s modelling of the torsional 

deformation. 

 

Calculation of Tortional Angles: The origin of the x–axis is taken at the end of the left arm 

domain of the plate, and the buckling waveform function in Figure 3.21 is assumed as follows:  

0
0

2
( ) 1 cos ( )

2 D

Z
Z x x x

L

  
    

  
 (3.10) 

Here, 𝑍଴is the maximum out-of-plane displacement; x is the longitudinal coordinate along the plate 

axis measured from the defined origin; x0 is the coordinate of the plate center; and 𝐿஽is the length 

of the design domain of the plate. By applying the second differentiation to Eq. (3.10), the curvature 

of the deformation curve is obtained, which corresponds to the rate of change of the torsional angle 

along the plate axis. Hence, the torsion angle distribution can be expressed as: 

 
22

0
02 2

2 2
cos ( )

D D

Zd z
x x x

dx L L

 
  

     
  

 (3.11) 

Considering the local torsional deformation of each discretized segment of the plate, the 

incremental twist angle over the segment length can be related to the curvature of the deformation 
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function Z(x). Accordingly, the relationship between the normalized torsion angle and the 

curvature distribution can be written as: 

2

2

( )

T T

l dZ x

L L dx


  (3.12) 

Squaring Eq. (3.11) and substituting Eq. (3.12), the normalized element torsion becomes: 

2 2 22
20

02

2 2
cos ( )

T T D D

Zl
x x

L L L L

         
          
        

 (3.13) 

Evaluating Eq. (3.13) at the representative point of the 𝑖–th segment, the normalized torsion for 

element 𝑖 becomes: 

2 2 22
20

02

2 2
cos ( )i

i
T T D D

Zl
x x

L L L L

          
          
        

 (3.14) 

The mode of deformation utilized in these calculations corresponded to the first buckling mode 

vector provided by FEM eigenvalue analysis. The resultant torsional curvature  was subsequently 

computed post-processing the eigenvector data using the discretized domain; Figure 3.17 is meant 

exclusively for visualizing the eigenmode. The figure illustrates the elastic buckling mode shapes, 

confirming the validity of the assumed torsion–angle distribution along the plate axis and the 

correlation with theoretical expressions. 

 

Figure 3.21. Assumed displacement (buckling) shape functions along the member length for 

energy formulation. 



 

61 

Interdisciplinary Graduate School of Natural Science and Technology, Shimane University, Japan. 

Performance and Optimization of Large Deformable Elastic Braces for Seismic Resilient Structures 

Work –Energy Balance: Compressive axial work is done by the out-of-plane buckling mode end-

shortening (Δl) at the start of elastic buckling. With proportional loading and a linear elastic 

system, the balance for generalized work of external loads and internal torsional strains energy 

(UT) follows from Clapeyron’s theorem in form: 

 cr TW P l U    (3.15) 

Here, Δl represents the geometric shortening associated with the buckled centerline and is 

evaluated (small-slope assumption) as 

2

0

1

2

DL
dz

l dx
dx

    
    

For the assumed first-mode shape    0 sin / Dz x Z x L , 

2
0

4 D

Z
l

L


   (3.16) 

Substituting Eq. (3.9), Eq. (3.14) and Eq. (3.16) into the Eq. (3.15): 

2

2
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n
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U
P GJ L

Zl L
L


 
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      

  
 

22

2
10

4 n
c D i

cr
i T

GJ L
P

Z L


 

 
    

 
  (3.17) 

This closed form links the buckling load directly to material properties, geometric stiffness, and 

the deformation mode shape. For thin rectangular sections (a × b), Jc is determined by the standard 

St. Venant torsional approximation:  

3
5 5

1,3,5....

1 192 1
1 tanh

3 2c
n

a n b
J a b

b n a


 

 
  

 


 

The twisting deformation pattern providing the physical basis for this energy formulation is 

illustrated in Figure 8, showing the eigenmode configuration of the LDEB under compression, 

confirming consistency between analytical and FEM–based results. 
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3.3.4.3 Experimental methodology 

Experimental tests were conducted on Large Deformable Elastic Brace (LDEB) plates fabricated 

from JIS G 3106 SM490A steel using laser cutting. Figure 3.22 shows the specimen geometry with 

dimensions of 660 mm × 200 mm × 9 mm and the characteristic slit pattern designed for enhanced 

elastic deformation capacity. The specimens had a yield strength of 408–411MPa as verified by 

mill certificates. Prior to testing, the gripping portions were treated with blasting to prevent 

slippage during loading. 

The test setup utilized a universal testing machine with 1000 kN capacity at Shimane University's 

Structural Testing Laboratory show in Photo 3.4. For compression tests, specimens (F3) were 

directly gripped by the machine jaws with 40 mm grip length at each end. L–shaped steel angles 

were attached to specimen ends for compression tests, with bolted connections at two locations to 

prevent rotations during loading. The boundary conditions were defined as the left end fixed in all 

directions and the right end only restrained in the transversal directions to allow the axial 

displacement. 

 

 

(a) 
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(b) 

Figure 3.22. LDEB specimen (F3) geometry and dimensions showing (a) overall dimensions 660 

mm × 200 mm × 9 mm, (b) detailed slit pattern with 290 mm design domain and 370 mm arm 

regions (all units are mm). 

 

Displacement measurements were performed using two magnetic–adhesive displacement 

transducers, which were mounted on the front and back surfaces of the specimen. The transducers 

met wooden reference blocks fixed to the specimen with L–shaped members and clamps, allowing 

for homogeneous measurement during the tests. Prior to loading, specimen alignment was verified 

using a level to ensure perpendicularity to the loading axis. 

The loading protocol employed displacement–controlled loading at 0.50 mm/min for compression 

tests. Testing proceeded continuously through the elastic range, yielding point, and into the plastic 

deformation regime with data acquisition. When the displacement transducers reached their 50 mm 

measurement limit, the test was paused, sensors were removed, and loading resumed until either 

specimen failure occurred in tension or internal contact occurred in compression, or the testing 

machine's 1000 kN capacity was reached. To check the repeatability of the tests, a single identical 

specimen (F3) was tested for each loading condition and the final shape of specimen F3 is shown 

in photo 3.5 after compression test. 
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(a) (b) 

 

Photo 3.4. F1-1 Experimental test setup showing (a) universal testing machine overview, (b) 

compression test configuration with L–shaped steel angles and bolt connections. 

 

 

 

 

Photo 3.5. F1-1 Model after compression experimental tests. 
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3.3.5 Results and discussion 

The eigenvalue analysis using FEM revealed the primary instability mode in compression of 

perforated steel plates. The FEM buckling loads of specimen F1–1, sample F1–2 and specimen F2 

were 16.83 kN, 23.48 kN and 33.55kN, respectively (Table 3.5). The enhanced buckling strength 

from F1-1 to F2 signifies that a more continuous cutting pattern mobilizes greater effective 

torsional stiffness in the design space with the same 30 mm end-restraint. Due to the end restraints 

sensitivity of stability against buckling, partial-end-restraint condition (Fix30) was chosen as it 

would be used to simulate the experimental end brace connection region. For this common 

boundary condition, variation in the buckling load levels among specimens appear to depend 

primarily on the configuration of the cut.  

The energy–formulation problem formulated in section 3.3.4.2 was used to predict the elastic 

buckling in a theoretical manner. Based on the principle of torsional strain energy method and the 

approach to work–energy balance (Eq. 3.8–3.17), theoretical critical buckling loads were 

determined, taking torsional patterns deformation obtained in FEM analysis. Table 3.6 from the 

energy approach, elastic buckling loads of 19.52 kN, 26.00 kN, and 39.00 kN were obtained for 

specimens F1–1, F1–2 and F2 respectively. Table 3.6 compares the present energy-based estimate 

with the FEM eigenvalue buckling loads tabulated for three representative geometries. Energy 

approach yields Pcr values which are on average 11–16% greater than FEM (ratio Pcr/ PFEM = 

1.11–1.16) suggesting a mild conservatism for these cases. This is to be considered as an initial 

validation and a broader comparison through further geometries and restraint conditions are needed. 

The higher value of the buckling strength for longer restrained length (F1– 1, F1– 2 & F2) indicates 

that substantial torsional stiffness is mobilized within 30 mm of supports. The assumed curve for 

buckling deformation is completely accounted for within this approach in terms of the torsional 

constant and twist angle distribution φ(x), confirming the deformation mode which was guessed in 

Eq. (3.10). The corresponding yielding load of 3.145 kN (both determined by FEM and by classical 
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yield theory) is although clearly below all critical buckling loads. Therefore, the corresponding 

instability in all three cases is that of the yield before buckling design philosophy. 

 

Table 3.6. Comparison of FEM, and theoretical elastic buckling Results. 

Specimen 
Theoretical Buckling Load 

(kN) 
FEM Buckling Load 

(kN) 
Ratio 

(Pcr/ PFEM) 

F1–1 19.52 16.83 1.16 

F1–2 26.00 23.48 1.11 

F2 39.00 33.55 1.16 

*No buckling observed; minimum values based on maximum test load 

 

Compression tests showed the anticipated yielding behavior. The test specimen (F3) failed at 3.0 

kN and 11 mm (Figure 3.23). The experimental result shows a good agreement with the FEM 

prediction (3.145 kN) and is slightly lower by about 5%. The load plateau, at an applied load 

ranging from 5.2 to 5.8 kN shows that the rate of plastic flow is constant with a lack of buckling, 

as this was predicted in the design hypothesis that yielding should appear always before the 

appearance of stability to buckling. 

One difficulty with complete validation is that the tested specimen effectively experienced at an 

ultimate load of 5.90 kN, but without visibly buckling, which undermines any direct comparison 

to the critical buckling load. Instead, the buckling resistance was indirectly characterized by the 

absence of instability up to failure, which proved the effectiveness of the anti–buckling design 

strategy. Both the FEM predictions and energy–based theoretical results are much higher than the 

experimental ultimate load (2.85–5.68, 3.31–6.61 times larger, respectively), indicating that 

buckling was effectively prevented throughout the entire loading progression. 

The comparison results in Table 3.6 show that both the FEM and energy–based theoretical elastic 

buckling loads are significantly higher than the yield load and experimentally determined at a 
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ultimate load, which confirms the success of the proposed design philosophy. The energy–based 

model provides a useful design tool for designers and has been proven to yield conservative 

prediction results, taking torsional deformation effects into consideration, while avoiding the use 

of FEM. The lack of direct evidence of buckling is nevertheless a limitation, and future validation 

could include measurements with lateral displacement and different experimental designs, where 

the onset of buckling can be observed more clearly if it occurs at higher loads. 

 

 

Figure 3.23. F3 Specimen load–deformation response of 660 mm × 200 mm × 9mm SM490A 

LDEB specimen under compression loading showing experimental yield at 3.00 kN compared to 

analytical prediction of 3.145 kN. 
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3.4 Conclusions 

This research contributes to a fundamental knowledge and behavior of LDEPs/LDEBs under 

tensile loading and compressive loading, an essential precursor for their implementation in 

seismic–resisting structural systems. The general picture of numerical, theoretical and 

experimental investigation for the two loading states is summarized as follows: 

 

1. Validated tensile design tools: Predictive formulas for tensile yielding load and deformation 

were derived, which well corresponded to the experiment and nonlinear FEM, providing simple 

heuristic equations for initial sizing and engineering level calculations. Points evaluated from 

a Von Mises yield condition and linear FEM are conservative for safety, while residual stress 

due to laser cutting causes slighter earlier yielding and post–yield hardening increases load 

carrying capacity, both effects which must be explicitly catered for in design and testing 

regimes. 

2. Buckling prevention by design–induced yielding: Under compression, three approaches 

(FEM eigenvalue analysis, energy–based torsional formulation, and experiments) consistently 

show that LDEBs can also be designed so that yielding always occurs before any elastic 

buckling. The energy approach provides conservative critical buckling predictions about 11–

16% higher than FEM eigenvalues whilst both analytical methods exceed the experimental 

ultimate load by factors of around 2.85–6.61, demonstrating that buckling was effectively 

mitigated during loading. 

3. Sensitivity to Connection Detailing and Geometric Configuration: Buckling capacity for 

representative specimens (F1–1, F1–2, & F2) increased by about 40–100% with the Fix30 end–

restraint configuration, underscoring that restraint length, slit geometry, and local stiffness 

distribution near the ends are decisive levers for design. 
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4. Design implications for seismic resilience: The tensile and compression results collectively 

support LDEBs/LDEPs as elastic, re–usable members which are high reversible deformational 

capable, and they offer restore force that could be used for reducing residual drift after strong 

motion. The tensile formulas permit simple capacity checks, the energy–based buckling model 

serves as a quick conservative screen without labor–intensive FEM, and plain linear FEM is 

still useful for initial stiffness and lower–bound yield checks. 

5. Engineering Implications and Future Directions: 

 Introduce measured residual stress/hardening parameters of laser–cut plates into 

nonlinear material models to minimize the scatter of yield point. 

 Make connection detailing standard in a design guide to consistently maintain Pcr > Py. 

 Extending experimental techniques to instrument lateral out–of–plane responses, so that 

any delayed onset of buckling could be observed directly and compared with theory. 

 Prepare simple selection diagrams (axial stiffness vs elastic limit vs end–restraint) based 

on the verified equations to assist with story–drift targets in 1/100–1/50 range for 

practical building designs. 

This study has shown effectively that LDEBs are a promising technological innovation for the 

seismic reduction which can exhibit reasonable tensile and compressive performance. The 

combined analytical, numerical, and experimental approaches used here build a strong basis for 

their safe use in earthquake–resistant structural design by addressing the fundamental problem of 

reducing residual displacements with simultaneous avoiding loss of the safety criteria in seismic 

loads. 

 

 

 

 



 

70 

Interdisciplinary Graduate School of Natural Science and Technology, Shimane University, Japan. 

Performance and Optimization of Large Deformable Elastic Braces for Seismic Resilient Structures 

CHAPTER 4: OPTIMIZATION OF LARGE DEFORMABLE ELASTIC 

BRACES IN TWO–DEGREES–OF–FREEDOM SYSTEMS 

 

4.1. Introduction 

Current Japanese earthquake resistance standards permit building structures to be damaged during 

large earthquakes while protecting human life. However, there is an increasing demand for 

structural members to reduce damage and maintain the value of their properties, even in large 

earthquakes. Due to this background, various seismic response control technologies [46–48, 81] 

have been implemented in the last decades, including optimization–based approaches for stiffness 

and damping distribution [82–84]. Metallic–yielding dampers [50, 65] are widely used in Japanese 

buildings and are generally intended to dissipate seismic energy before the material of the main 

frame yields or buckles. While they allow the main frame to remain elastic under major earthquakes, 

this assumption may not be effective for severe motions beyond the design level [53, 85]. 

Consequently, large residual deformation may occur, disrupting the continuous usability of 

buildings. 

The LDEBs proposed by Sawada are processed steel plates with special shapes that have a larger 

elastic limit than normal braces due to their flexible performance. In structures with LDEBs, the 

elastic restoring force works until LDEBs yield; therefore, the structure obtains additional post–

yielding stiffness even when the main frame members yield. Past research conducted monotonic 

tension loading experiments on LDEBs to verify their elastic yielding deformation, and seismic 

response analysis frameworks clarified their effectiveness [26]. 

However, two key research gaps remain unaddressed. First, while metaheuristic optimization 

techniques have been widely applied to conventional dampers and bracing systems, limited 

attention has been given to optimizing the stiffness distribution of LDEBs. Second, prior studies 
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often relied solely on optimization algorithms without systematically validating global optimality 

across broad seismic scenarios. 

To fill this gap, this work presents a new hybrid optimization framework that integrates particle 

swarm optimization (PSO) with Round Robin response surface analysis. This dual approach 

identifies globally optimal stiffness configurations for LDEBs in multi–degree–of–freedom 

(MDOF) systems and verifies the solutions' robustness under different seismic inputs. The 

importance of these studies is their applicability worldwide and the validation of their results via 

experimental work, formally establishing the leading–edge technology for the robust optimization 

of LDEBs that can be applied with confidence to enhance the seismic safety of structural buildings. 

Recent studies have optimized dampers and braces using metaheuristic algorithms [86–88], but the 

optimum stiffness distributions of LDEBs in multi–story buildings are still unknown. Previous 

research [27] confirmed the elastic limit and post–yielding performance of large deformable elastic 

plates (LDEPs), validating their potential in seismic mitigation. This study advances the practical 

use of LDEBs by optimizing their stiffness distribution in two–story structural models. 

While PSO has been applied to optimize damper placement and stiffness in seismic design, limited 

attention has been given to the unique behavior of LDEBs, whose highly nonlinear elastic 

characteristics require careful optimization. The interaction between MDOF systems and the 

variable stiffness levels of LDEBs has not been systematically explored. This study introduces a 

hybrid framework combining PSO and Round Robin response surface analyses. PSO enables 

efficient global search, while Round Robin analysis validates the results through comprehensive 

response surface mapping, enhancing reliability in capturing global optima and structural 

performance trends across varying seismic intensities. This combination ensures robust, optimized 

stiffness configurations across different seismic scenarios. 

This study aimed to obtain the optimum stiffness distribution of LDEBs in MDOF systems as 

useful knowledge for structural designs. This study considered two–degrees–of–freedom (2–DOF) 
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systems that represented two–story buildings as the first stage of this research. First, the 

optimization problem that finds the optimum stiffness of LDEBs was formulated and solved using 

the PSO method, which has been successfully applied in seismic design optimization [89, 90]. Next, 

a Round Robin analysis of 2–DOF models with a wide range of secondary stiffness ratios subjected 

to three different earthquake types was carried out. Through comparison, the PSO solution 

corresponded to the global optimum identified via Round Robin analysis. 

 

4.2. Target Models 

This study demonstrated the performance of 2–DOF systems, as shown in Figure 4.1. Kfi and Kbi 

denote the stiffness of the main frame and LDEBs in the ith story, respectively. Therefore, the ith 

overall stiffness (Ki) and stiffness ratio (αi) of the LDEBs against the main frame can be expressed 

as: 

i fi biK K K   (4.1) 

/i bi fiK K   (4.2) 

The damping coefficient of the ith story’s dashpot Ci was assumed to be proportional to Ki. The 

mechanical properties of each story are shown in Table 4.1. The yield shear force in each story was 

calculated from the required strength against the level 2 seismic force specified by the Building 

Center of Japan (BCJ) code [91]. 

 

Table 4.1. Mechanical properties for two–story main frames. 

Data 1st Story 2nd Story 

Weight, W 1000 kN 1000 kN 

Yielding story shear force, 𝑄௬௜ 600 kN 378 kN 

Yielding deformation, 𝛿௬௜ 2 cm 2 cm 

Story stiffness, 𝐾௙௜ 300 kN/cm 189 kN/cm 
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Figure 4.1. Two–degrees–of–freedom system model (Reference [101]). 

 

This research used a simplified 2–DOF system as a preliminary step to systematically explore the 

fundamental optimization behavior of LDEBs under seismic excitation. It enables the 

unambiguous identification of dominant parameters, nonlinear responses, and the interactions 

between LDEBs and the primary frame components, while the computational cost is affordable. 

Even though a 2–DOF system does not fully reflect the complexity of multi–story building 

structures compared with the real situation, it offers a well–defined test bed to verify the efficiency 

of the PSO and Round Robin hybrid optimization scheme. The understanding obtained here 

provides a solid ground for generalization to full multi–story MDOF models, which consider 

further aspects, including higher–mode effects, inhomogeneous stiffness distributions, and 

realistic combinations of load effects. Further research will apply the optimization methodology 

to taller structures with enhanced damping models and compare it with a more detailed structural 

representation and experimental data to validate the framework. 

 

 

(a) (b) 
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4.3. Natural Period and Mode Shapes 

In earthquake engineering, each structure possesses a unique natural period governing its response 

to lateral forces such as ground motion during earthquakes. This inherent period, often identified 

through eigenvalue analysis, is crucial for design as it determines how a building sways in response 

to shaking. An effective seismic response relies on harmonizing forces with this natural period, 

allowing the building to resonate and efficiently dissipate energy. 

 

Figure 4.2. Mode shapes of 2–DOF system with LDEBs (Reference [101]). 

 

Table 4.2. Natural periods. 

Mode 1st Mode 2nd Mode 

Without LDEBs 0.64 0.26 

With LDEBs (𝐾௕ଵ = 90 kN/cm; 𝐾௕ଶ = 56.7 kN/cm) 0.56 0.23 

Change (%) –12.50 11.54 

 

Eigenvalue analysis helps us understand the dynamic behavior of 2–DOF systems. Table 4.2 

presents the results of this analysis, highlighting the natural periods of different modes. Figure 4.2 

2ୱ୲ Mode0.433

𝑇ௌଶ = 0.23 𝑠𝑒𝑐

0.901

1ୱ୲ Mode

0.433

𝑇ௌଵ = 0.56 𝑠𝑒𝑐

0.901
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provides the mode shapes, visually depicting the deformation patterns of the structure at each 

natural period. As shown, the first mode has a natural period of 0.56 sec, while the second mode 

vibrates faster, with a period of 0.23 sec. This knowledge of the 2–DOF system's natural periods 

and mode shapes forms the foundation for understanding how it interacts with earthquake forces. 

 

4.4. Response Spectrum 

Buildings, including our simplified 2–DOF models, are not passive recipients of earthquake force. 

Their response varies based on both their own natural periods and the earthquake's characteristics. 

To account for this dynamic interplay, engineers utilize response spectrum graphs. These graphs 

illustrate the maximum responses (e.g., displacement and velocity) a building experiences at 

different periods (or frequencies), essentially covering a range of potential earthquake scenarios. 

The velocity response spectrum is displayed in Figure 4.3. The selected earthquake records exhibit 

distinct frequency characteristics. At a natural period of approximately 0.5 seconds, Ohta NS 

produced a peak response of approximately 112 kine, whereas BCJ–L1 maintained a relatively 

constant response near 70 kine. However, for a natural period of approximately 0.9 seconds, 

Wakuya NS showed a response at a much higher level that was approximately estimated to be 285 

kine. Hence, these three earthquakes were chosen so that their frequency contents and seismic 

intensities would cover a wide range of parameters for a more complete evaluation of the 

optimization performance of LDEBs in different seismic environments. 

Figure 4.3 displays a velocity response spectrum, plotting the maximum expected velocity 

response (kine) against the natural period of the structure. This spectrum directly informs our 

understanding of how the 2–story model behaves in different earthquake scenarios. By comparing 

the natural periods identified in Table 4.2 and Figure 4.2 with the response spectrum in Figure 4.3, 

we can achieve the following: 
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 Predict the dominant response: If the natural period falls within a peak region of the 

spectrum, that specific frequency will likely cause significant vibrations in the building. 

 Understand the building behavior using the response spectrum: Two–degrees–of–

freedom models react differently during earthquakes depending on their natural vibration 

periods and the type of earthquake. To understand this, engineers use response spectrum 

graphs. These show the maximum shaking velocity a model might experience at different 

natural periods. 

 Optimize design interventions: Knowing the expected response allows engineers to tailor 

reinforcements and energy dissipation strategies to effectively address the anticipated 

earthquake forces, considering the specific limitations and advantages of the 2–DOF model. 

Incorporating both eigenvalue analysis and response spectrum analysis into the design process is 

crucial for ensuring an earthquake–resistant structure. Engineers can create effective strategies to 

minimize damage and safeguard occupants by understanding the 2–DOF model's natural periods 

and how it interacts with different earthquake frequencies. 

 

 
 

Figure 4.3. Velocity response spectrum of 2% damping ratio (Reference [101]). 
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4.5. Large Deformable Elastic Braces (LDEBs) 

LDEBs are devices that never yield, even when subject to large deformations during major 

earthquakes [85]. In structures equipped with LDEBs, the elastic restoring force generated by these 

devices can improve the seismic response of major earthquakes [60]. Our study confirmed that 

LDEBs exhibit elastic properties. Figures 4.4 and Figure 4.5 illustrate LDEBs and their capability 

for substantial elastic deformation. The corresponding natural periods of the system with these 

devices are listed in Table 4.2. However, traditional braces have limitations in adjusting their 

elastic limits. In contrast, LDEBs possess a large yielding capacity and can dynamically modify 

their elastic limits, making them more effective in mitigating seismic responses across a wider 

range of earthquake intensities. 

 

 

Figure 4.4. An example of LDEBs (Reference [101]). 

 

Figure 4.5. Deformation shape of LDEBs (Reference [101]). 
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4.6. Formulation of Optimization Problem 

This study aimed to determine the optimal stiffness distribution of LDEBs in MDOF systems, 

which minimizes the maximum story drift response under seismic excitation. The LDEBs are 

represented as elastic spring elements installed in parallel with the primary frame elements at each 

story level. The optimization problem can be expressed in the following mathematical form: 

  
1,2

min  max yi
i

 
  

(4.3) 

where 𝛼 =  (𝛼ଵ, 𝛼ଶ) represents the stiffness ratio of LDEBs to the main frame at each story. 𝛿௬௜(𝛼) 

denotes the maximum story drift at story i, obtained via seismic response time–history analysis. 

The design variables 𝛼௜ are dimensionless and bound within practical ranges based on preliminary 

structural considerations and the LDEBs' properties. 

The search space for the design variables is constrained as 

0 0.3i   

This upper bound (30%) reflects realistic limits on the additional stiffness that can be introduced 

by LDEBs without compromising constructability, cost efficiency, or introducing excessive 

stiffness that may amplify higher–mode responses. 

The maximum story drift serves as the objective function since excessive drift directly correlates 

with structural and non–structural damage during seismic events. The solution obtained aims to 

minimize the worst–case drift across both stories, enhancing seismic resilience. 

 

4.7. Condition of Seismic Response Analysis 

The seismic response analysis was performed iteratively to find the stiffness of a large deformable 

spring in each story. For the numerical solution of the equation of motion, the Newmark–β method 

was used with β = 0.25, the numerical integration time interval was 0.001 (s), the damping type 

was stiffness proportional damping, and the damping constant was 2% [91]. 
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In this study, damping was assumed to be proportional to the overall stiffness of each story, 

including the main frame and LDEBs. This assumption compared the various stiffness setups 

consistently and simplified the numerical modeling as well. Although damping that is proportional 

to stiffness is standard for the analysis of the seismic response of MDOF systems, it may not model 

the complicated energy dissipation mechanisms that contribute to the LDEBs, which can show 

material hysteretic and geometrical nonlinearities while undergoing large deformations. The 

potential implications of this simplification are discussed in the Limitations Section. 

 

4.8. Ground Motion Data 

After a meticulous selection process, three ground motion records, including two real–world 

recordings and one artificial simulation, were obtained. Table 4.3 provides a concise overview of 

the key characteristics of these records. The ground acceleration for each individual record is 

presented in Figure 4.6. Figure 3.3 visualizes the 2% damped velocity response spectra for each 

record, along with the placement of the two–story systems modeled as 2–DOF systems within these 

spectra. This research utilized seismic waves at two distinct scaled velocity levels to facilitate a 

comprehensive analysis: 50 kine and 90 kine. Detailed information regarding these levels is 

available in Table 4.4. The velocity level of 50 kine corresponded to the major earthquake level in 

the current Japanese seismic code [92]. The velocity level of 90 kine was slightly above the largest 

value of strong motions from 79 moderate magnitude (5.9≥Mw) earthquakes that caused various 

degrees of impact on humans and built environments in Japan between 1996 and 2019, after the 

start of K–NET and KiK–net [93]. 
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Table 4.3. Input seismic wave data. 

Earthquake Name 
Station 

Shimane 2018 Artificial Tohoku 2011 

Ohta NS (SMN006) BCJ–L1 Wakuya NS (JMA) 

Seismic record duration time(s) 50 60 360 

Maximum ground acceleration 
(gal) 

477 207 406 
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(c) 

Figure 4.6. Seismic wave ground acceleration as (a) Ohta NS; (b) BCJ–L1; and (c) Wakuya NS 

(Reference [101]). 

Table 4.4. Seismic multiplication factor. 

Solutions 
Maximum 
Acceleration 
(gal) 

Maximum 
Velocity 
(kine) 

Amplitude Multiplication Factor 

50 kine 90 kine 

Ohta NS 477 22.75 2.198 3.956 

BCJ–L1 207 33.75 1.481 2.667 

Wakuya NS 406 85.22 0.587 1.056 

 

4.9. Optimization Methods 

A two–stage hybrid computational framework was employed to effectively solve the formulated 

optimization problem, combining the global search capability of PSO with the verification 

robustness of Round Robin response surface analysis. 

4.9.1. Phase 1: particle swarm optimization (PSO) 

PSO is a population–based metaheuristic optimization algorithm, which is inspired by flocks' 

social behavior. Each particle moves toward its last best local position (Pbest) and the global best 
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position (Gbest) in the swarm to obtain the best solution [94–96]. We minimized the problem such 

that 

    
1,2...,

min , where 1, 2, ...,
i

k
best i

k t
P f x i N


   (4.4) 

    
1, 2...,

min , where 1, 2, ...,
i

k
best i

k t
G f x i N


   (4.5) 

where 𝑖 and N represent the particle index and the total number of particles, t denotes the current 

iteration number, f is the fitness value of the function, and P indicates the particles' position. In this 

study, each particle represents a candidate solution vector 𝛼 =  (𝛼ଵ, 𝛼ଶ). The particles explore the 

defined solution space according to the following velocity and position update rules, detailed as 

follows: 

       1
1 1 2 2( ) ( )

i i

t t t t
i i best i best iV V cr P x c r G x       (4.6) 

   1( 1) t tt
i i ix x v     (4.7) 

where 𝑉௜
(௧) and 𝑥௜

(௧) are the velocity and position of the particle. 𝑐ଵ and 𝑐ଶ are cognitive and social 

acceleration coefficients, respectively. 𝑟ଵ, 𝑟ଶ are independent uniformly random variables between 

0 and 1.  

Since the inertia weight concept was proposed, a linear time–variant inertia weight was proposed 

to enhance  the PSO algorithm's performance [97–100]. The role of the linear time–variant inertia 

weight 𝜔ଵ
௧  is presented by the following equation: 

 
1 ( )t

in i in i fin
m a x

i

i

 
       

 
 (4.8) 

Here, the initial value, 𝜔௜௡௜ = 1.0, the final value, 𝜔௙௜௡ = 0.0, and 𝑖௠௔௫ is the maximum number 

of iterations. PSO efficiently searches the defined solution space to identify near–optimal stiffness 

ratios that minimize the maximum story drift for each seismic input considered. 
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4.9.2. Phase 2: Round Robin response surface analysis 

Following PSO optimization, Round Robin analysis is employed to systematically verify the 

optimality of PSO solutions and visualize the sensitivity of the structural response over the entire 

solution space. In this phase, 

1. A dense grid of 𝛼ଵ and 𝛼ଶ combinations within [0, 0.30] is generated. 

2. For each grid point, time–history seismic response analysis is conducted using the 

Newmark integration method, with β = 0.25, a time step of ∆t = 0.001 s, and a damping 

ratio of 2%. 

3. The response surfaces of the maximum story drift are constructed, capturing the nonlinear 

interactions between the stiffness ratios and seismic response. 

4. The PSO results are overlaid on these response surfaces to confirm whether they coincide 

with the global minimum identified through exhaustive Round Robin evaluations. 

5. This two–stage optimization–validation framework ensures that the final solutions are both 

computationally efficient and globally reliable, capturing the complex nonlinear behaviors 

of LDEBs under varying seismic intensities. 

 

4.10. Numerical Results Using PSO Optimization 

This section showcases the optimization results for the two–story model (Figure 4.1) with LDEBs 

in various seismic scenarios. PSO, our chosen optimization method, tackled two distinct 

earthquake intensities: 50 kine and 90 kine. The optimization of the LDEBs' stiffness was 

conducted within a defined range to ensure practical and effective solutions. The minimum and 

maximum stiffness values were set to 0% and 30% of the LDEBs' stiffness against the frame, 

respectively. Each scenario aimed to minimize the maximum story drift while keeping the 

computational burden under 3000 iterations. 
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Table 4.5. Two–story PSO minimum solution results for Ohta NS waves. 

Seismic 
Multiplication 

Factor 

1st Story 
Stiffness Ratio 

1  

2nd Story 
Stiffness Ratio 

2  

Story Drift 
(cm) 

Ductility Factors 
 1 2  ,  maxµ max µ µ  

50 kine 0.06 0.30 5.90 2.95 

90 kine 0.21 0.30 10.52 5.26 

 

Table 4.6. Two–story PSO minimum solution results for BCJ–L1 waves. 

Seismic 
Multiplication 

Factor 

1st Story 
Stiffness Ratio 

1  

2nd Story 
Stiffness Ratio 

2  

Story Drift 
(cm) 

Ductility Factors 
 1 2  ,  maxµ max µ µ  

50 kine 0.24 0.26 3.90 1.80 

90 kine 0.14 0.20 6.08 3.04 

 

Table 4.7. Two–story PSO minimum solution results for Wakuya NS waves. 

Seismic 
Multiplication 

Factor 

1st Story 
Stiffness Ratio 

1  

2nd Story 
Stiffness Ratio 

2  

Story Drift 
(cm) 

Ductility Factors 
 1 2  ,  maxµ max µ µ  

50kine 0.15 0.27 2.78 1.39 

90kine 0.30 0.27 4.82 2.41 

 

Tables 4.5, 4.6, and 4.7 unveil the optimal stiffness distribution for each story and the 

corresponding objective function values for the different seismic intensities. An intriguing 

observation emerged for the most intense scenario (90 kine), where both stories exhibited similar 

elastic–plastic behaviors, as depicted in the table. However, this harmony waned at lower 

intensities (50 kine). This phenomenon can be attributed to the interplay between earthquake 

characteristics and structural response mechanisms. At higher intensities, the dominant earthquake 

forces necessitate a more uniform distribution of stiffness across the stories to effectively counter 
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the larger deformations. In contrast, lower intensities might trigger localized responses, leading to 

optimal stiffness distributions that prioritize strengthening specific stories. 

Figure 4.8 vividly illustrates the trade–off relationship between the stiffness ratio (𝛼௜) and the 

ductility factor (mi = maximum story drift of ith story/𝛿௬೔
) for the first and second stories' Round 

Robin response surface. The stiffness ratio is defined as the ratio of the LDEBs to the frame's 

stiffness (𝛼௜ = 𝐾௕೔
/( 𝐾௕೔

+  𝐾௙೔
). The ductility factor is a measure of how much the brace can 

deform before failure. These Figures also depict the combined results of the first and second stories. 

The global optimum point on the graph where the stiffness ratio was minimized corresponds to the 

PSO results in Tables 4.5, 4.6, and 4.7. 

This study clearly states that the optimal stiffness ratio for LDEBs depends on several factors 

including: 

The earthquake intensity: Different earthquake intensities require different stiffness distributions 

to optimize the response. 

The natural periods of the structure: The natural periods of the structure influence how it 

interacts with earthquake forces, and the optimal stiffness ratio should account for these periods. 

Ground motion characteristics: The specific characteristics of the ground motion (e.g., 

frequency content) can also impact the optimal stiffness ratio. 

Therefore, it is impossible to provide a single best stiffness ratio for all situations. The optimal 

value will vary depending on the specific scenario and design requirements. This study presents 

optimization methods such as PSO and Round Robin analysis to help determine the optimal 

stiffness ratio for a particular case. 

 

4.10.1. Quantitative comparative analysis 

While Tables 4.5–4.7 and Figure 4.8 provide descriptive insights into the optimized stiffness ratios 

and ductility factors under various seismic intensities, a quantitative comparative analysis further 
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clarifies the effectiveness of the optimization framework. Table 4.8 summarizes the percentage 

reduction in maximum story drift achieved using PSO optimization compared with the unbraced 

frames (i.e., without LDEBs). 

 

Table 4.8. Percentage reduction in maximum story drift after optimization. 

Seismic Input 
Unbraced Drift 

(cm) 
Optimized Drift 

(cm) 
Reduction 

(%) 

Ohta NS (50 kine) 9.99 5.90 41.00% 

Ohta NS (90 kine) 12.36 10.52 15.00% 

BCJ–L1 (50 kine) 9.01 3.90 57.00% 

BCJ–L1 (90 kine) 17.01 6.08 64.25% 

Wakuya NS (50 kine) 5.35 2.78 48.00% 

Wakuya NS (90 kine) 13.17 4.82 63.50% 

 

The formula to compute the percentage reduction in maximum story drift is 

Unbraced Drift - Optimized Drift
Reduction (%)= × 100

Unbraced Drift
 (4.9) 

 

These findings show that optimized LDEB designs significantly enhance structural properties. 

Reductions in maximum story drift between 15% and more than 64%, depending on ground 

motion features and intensity. The maximum percentages of reductions were found under the high–

intensity inputs, which shows the superiority of the developed LDEB system under severe seismic 

actions. 

 

4.10.2. PSO convergence behavior 

The convergence behavior of the PSO algorithm was monitored for all seismic input cases to assess 

its computational efficiency. Figure 4.10 illustrates the convergence histories for all earthquake 

records at both 50 kine and 90 kine intensity levels. 
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In most scenarios, PSO achieved stable convergence within approximately 800 iterations, 

significantly below the maximum allowed 3000 iterations. The smooth and consistent decline in 

the objective function across all cases indicated stable search behavior, the efficient exploration of 

the solution space, and the reliable identification of global optimal stiffness distributions. 

 

 

Figure 4.7. PSO convergence behavior for all seismic inputs (Reference [101]). 

 

The PSO convergence behavior for all seismic inputs is presented. The left subfigure shows the 

convergence for Ohta NS, BCJ–L1, and Wakuya NS under a 50 kine seismic intensity. The right 

subfigure shows the convergence for the same earthquake records under a 90 kine intensity. PSO 

achieved convergence within 800–900 iterations across all cases, confirming the robustness and 

stability of the optimization framework. 

 

4.10.3. Relationship between stiffness and ductility 

Figure 4.7 visualizes the relationship between stiffness ratios and ductility factors. As the LDEB 

stiffness ratios increased, the ductility factors decreased, reflecting reduced deformation demands. 

However, excessive stiffness can elevate higher mode participation, potentially introducing 
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detrimental dynamic effects. Therefore, the optimal solution balances sufficient stiffness to 

suppress drift while maintaining flexibility to avoid adverse higher–mode amplification. 

 

4.11. Numerical Results by Round Robin Analysis 

This study underscores the suitability of steel construction in earthquake–prone regions and 

emphasizes the critical concept of seismic resilience. This research introduced LDEBs to enhance 

seismic performance in structural design. This investigation focused on steel buildings 

incorporating LDEBs, which were represented as 2–DOF systems (Figure 4.1). 

Figure 4.2 and Table 4.2 present the natural periods of the two–story model. These periods could 

have been used to inform the initial stiffness ratios for the PSO and Round Robin analyses. For 

instance, knowing the dominant vibration modes (shapes) and corresponding periods could help 

tailor the stiffness distribution to better counteract specific earthquake frequencies. 

Figure 4.3 showcases a three–velocity response spectrum, revealing how our structure responded 

to different earthquake scenarios. Under the Ohta NS wave, the first mode swayed a significant 56 

kine, while the second mode followed closely at 100 kine. The BCJ–L1 wave elicited a more 

subdued response, with 70 kine in the first mode and 28 kine in the second. The Wakuya NS wave 

packed the biggest punch, sending the first mode rocketing to 117 kine while the second mode 

peaked at 58 kine. These insights, along with additional velocity response spectra presented in 

Figure 4.3 for various seismic events, could have been leveraged in two keyways: firstly, by 

strategically choosing scaled velocity levels (50 and 90 kine) for optimization, and secondly, by 

guiding the initial placement of stiffness ratios within the optimization algorithms' search space. 

This would have ensured our structure was adequately prepared to handle diverse tremors. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 4.8. The relationship between maximum story drift and story stiffness ratio by Round Robin 

analysis (Reference [101]). 
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(e) 

 
(f) 

/i bi fiK K  ,  1 2  ,  maxµ max µ µ , and the brackets present the PSO minimum results of 1 2,   

and max . 

Figure 4.8. The relationship between maximum story drift and story stiffness ratio by Round Robin 

analysis as (a) Ohta NS wave (50 kine); (b) Ohta NS wave (90 kine); (c) BCJ–L1 (50 kine); (d) 

BCJ–L1 (50 kine); BCJ–L1 (90 kine); (e) Wakuya NS wave (50 kine); and (f) Wakuya NS wave 

(90 kine) (Reference [101]). 

 

Figure 4.8 demonstrates the relationship between the maximum story drift and story stiffness ratio 

by Round Robin analysis. The orange data points on the graphs represent the results obtained from 

the PSO approach, specifically highlighting the minimum solutions achieved through PSO. These 

figures consistently show valley–shaped response surfaces, illustrating the model's behavior during 

significant seismic events. The valley–shaped surfaces consisted of the first and second story 

response surfaces combined. Moreover, the first story response became the same as the second 

story response, and the two stories gave a smaller response locally on the valley lines. 

Consequently, the PSO solutions were located on the valley lines in almost all cases. The findings 
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from both the PSO and Round Robin experiments validate the PSO minimum solution as the global 

optimum of the Round Robin response surface. Ultimately, these insights highlight the impact of 

inherent frequency alterations on stiffness ratios, resulting in the structure's enhanced strength, 

durability, and usability during moderate seismic events and severe earthquakes.  

Figure 4.8(c–f) for BCJ–L1 and Wakuya NS wave show that µଵ decreased as 𝛼ଵ increased, and µଶ 

decreased as 𝛼ଶ  increased. Consequently, this result formed a valley shape centered on the 

combined response surface. Meanwhile, the results are difficult to understand in the case of the 

Ohta wave. Figure 4.8(a–b) demonstrate that µଶ  significantly increased as 𝛼ଵ  increased in the 

small 𝛼ଶ  region. This difficult–to–understand result shifted the valley shape rightward on the 

combined response surface. The reason for the result is that increasing 𝛼ଵ led to increasing the 

second mode response. We can observe the first peak at 0.23s of the natural period on the response 

spectrum for the Ohta wave, as shown in Figure 4.3. 

 
 

Figure 4.9. Modal properties change in natural period and mode shape (1st story fixed to 1) due to 

varying stiffness ratio (Reference [101]). 

 

Table 4.2 shows that the natural periods of both the first and second modes decreased as the LDEBs' 

stiffness ratio increased. This means that the structures became stiffer as the LDEBs became stiffer. 
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This is because the LDEBs added stiffness to the structure, which reduced the overall stiffness of 

the system. As a result, the structures vibrated at lower frequencies (longer periods). 

Figure 4.9 shows the changes in the mode shapes due to the varying stiffness ratio. The mode 

shapes are plotted as the relative displacement of each floor, with the first floor fixed at one. As 

the stiffness ratio increased, the mode shapes became more concentrated in the lower floors. This 

means that the upper floors vibrated less compared with the lower floors. This is because the 

LDEBs were on the lower floors, and they added more stiffness to these floors. 

Figure 4.10 shows that the spectral velocity values at both the first and second modes decreased as 

the LDEBs' stiffness ratio increased except for the second mode of Ohta. This means that the 

structures became stiffer as the LDEBs became stiffer. This is consistent with the observations 

made in Table 4.2 and Figure 4.9.  

 
 

Figure 4.10. Response surface illustrates the relationship between axial stiffness (k), damping ratio 

(ζ), and maximum displacement (Δmax) of LDEP system under seismic loading. The surface 

indicates how variations in k and ζ influenced Δmax. Axes are labeled with corresponding units: k 

(kN/mm), ζ (%), and Δmax (mm) (Reference [101]). 
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This study successfully demonstrated the effectiveness of LDEBs in enhancing the seismic 

resilience of steel structures. LDEBs, despite seeming to decrease stiffness, led to improved 

strength, durability, and reduced story drift. Optimizing the LDEBs' placement and stiffness ratios 

proved crucial, suggesting potential for wider use in earthquake–prone regions. 

 

4.12. Limitations 

In this paper, response surfaces were visualized for just two design variable models (SDOF). In 

cases with more than three design variables, we can visualize response surfaces on any two–

design–variable axes around a PSO optimum solution. 

This study adopted a damping model that assumed proportionality to total stiffness, which included 

contributions from both the main frame and the LDEBs. Although this approach enables 

computational efficiency and is widely used in seismic analysis, it cannot fully capture the complex 

damping behaviors for geometrically nonlinear components. LDEBs may introduce additional 

damping effects related to their large deformation capacity, restoring forces, and interaction with 

the main structural frame. As such, the current assumption may lead to some simplification of the 

dynamic response, particularly under strong seismic excitation. Future studies are encouraged to 

explore more detailed damping models that incorporate these nonlinear effects for a more 

comprehensive evaluation of LDEBs' performance.  

 

4.13. Conclusions 

This study showed that LDEBs can effectively improve the seismic performance of steel structures. 

Using LDEBs can lead to increased strength, durability, and reduced story drift. Optimizing 

LDEBs' placement and stiffness ratios proved crucial, suggesting potential for wider use in 

earthquake–prone regions. 
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Here are some of the key findings of this study: 

1. Optimized LDEB stiffness distributions significantly reduced maximum story drifts and 

ductility demands across different seismic inputs, achieving drift reductions ranging from 

15% to over 64%, depending on the earthquake characteristics. 

2. The optimal stiffness distribution of LDEBs depends on the earthquake intensity, the 

natural periods of the structure, and the ground motion frequency content. LDEBs 

dynamically shift natural periods away from resonance regions, suppressing the 

amplification of the seismic response and minimizing damage. 

3. PSO is an effective method for finding the optimal stiffness distribution of LDEBs. 

4. Round Robin analysis can be used to validate the PSO results and provide additional 

insights into the behavior of the structure. 

Overall, this study provides valuable insights for designers who are considering using LDEBs to 

improve the seismic performance of steel structures. By optimizing the placement and stiffness of 

LDEBs, designers can create structures that exhibit favorable modal behavior, reduce both first– 

and higher–mode amplifications, and enhance seismic resilience across a wide range of earthquake 

intensities. In particular, by integrating PSO with Round Robin analysis, this study provides a more 

comprehensive optimization and validation framework, which allows designers to capture global 

optima while simultaneously visualizing the sensitivity of structural response across a broad range 

of stiffness configurations and seismic intensities. This dual approach advances current 

optimization practices for LDEBs beyond conventional methods. 

Furthermore, the PSO–based optimization framework developed in this study holds significant 

potential for practical engineering applications. In early–stage design, it enables structural 

engineers to identify optimal LDEB stiffness distributions that shift structural periods away from 

resonance zones and minimize inter–story drift, leading to enhanced seismic resilience while 

ensuring material and cost efficiency. In retrofit scenarios, this approach can guide the selective 
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implementation of LDEBs in existing structures, improving seismic performance without requiring 

major structural alterations. The integrated PSO equipment with Round Robin validation 

guarantees both the overall optimization and seismic diversity and robustness of these optimum 

design solutions so engineers can make performance–based decisions for buildings constructed in 

seismic zones. 
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CHAPTER 5: CONCLUSIONS 

 

This research has developed a holistic scientific and engineering framework for LDEBs as a 

seismic mitigation concept that reduces the key issue of residual deformation in earthquake–

resistant building structures. By conducting three collaborating investigations of experimental 

verification, failure mode analysis, and system optimization for LDEB performance improvement, 

this study has elevated the LDEBs from conceptual innovation to practical implementation. 

The experimental and analytical study of tensile behavior (Chapter 3) showed that the LDEBs 

retained elastic properties for strains up to 1/200 and 1/80 of their original length, ten times that 

expected in regular steel structural members. Three FEM–optimized samples (F1–1, F1–2 and F2) 

were tested on which good agreements were found between experiments and FEM predictions 

including yielding loads and displacements. Use of closed–form predictive equations derived from 

flexural theory allows practical engineers to design LDEBs without resorting to advanced finite–

element–analysis techniques. The present study, which is presented in the Journal of Structural 

Engineering B (2025) offers to the worldwide structural engineering practice some validated 

design tools available straight away. 

The compressive response study overcame a major obstacle to practical LDEB implementation by 

demonstrating that buckling is effectively avoided when proper geometric constraints are met. Both 

eigenvalue analysis and experimental results confirm that LDEBs do not fail by buckling. 

Experimental verification demonstrated that local yielding occurs at 3.00 kN and no buckling up 

to 5.90 kN which extends the applicability of LDEBs to compression members in braced frames 

and knee braces overstressed by combined axial load and bending effect design cases. 

The optimization of the stiffness distribution (Chapter 4) was the crucial point that connected the 

component response to system level seismic response. Employing the hybrid methodology that 

consists of particle swarm optimization in combination with multi scenario Round Robin response 

surface analysis, it was found out by this study that well designed LDEB configurations result in a 
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change of maximum story drifts of 15–64% when compared to those revealed from the 

corresponding unbraced frames under distinct shaking events. The optimization process indicated 

that optimum building under earthquake loading depends on the seismic intensity and frequency 

content with highest percentage increase at high intensity shaking where life safety is of great 

concern. This work has been published by the Journal of Buildings (2025) and provides validated 

optimization procedures to the structural engineer that allow the efficient identification of 

performance maximizing designs. 

These three ingredients together demonstrate that LDEBs are a mature technology with unique 

benefits compared to traditional seismic control methods. Unlike hysteresis dampers where energy 

dissipates through the irrecoverable plastic deformation, LDEBs do not degrade in performance 

with each earthquake and exhibits elastic response to restore Structures under a load to their 

original state directly targeting residual drift, critical for post–earthquake building function. Even 

after the main structure of frames yield, LDEBs have ability to provide elastic restoring force, 

hence secondary stiffness that is not attainable by conventional techniques.  

Practical implications are substantial and immediate. The prediction equations and optimization 

methodologies allow the engineer to include LDEBs in new construction and retrofit projects under 

performance–based design methods, in which given drift reduction targets are used to select a 

configuration. The extensive validation experiments, analytical developments and documented 

performance benefits provide the technical justification to add this new technology into building 

codes and seismic design standards. Publishing of the two major branches in the research sector 

guarantees that these results directly lead to further development of seismic protective technology 

in real application. 

Downstream research efforts to further build on this foundation will be to multi story MDOF 

systems that include higher modes effects, shake table testing to demonstrate system level 

performance with realistic earthquake sequences, develop connection detailing based on 
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component level testing and hybrid systems that combine LDEBs with other seismic solutions. 

Studies on long term durability would also provide additional practical relevance. 

This research argues that it is not only conceptually but also practically possible to shift the 

paradigm from damage tolerances to a damage prevention regime in which the elastic restorative 

ability plays an analogous role as reparative bone in bone tissue. The fact that elastic design is 

retained, even in the presence of more extreme deformations than those at which common members 

fail, allows structures to snap back into original profile after earthquakes rather than crumble, 

maintaining function and worth. With the seismic hazard, urbanization pressures, and resilience 

aspirations mounting, technologies such as LDEBs that reduce residual damage and offer a 

mechanism to quickly restore functionality will continue to be critical in shaping our built 

environment in a way that is not only capable of surviving major earthquakes but emerges ready 

for further use by its community. This study will present the scientific basis, practical tools, and 

proven procedures required to allow structural engineers to employ LDEB technology with 

confidence in support of achieving the overarching objective of building resilient earthquake–

resistant design solutions. 
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Future Study 

The future development of research on Large Deformable Elastic Braces (LDEBs) will focus on 

expanding from fundamental analysis to full–scale application and practical design evaluation. The 

following studies are proposed as the next stages of this work: 

1. Static and Dynamic Behavior of 2D Portal Frames Using Large Deformable Elastic Braces. 

2. Cost and Economic Feasibility Analysis of Structures with and without Large Deformable 

Elastic Braces. 

3. Seismic Performance Evaluation of 3D Steel Frames Incorporating Large Deformable 

Elastic Braces. 

4. Experimental Verification of Full–Scale Large Deformable Elastic Brace Systems under 

Shaking–Table and Pseudo–Dynamic Loading. 
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BRB Buckling–Restrained Brace 

LDEP Large Deformable Elastic Plate 

DOF Degree of Freedom 

MDOF Multi-Degree of Freedom 

PSO Particle Swarm Optimization 

GA Genetic Algorithm 

BCJ Building Center of Japan 

MNL Material Nonlinearity 

M&GNL Material & Geometric Nonlinearities 

FEM Finite Element Method 
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