K 4 RASHID MD HARUN UR

L OFEEE it (%)

TR T HIEHE 2 6 5

PR GAEA H TM843H19H

b OB FACBRIG 4 555 111

LEBFEREE T HHES9IOH

BHOK A4 Bl EE T A28

TR SCE H Performance and Optimization of Large Deformable Elastic

Braces for Seismic Resilient Structures
(MEBEL VY MEZBEDTZO DKL T L — X DOMRE &
seEAl)

2
<
B
it
b
il

TH BRRFHEIR K X
BARRSEESE  EE B8
ERRTFER A R

N DE

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 LDEBSs. 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 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
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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