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Yielding brace system as a next-
generation lateral load mechanism
for seismic resilient cities

Bush Rc'™, Varsha Rani2, Anoop I. Shirkol**?, Rohit Vyas?, Kaushik Gondaliya3,
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India’s building stock remains highly vulnerable to seismic hazards, with conventional retrofitting
strategies often limited in their applicability under varying earthquake intensities. This study
investigates the effectiveness of theYielding Brace System as a novel lateral load-resisting

mechanism for improving the seismic resilience of mid-rise reinforced concrete buildings. A six-storey
special moment-resisting frame was analysed in bare andYielding Brace System (YBS)-integrated
configurations using a comprehensive multi-analysis framework, including nonlinear static pushover
analysis, nonlinear time history analysis, incremental dynamic analysis, and probabilistic fragility
assessment. Results demonstrate that the incorporation of YBS significantly reduces inter-storey drift
demands by 30-53% and increases normalized base shear capacity from 0.30 in the bare frame to 0.75
in the YBS frame. Ductility improved from 3.20 to 3.98, while residual drift ratios consistently remained
below the FEMA P-58/ASCE 41 threshold of 0.5%. Fragility analysis revealed that the bare frame
reached a 50% probability of collapse at 5.1 m/s2, whereas the YBS-equipped frame required 15 m/s?,
highlighting a threefold enhancement in collapse safety margin. By reducing collapse probability and
ensuring functional recovery after earthquakes, Yielding Brace System advances resilient infrastructure
development and aligns with global sustainability objectives under UN SDG 9 (Infrastructure), SDG 11
(Sustainable Cities), and SDG 13 (Climate Action).
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India is one of the most seismically vulnerable countries in the world, with a long history of devastating
earthquakes that have exposed the fragility of its built environment!. Major past events, such as the 2001 Bhuj
earthquake (magnitude 7.6, approximately 20,023 fatalities), the 1905 Kangra earthquake (magnitude 7.8,
approximately 20,000 fatalities), and the 1993 Latur earthquake (magnitude 6.2, approximately 9,748 fatalities)?,
highlight the catastrophic impact of seismic disasters on life, property, and infrastructure. A critical lesson
repeatedly demonstrated is that earthquakes themselves do not kill people; rather, weak and poorly designed
buildings are responsible for large-scale collapses and fatalities>*. Outdated and structurally deficient buildings
fail to withstand the extreme lateral and vertical forces generated during seismic events, leading to cracks,
foundation failures, and widespread destruction®.
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I N D |A MAJOR EARTHQUAKES

The Global Earthquake Model (GEM) open-source seismic risk assessment (Fig. 1) provides a comprehensive
profile of India’s earthquake hazard®, exposure, and vulnerability. From a hazard perspective, the Himalayan
belt, northeast India, and parts of Gujarat and Bihar exhibit the highest seismic hazard”?$, with peak ground
accelerations exceeding 0.3-0.5 g under a 475-year return period event®. Central and southern India remain
comparatively less hazardous, though not entirely exempt from risk. Exposure mapping indicates that
economically significant regions such as Delhi, Mumbai, Gujarat, and Kolkata possess very high concentrations
of built assets, thereby amplifying the potential financial losses during a major seismic event. The average
annual loss (AAL) for India is estimated at 1.34 billion USD, with residential buildings contributing the
highest share (approximately 1.11 billion USD), followed by commercial (approximately 0.19 billion USD)
and industrial (approximately 0.03 billion USD) sectors. In terms of average annual loss ratio (AALR), which
measures expected annual losses relative to the replacement cost, the national figure stands at 0.449%, but
regional variations are pronounced. North-eastern states and the Himalayan region show the highest AALR
values (2.8-5.1% and above), indicating disproportionate losses relative to local building stock. Loss-by-region
statistics further emphasize the vulnerability of populous states such as Uttar Pradesh, Bihar, Punjab, Assam,
and Jammu & Kashmir, each facing hundreds of millions of dollars in potential annualized seismic losses. The
building taxonomy underscores Indias structural fragility, as a large proportion of the building stock consists
of confined masonry (33%) and concrete structures (25%), alongside unreinforced masonry, adobe/earth, and
other traditional systems that lack adequate seismic resistance. Such construction classes are particularly prone
to collapse under lateral shaking, thereby elevating casualty and economic loss risks. Loss curves generated
under the GEM framework project that rare but extreme earthquakes with return periods of 500 to 1,000 years
could trigger economic losses between 44 and 60 billion USD, underscoring the urgent need for robust risk
mitigation strategies®.

Earthquake-resistant structural design requires more than material strength; it demands a comprehensive
understanding of how seismic forces interact with structural systems. Key parameters such as base shear,
resonance, damping efficiency, and torsional stability govern whether a structure can withstand seismic excitations
or progress toward collapse® Although seismic codes have significantly advanced structural safety”*1°, a vast
proportion of existing buildings remain critically vulnerable due to outdated construction practices'!, weak
lateral bracing, and inadequate energy dissipation.

In recent years, advancements in passive energy dissipation devices have introduced several innovative
solutions to overcome these limitations. Among them, the Rotational Steel Rod Damper (RSRD) has emerged as
a promising metallic device designed to enhance seismic resilience through plastic rotation of low-yield-point
steel rods. Zhou et al. (2024)!? demonstrated its stable hysteretic performance ({ > 0.47) and improved fatigue
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Fig. 1. Seismic hazard, exposure, and risk indicators for India based on the Global Earthquake Model (GEM)
open-source assessment. [adapted from GEM Foundation, India Seismic Risk Profiles, 2023, CC BY-NC-SA
4.0 (https://www.globalquakemodel.org/product/seismic-risk-profiles)]®.
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resistance achieved through arc-shaped weakening of the rods. Lie et al. (2024)!3 applied the RSRD in a hybrid
retrofit configuration combining Damping Masonry Infill Walls (DMIWs), achieving up to 38% reduction in
floor acceleration and improved drift uniformity. Later, Lie et al. (2025)' extended its application as a dissipative
connector in rocking steel core systems, where hourglass-shaped rods enhanced low-cycle fatigue resistance.
Overall, RSRDs have shown consistent energy dissipation ({ = 0.5) and effective drift control, demonstrating
their versatility and reliability across both RC and steel structural systems.

Conventional solutions, including tuned mass dampers, viscous dampers, and buckling restrained braces
(BRBs)'>"17, have improved seismic resilience but often perform optimally only within narrow force thresholds,
limiting their applicability in real-world conditions where earthquake intensities vary unpredictably. Despite
their widespread use, BRBs exhibit several practical and performance limitations that restrict their efficiency
under severe or repeated earthquakes. The steel core of a BRB is fully enclosed within its restraining casing,
making post-earthquake inspection and replacement difficult, while hidden yielding often prevents accurate
damage assessment. Furthermore, BRBs lack self-centering capability, resulting in permanent residual drifts and
increased repair costs after strong ground motions. Studies by Bobadilla et al. (2025)'® and Hoveidae (2018)"
have also shown that BRBs undergo cumulative ductility degradation and low-cycle fatigue damage under
repeated cyclic loading, reducing their long-term energy dissipation capacity.

In this context, the Yielding Brace System (YBS) represents a transformative solution as shown in Fig. 222,
Unlike BRBs or conventional damping devices, YBS offers superior seismic energy dissipation across a broad
range of loading conditions, ensuring stability under both moderate and extreme earthquakes?’. Its high ductility,
capacity to absorb cyclic energy without premature degradation, and adaptability for both new construction and
retrofitting make it a cost-effective and practical alternative for modern seismic design. YBS not only enhances
lateral load resistance but also addresses soft-story vulnerabilities without necessitating major reconstruction,
making it particularly suitable for dense urban environments. Despite its remarkable potential, YBS remains
underexplored in seismic engineering research, creating a significant knowledge gap.

To address this, the present study investigates the seismic performance of a six-storey reinforced concrete
(RC) building with and without YBS integration through a multi-analysis framework. Nonlinear static pushover
analysis (NSPA) is employed to assess global capacity, performance points, and comparative lateral strength.
Nonlinear time history analysis (NLTHA) captures realistic dynamic responses, including inertia effects, cyclic
degradation, and higher mode contributions under recorded earthquake excitations. Incremental dynamic
analysis (IDA) is utilized to establish intensity-response relationships, evaluate collapse margin ratios, and
quantify safety margins across seismic intensities. Finally, seismic fragility assessment provides probabilistic
estimates of exceeding predefined damage states at varying hazard levels.

Methodology
In this study, the seismic performance was evaluated considering a target drift limit of 2%. Table.

Spectral modal and pushover analyses were carried out to estimate storey shear forces and drift demands,
which were then compared against code-specified limits to assess the structural response. The force-displacement
capacity, size selection, and placement procedure for the YBS were adapted from previous research studies®. The
percentage of storey shear to be resisted by the secondary system was defined, and the number and location of
YBS units on each floor were determined to ensure a torsion-free configuration. The design strength of each YBS
unit was calculated, and its nonlinear hysteretic behaviour was modelled in ETABS software?® using the Bouc-
Wen model?, incorporating stiffness, weight, post-yield stiffness ratio, and yielding exponent values calibrated
from experimental data. Figure 3 presents the YBS design and Hollow Structural Section (HSS) selection
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Fig. 2. Proposed YBS Details with Dimensions?!.
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Special Moment-resisting Steel Frame Design using YBS
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Fig. 3. Workflow for Yielding Brace System (YBS) design and Hollow Structural Section (HSS) selection.

workflow, outlining the step-by-step process for determining the required stiffness, strength, and weight of the
system.

Nonlinear modelling was carried out using the fibre modelling approach to accurately capture material
stress—strain behaviour and inelastic response®. The stress—strain relationship for concrete was defined using
the Mander et al. (1988) model?®, while the Park model was adopted for steel. Degrading hysteretic behaviour
was considered for both materials. Fibre cross-sections were divided into 24 segments, with appropriate stress—
strain values assigned to each segment?. The fibre hinge length was taken as half of the maximum section
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dimension, with P-M2-M3 hinges used for columns and M3 hinges for beams?. The plastic hinge length was
determined following the approach of Priestley et al. (1996)?’, with flexural hinges assumed to form at a distance
of half the hinge length from the member ends.

Before the main analyses, a validation study was carried out to verify the numerical modelling of YBS. Figure
4 illustrates the validation process, which compares hysteretic behaviour from experimental and analytical
studies. The experimental results were obtained from Dampo Systems (Mexico)*' using the loading protocol
specified in ASCE/SEI 41-17%8, while the analytical validation was performed in ETABS Software?® using the
same recommended loading protocol. The close agreement in energy dissipation, stiffness degradation, and
ductility confirmed the accuracy of the adopted modelling approach.

Seismic evaluation was conducted using two analytical approaches: NSPA and IDA. In NSPA, the pushover
curve was converted to a capacity spectrum to obtain spectral displacement values, which were then fitted to
statistical distributions to establish damage state thresholds and estimate uncertainties. Figure 5 outlines the
process for developing fragility curves, starting from model setup and ground motion selection to statistical
fitting for probability of exceedance at defined damage states. The results from both NSPA and IDA were used
to define limit states (slight, moderate, severe, and collapse) and develop fragility curves representing the
probability of collapse at various seismic intensities. This methodology enabled a comparative assessment of the
structural performance of the RC frame with and without YBS, quantifying improvements in ductility, stiffness,
energy dissipation capacity, and reduction in collapse probability.

Modeling of RC frame with YBS

To assess the effectiveness of the YBS, a six-story, plan-symmetric RC frame was developed as the reference
model as shown in Fig. 6. The building configuration represents a typical mid-rise apartment commonly
constructed in India. The structure is assumed to be located in seismic Zone V, the region of highest seismicity,
with an effective peak ground acceleration (EPGA) of 0.36 g, and is considered to rest on soft soil. The frame
was designed with a bay span of 4 m (Fig. 6a) and a story height of 3 m. Floor finish and live loads were taken as
1 kN/m? and 3 kN/m?, respectively, while 150 mm thick RC slabs were modeled as rigid diaphragms. Columns
were assumed to have fixed base conditions. Dead loads included the self-weight of beams, columns, slabs, and
walls in accordance with IS 875: Part 1 (BIS 1987a)?, and live loads were considered as per IS 875: Part 2 (BIS
1987b)%. The RC frame was designed as a special moment-resisting frame (SMRF) with a response reduction
factor (R) of 5, and ductile detailing provisions were followed as per IS 13,920 (BIS 2016b)*°. Structural design
used M25 grade concrete and Fe500 reinforcement steel. Seismic demands were obtained using the response
spectrum method. Effective stiffness values of 0.35Igross for beams and 0.70Igross for columns were adopted,
along with a rigid zone factor of 0.5 at beam-column joints to capture partial fixity and realistic joint stiffness.
Linear and nonlinear analyses were carried out using ETABS (CSI 2020)%, following IS 456 (BIS 2000)!, IS
1893 (BIS 2016a)’, and IS 13,920 (BIS 2016b)*’. Load combinations were defined according to IS 1893 (BIS
2016a)”. Member sizes were finalized based on demand-capacity checks while maintaining the strong-column
weak-beam principle. The YBS was placed at the center of the building frame to enhance its seismic capacity and
overall performance as illustrated in Fig. 6(b).

The size, section, and stiffness of the YBS were obtained from the displacement-controlled pushover analysis
carried out up to the 2% target drift level, which corresponds to the permissible drift for RC buildings without
masonry infill as specified in ASCE 7 (ASCE/SEI 2016)'°. The results at this drift level were used as the basis for
defining the YBS properties in accordance with the strong column-weak beam design philosophy. The adopted
YBS configuration for the six-story frame is presented in Table 1.
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Normalization and scaling of selected ground motions

For reliable seismic performance evaluation, it is essential that the selected ground motions (GMs) represent
not only the hazard level of the site but also provide consistent response characteristics with respect to the
fundamental period of the structure. Raw earthquake records often show large variability in their peak ground
acceleration (PGA), peak ground velocity (PGV), and spectral acceleration shapes, which may not directly
correspond to the target design spectrum. To address this, the selected GMs were normalized and scaled so that
their median spectral acceleration aligns with the fundamental time period (Ta) of the considered structure. This
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Total Stiffness
YBS Connector HSS section and Weight

Storey (fﬁ) (Il\fllrinm) (%u)l Section (%’)Lsc (Il\flitlnsl;) (II‘f/:nm) (&t)
6 98.1 | 723731 |03 5(1/2)x5(1/2)x3/16 | 1.0 93624.1 | 40815.3 1.3
5 294.2 | 217119.2 | 0.5 7x7x1/4 1.7 156043.4 | 90790.0 |2.2
4 490.3 | 361865.4 | 1.0 7x7x3/8 2.5 231662.5 | 141245.2 | 3.4
3 588.4 | 4342385 | 1.1 7x7x3/8 2.5 231662.5 | 151071.4 | 3.6
2 588.4 | 434238.5 | 1.1 7x7x3/8 2.5 231662.5 | 151071.4 | 3.6
1 686.5 | 506611.5 | 1.1 9x9x3/8 3.2 304486.7 | 190180.4 | 4.3

Table 1. Finalized YBS properties derived from pushover analysis at 2% target drift for the six-story RC frame.

ensures that the ground motions are compatible with the seismic demand expected for the region and that the
structural responses derived from them are realistic. The records were obtained from the PEER-NGA database®?
and the two horizontal components of each motion were examined. For consistency, the larger of the two values
of PGA and PGV was considered. Before normalization, PGA values varied between 0.04 g and 0.64 g, with
an average of 0.12 g, while PGV ranged from 2.32 cm/s to 36.07 cm/s, averaging 13.83 cm/s. Such variability
highlights the need for scaling, as unadjusted motions could either underestimate or overestimate the seismic
demand. Normalization factors were applied in the range of 0.38 to 3.82, bringing the records into agreement
with the target spectrum at the fundamental period. After normalization, the PGA values reduced to a narrower
range of 0.06 g to 0.31 g, with an average of 0.13 g. This adjustment reduced the dispersion in PGA __, thereby
providing a more consistent dataset for nonlinear analyses**~%. Importantly, normalization did not 51gn1ﬁcantly
alter the mean values but made the motions more uniform in terms of intensity.

In addition to PGA and PGV adjustments, the database ensured that ground motions covered a representative
spread of seismological and site parameters. The considered events had magnitudes ranging from 6.0 to 7.36,
epicentral distances between 13.8 km and 91.15 km, and Vs30 values from 205.78 m/s to 496.46 m/s, covering
soft to stiff soil conditions. By selecting motions within these ranges and applying normalization, the dataset
captures both variability in source and site conditions while remaining consistent with the design spectrum for
Zone V seismicity.

Figure 7(a) shows the individual response spectra of the normalized ground motions compared with the
target design spectrum. It highlights that, despite the natural variability of individual records, their collective
median closely follows the target across the period range. Figure 7(b) presents the median response spectrum
against the target spectrum with a marked fundamental time period of the 6-story building (T, = 0.764 s).
The close match at this period confirms that the scaling process successfully adjusted the ground motions to
be compatible with the structural dynamic properties. Thus, normalization and scaling are necessary steps to
ensure that the ground motions not only represent real earthquake records but also conform to the seismic
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Fig. 8. Comparative maximum drift ratios of six-story bare and YBS-equipped frames showing improved
performance and delayed damage progression with YBS incorporation.

. i u ion. Thi Vi . . . u
design requirements of the study region. This provides a rational basis for assessing structural performance
under realistic and code-consistent seismic demands®®37,

Results and discussion

Damage progression and performance stages

The comparative drift ratio evaluation of the 6-storey bare and YBS-equipped frames shown in Fig. 8 clearly
highlights the improved performance achieved through the incorporation of yielding braces. At the first beam
yield point, the bare frame exhibited a drift of 0.89% against 0.53% for the YBS frame, a reduction of nearly 40%,
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indicating that initial flexural cracks in beams are effectively controlled when additional stiffness is provided. As
the structure entered the LS and CP ranges, beams in the YBS frame continued to sustain lower drift levels, with
reductions of 32-36% compared to the bare frame, while column yielding was significantly delayed occurring
at 0.80% in the YBS frame against 1.85% in the bare frame, almost a 57% improvement. This confirms that
all beams undergo cracking and yielding prior to column distress, thereby aligning with the strong-column
weak-beam design philosophy. Within the global LS and CP ranges, the YBS system consistently reduced drift
demand by 30-40%, and at the performance point the benefit was most evident, where the YBS frame attained
a drift of only 0.85% compared to 1.80% for the bare frame, reflecting a reduction of nearly 53%. Up to the
2% drift level, beams experienced progressive flexural cracking, spalling, and eventual yielding, while columns
remained largely within the elastic to LS range in the YBS case, whereas the bare frame already exhibited column
participation. Overall, the displacement and base shear data from pushover analysis illustrate that the YBS frame
provides higher lateral strength, superior drift control, and ensures that inelastic action remains concentrated
in beams rather than columns, thereby enhancing seismic safety and delaying the onset of global mechanism
formation.

Table 2 and the corresponding pushover curve (Fig. 9) highlight the comparative lateral load behavior of
the bare and YBS-equipped frames when expressed in terms of the normalized base shear ratio (V/W). The
YBS frame consistently mobilizes higher shear capacity, with V/W reaching up to 0.75 compared to 0.30 in
the bare frame, demonstrating enhanced energy dissipation and improved reserve strength. The displacement
levels associated with key performance stages also reveal that column yielding is significantly delayed in the YBS
frame, ensuring that plasticity remains concentrated in beams until higher load levels are reached. The pushover
curve further emphasizes the stiffer initial slope of the YBS system and its ability to maintain higher normalized
resistance over a wider displacement range. In terms of deformation capacity, the YBS frame attained a ductility
ratio of 3.98, which is superior to the bare frame value of 3.20, confirming its improved ability to undergo larger
inelastic deformations without loss of stability. Together, these results validate the superior efficiency of YBS
in controlling seismic demands relative to structural weight while also enhancing ductility and collapse safety.

Drift-Based IDA of RC frames

IDA was carried out for the 6-storey RC frame using 22 ground motion records, scaled systematically to cover
a PGA range from 0.01 g to 8 g. The scaling was applied in increments of 0.005 g up to 1 g and 0.5 gbeyond 1 g,
resulting in 36 intensity levels. Nonlinear time history analyses were performed in the X-direction for all records,
generating IDA curves expressed in terms of Maximum Inter-storey Drift Ratio (MIDR). Damage thresholds for
Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention (CP) were evaluated following ASCE 41
(2017)* guidelines, enabling direct identification of performance ranges at different seismic intensities.

The IDA results for the bare 6-storey frame (Fig. 10a) reveal that drift demands increase rapidly with intensity,
and several ground motions exceed the CP threshold at moderate PGA levels, reflecting limited ductility and
high dispersion in seismic response. In contrast, the YBS-equipped frame (Fig. 10b) demonstrates significantly
improved behaviour: drift demands are consistently lower, IDA curves are more tightly clustered, and the
structure remains within IO and LS limits for a wider range of intensities. Only at higher PGA values do some
records approach CP, highlighting the ability of YBS to delay collapse mechanisms.

These findings confirm that while the bare frame is vulnerable to severe drift-induced damage, the addition
of YBS substantially enhances lateral resistance, reduces seismic demand, and improves collapse safety. The
overall improvement is attributed to better energy dissipation and controlled plasticity, validating IDA as an
effective tool for performance-based seismic evaluation of mid-rise RC frames.

Bare Frame Frame with 2% YBS
W=1891.63 W=1924
Displacement | Base shear | (kN) Displacement | Base shear | (kN)
Stage (mm) (kN) VIW (mm) (kN) VIW Damage State
First beam yield point 110 493.6 0.26 120 1134.7 0.59 Slight damage in beam
Beam entered LS range 160 529.7 0.28 180 1265.3 0.66 Moderate damage in beam
Beam entered CP range 320 560.8 0.30 330 1361.7 0.71 Severe damage in beam
First Column yield point 215 555.7 0.29 175 1259.8 0.65 Slight damage in Column
Column entered LS range 280 562.4 0.30 240 1347.0 0.70 Moderate damage in column
Column entered CP range 380 551.0 0.29 405 1423.4 0.74 Severe damage in column
Global IO range 140 514.4 0.27 170 1251.2 0.65 Slight Damage in many beam
Global LS Range 240 559.8 0.30 235 1342.9 0.70 Moderate damage in many beam
but slight damage in column
Global CP range 370 5522 0.29 400 14193 0.74 Sevear damage in beams and
mderate to slight damge in column
fg;ecture reached mechanism 580 511.0 0.27 620 487.8 0.25 Complete Structure collapsed
Performance point 205 553.48 0.2925 155 1221.56 0.6348 At maximum seismic demand

Table 2. Comparative pushover performance of six-story bare and YBS-equipped RC frames in terms of
displacement, base shear ratio (V/W), and damage progression.
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Fig. 9. Pushover curves of six-story bare and YBS-equipped frames showing comparative lateral load behavior
in terms of normalized base shear ratio (V/W).
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Fig. 10. IDA results of six-story RC frames: (a) bare frame and (b) YBS frame, showing drift ratios with IO,
LS, and CP limits.

The storey drift ratio distribution for the 6-storey building is shown in Fig. 20. The bare frame (Fig. 11a)
exhibited larger drift variations, particularly at the middle and upper storeys, with several outliers highlighting
its greater vulnerability to excessive lateral displacements. In contrast, the 2% YBS frame (Fig. 11b) demonstrated
far more stable performance, with consistently lower drift ratios across all storeys and significantly fewer
outliers, confirming its superior capacity to uniformly distribute seismic demands and limit concentration of
deformations. A common trend in both systems was higher drift ratios at the lower storeys, where seismic forces
accumulate, suggesting that these levels remain critical in overall performance.

The residual drift response of the 6-storey building is presented in Fig. 12. According to FEMA P-58% and
ASCE 41 (2017)3, the limiting value for acceptable residual drift is 0.5%. The bare frame exceeded this threshold
at several storey levels, indicating a considerable risk of permanent deformation and compromised post-
earthquake functionality. Among all the records, the Northern Calif-03 ground motion (RSN 7) at an intensity
level of 4 g is specifically highlighted in Fig. 12 to demonstrate the residual drift distribution. This record was
chosen because it produced the most severe response among the selected ground motions, even driving the bare
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Fig. 11. Storey drift ratio distribution for six-story RC frames: (a) bare frame and (b) frame with 2% YBS.
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Fig. 12. Residual drift ratio distribution of the six-story RC building under Northern Calif-03 ground motion
(RSN 7) scaled to 4 g.

frame to collapse at higher intensity levels, thereby representing a critical scenario for comparison. In contrast,
the 2% YBS frame maintained its residual drift ratios well within the 0.5% limit across all storeys, confirming that
the system is capable of preventing unacceptable residual displacements. This evaluation highlights that while
the bare frame is prone to significant permanent damage, the YBS frame ensures code-compliant performance
and improved seismic resilience.

Roof acceleration response of the 6-Storey frame
The roof acceleration time histories of the 6-storey bare frame and the 6-storey frame equipped with 2% YBS
are illustrated in Fig. (13a) and Fig. (13b), respectively. Roof acceleration is a critical response parameter as
it directly reflects the amplification of ground motion at the top of the structure, influencing both occupant
safety and the vulnerability of non-structural components. Excessive roof accelerations can induce significant
secondary damage, even if the primary structural system remains intact.

For the bare frame (Fig. 13a), roof acceleration peaks reached values exceeding 30 m/s* under the Northern
Calif-03 ground motion (RSN 7) at 4 g intensity, indicating strong amplification effects and substantial inertial
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Fig. 13. Roof acceleration time histories of the six-story RC building: (a) bare frame and (b) frame with 2%
YBS, under Northern Calif-03 ground motion (RSN 7) scaled to 4 g.

Inter-story drift ratio Floor acceleration (g) Residual inter-story drift ratio
YBS YBS Bare YBS
Storey no | Bare Frame | Frame | Reduction (%) | Bare Frame | Frame | Reduction (%) | Frame | Frame Reduction (%)
6 0.0032 0.002 | 375 0.55 0.29 47.3 0.00254 | 0.000904 | 64.4
5 0.0068 0.0036 | 47.1 0.50 0.26 48.0 0.00373 | 0.00174 | 53.3
4 0.01 0.0039 | 61 0.44 0.19 56.8 0.00381 | 0.00242 | 36.5
3 0.0071 0.0034 | 52.1 0.38 0.17 55.3 0.00254 | 0.00144 | 43.3
2 0.01 0.0036 | 64.0 0.33 0.13 60.6 0.00487 | 0.00175 | 64.1
1 0.008 0.0023 | 71.3 0.28 0.1 64.3 0.008 0.00167 | 79.1

Table 3. Comparison of Inter-Story drift Ratio, floor Acceleration, and residual drift reduction in bare and
YBS frames at each storey Level.

demands on the structure. In contrast, the YBS-equipped frame (Fig. 13.b) demonstrated much lower peak
roof accelerations, with amplitudes reduced by nearly one-third and a visibly smoother response profile. The
reduction in acceleration is attributed to the added energy dissipation and enhanced stiffness provided by the
yielding braces, which limit the transfer of seismic energy to the upper storeys.

Table 3 presents a comparative evaluation of the seismic response parameters for the bare and Yielding
Base Shear (YBS) frames. The inter-story drift ratio and floor acceleration values represent the mean response
averaged over all considered ground motions, reflecting the overall improvement in global deformation and
inertial response due to the YBS system. Conversely, the residual inter-story drift ratio values correspond
specifically to the Northern California-03 (RSN 7) ground motion at an input intensity of 4 g, highlighting the
post-yield deformation control capacity of the YBS frame under severe excitation. As observed, the YBS frame
demonstrates a consistent reduction across all parameters, with drift, acceleration, and residual drift reduced by
approximately 37-71%, 47-64%, and 36-79%, respectively, indicating its superior energy dissipation and self-
centering performance compared to the conventional bare frame.

Hysteretic response and energy dissipation of the 6-Storey YBS frame

The hysteretic response of the 6-storey RC frame equipped with a 2% YBS configuration was examined under
the Northern Calif-03 ground motion (RSN 7) at 4 g intensity, chosen due to its significant damage potential
observed in the bare frame case. Figure 14 illustrates the hysteresis loops for each storey, providing insight into
the force-deformation characteristics and energy dissipation capacity of the system. The results indicate that the
YBS elements developed forces exceeding their nominal design strength, revealing an inherent over strength
capacity that contributes to improved seismic resilience. Distinct and stable hysteresis loops were observed across
all storeys, with wide loops at the lower storeys (1st to 3rd) showing higher force and deformation demand, and
gradually narrower loops at the upper storeys (4th to 6th), consistent with reduced seismic demand at higher
levels. Importantly, the YBS exhibited stable cyclic behaviour with negligible strength or stiffness degradation,
and returned close to its original position after unloading, confirming the absence of significant residual
deformation.

This behaviour highlights the system’s ability to dissipate seismic energy efficiently through repeated loading
cycles, thereby limiting permanent structural damage. The progressive reduction in loop width from lower to
upper floors indicates that seismic energy is absorbed more effectively at the base, reducing drift concentrations
at critical levels. These findings validate that the 2% YBS configuration not only improves overall structural

Scientific Reports |

(2025) 15:42394 | https://doi.org/10.1038/s41598-025-26603-y natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

800 o

600

100 o

&
:

Force (kN)

200 4

400 -

600

800 -

1% floor YBS

900 -

750 o

600 -

450 o

300 -

=150 o

Force (kN
it

150 4

300 4

450 o

600 o

900 o

2™ floor YBS|

800

600 o

400

200 4

Force (kN)
e

200 4

400 4

600 -

800 4

3" floor YBS

0 20
Deformation (mm)

600 -

150 o

300 o

150

Force (kN)

150

300

450 -

600 4

4" floor YBS

T

0
Deformation (mm)

120

20

300 4

5" floor YBS

100 -

6" floor YBS

200 4

100

S 3
Lol

°
!

Force (kN)
°
1

Force (kN)

100 4

60 -
200 4

%0 -

300 100

5 0 5
Deformation (mm)

T T T T T T T T 120
10 15 15 10 5 5 5

00
Deformation (mm)

Fig. 14. Storey-wise hysteresis loops of the six-story RC frame with 2% YBS under Northern Calif-03 ground
motion (RSN 7) at 4 g intensity.

durability during high-intensity shaking but also ensures a favourable distribution of seismic forces along the
building height. While similar patterns were observed in other configurations, the 6-storey results are presented
as representative, demonstrating the reliability of YBS in enhancing seismic performance of mid-rise RC
buildings.

Probabilistic seismic vulnerability assessment of 6-Storey bare and YBS frames

Seismic fragility analysis provides a probabilistic framework to quantify the likelihood of RC frames exceeding
predefined damage thresholds under varying earthquake intensities. Performance levels IO, LS, and CP were
defined using inter-storey drift ratios and spectral displacement thresholds, with the capacity spectrum curve
subdivided into slight, moderate, severe, and complete damage states according to Eq. (1). The IDA approach
further incorporated drift thresholds of 1%, 2%, and 4% in line with FEMA P-695% and recent literature?22>34,
Fragility functions were expressed through a lognormal distribution as given in Eq. (2), where p , represents the
median seismic demand at which a given damage state is reached and 3 ;, accounts for variability and uncertainty
in structural response, with higher  values reflecting greater dispersion. The resulting fragility curves were
calibrated using statistical fitting to capture these uncertainties. In this study, pushover-based seismic fragility
analysis was adopted, wherein the capacity curve obtained from nonlinear pushover analysis was combined
with seismic demand models to estimate the probability of reaching or exceeding different damage states. Using
spectral displacement (S ) as the intensity measure, the fragility functions were derived through both binomial
and normal cumulative distribution models, as illustrated in Fig. 15. The curves show the exceedance probability
for slight, moderate, severe, and complete damage states, where the steeper slopes represent higher sensitivity of
the frame to seismic demand. The comparison between binomial and normal fits highlights the robustness of the
derived fragility functions in capturing uncertainty across damage states.

Findings for the 6-storey bare frame (Table 4) revealed a nearly uniform probability of exceedance across
all damage states, signifying significant vulnerability and a high likelihood of collapse even at lower intensity
measures. By contrast, the introduction of YBS elements enhanced resilience: a 1% YBS configuration reduced
the collapse probability, while a 2% YBS configuration provided the most pronounced improvement, substantially
lowering collapse risk and enhancing the system’s energy dissipation capacity. The fragility curves for the 6-storey
frames (Figs. 15 and 16) clearly demonstrated reduced seismic risk in the YBS-integrated systems compared
with the bare frame. Moreover, IDA results exhibited strong linear correlations between seismic demand and
structural response across damage states, validating the consistency of behavior and confirming that YBS
configurations significantly improve seismic performance in mid-rise RC buildings®>%.

Sa1 = 0.7D, slight damage state

- Sao = D, moderate damage state
d.k = Sis = D, +0.25 (D, — Dy) severe damage state 1

Saqa = ﬁu complete damage state
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Spectral IM (Spectral
Displacement | Acceleration)
(mm) (m/s?)
Model 10% 50% | 10% 50%
6-Storey Bare Frame 160 446 | 3.6 5.1
6-Storey with 2% YBS | 173 460 |8 15

Table 5. Presents a comparison of the probability of exceedance at 10% and 50% for complete damage States of
the selected RC frame buildings, as obtained from NSPA and IDA.

P[DS> DS, X=0]=92 [1ln (9)] (2)
B M

Table 5 presents the spectral displacement and spectral acceleration values corresponding to 10% and 50%
probability of exceedance for the complete damage state in the 6-storey RC frames. For the bare frame, the
spectral displacement was 160 mm and 446 mm at 10% and 50% probability levels, with corresponding intensity
measures of 3.6 m/s*> and 5.1 m/s?, respectively. In contrast, the 6-storey frame with 2% YBS showed slightly
higher spectral displacement values of 173 mm and 460 mm, but required much larger seismic intensities
of 8 m/s? and 15 m/s® to reach the same exceedance probabilities. This clearly indicates that although lateral
displacement demand increases marginally with YBS, the system significantly enhances strength and energy
absorption, thereby reducing collapse risk under higher seismic loads. The fragility curves for the 6-storey frames
further validate this outcome, highlighting a marked reduction in the probability of severe and complete damage
in the YBS-integrated case compared with the bare frame, confirming the effectiveness of YBS in improving
seismic resilience.

Conclusion

This study presented a comprehensive seismic performance assessment of a six-storey RC frame with and without
the integration of a YBS. A multi-analysis framework incorporating NSPA, NLTHA, IDA and probabilistic
fragility evaluation was employed to capture global capacity, dynamic response, and collapse vulnerability, Key
findings are as follows:

« Enhanced drift and strength performance: The YBS-equipped frame consistently limited inter-storey drift
demands by 30-53% compared with the bare frame, while simultaneously mobilizing higher normalized
base shear ratios (up to 0.75 versus 0.30), confirming superior lateral load resistance and compliance with the
strong-column weak-beam design philosophy.

« Improved ductility and energy dissipation: The ductility ratio of the YBS frame (3.98) exceeded that of the
bare frame (3.20), and storey-wise hysteresis loops demonstrated stable cyclic energy dissipation with negli-
gible degradation, highlighting the capacity of YBS to absorb seismic input energy without inducing residual
deformations.

+ Dynamic performance gains: Incremental dynamic analysis revealed that the bare frame rapidly exceeded
Collapse Prevention thresholds under moderate shaking, whereas the YBS frame-maintained performance
within Immediate Occupancy and Life Safety limits across a wider range of ground motion intensities. Resid-
ual drift responses in the YBS frame consistently remained below the 0.5% threshold recommended by FEMA
P-58 and ASCE 41, ensuring functional recovery after earthquakes.

« Probabilistic risk reduction: Fragility analyses established that the bare frame exhibited nearly uniform ex-
ceedance probabilities (~ 50%) across all damage states, whereas YBS incorporation substantially shifted col-
lapse probabilities to higher intensity measures. For the complete damage state, the bare frame reached 50%
exceedance at 5.1 m/s?, while the YBS frame required 15 m/s?, reflecting a threefold enhancement in collapse
safety margin.

« Collectively, these results demonstrate that YBS integration significantly improves the seismic resilience of
mid-rise RC buildings by reducing drift concentration, delaying column yielding, limiting residual deforma-
tions, and lowering collapse risk. Beyond structural efficiency, YBS offers a practical and economical solution
for both retrofitting existing vulnerable frames and designing new constructions in high seismic zones, par-
ticularly in densely populated urban regions where soft-storey mechanisms remain critical.

In a broader societal context, this work contributes to the United Nations Sustainable Development Goals
(SDGs) by advancing resilient infrastructure (SDG 9), supporting sustainable cities and communities (SDG 11),
and reinforcing climate action through disaster risk reduction (SDG 13). By demonstrating the effectiveness of
YBS in improving structural safety and functionality under seismic events, the study directly supports global
efforts toward sustainable, disaster-resilient urban development.

While the study confirms the effectiveness of YBS through detailed numerical simulations, future work
should focus on large-scale experimental validation, life-cycle cost analysis, and exploration of hybrid systems
that combine YBS with supplementary damping or isolation technologies. Such efforts will further establish
YBS as a reliable component of performance-based seismic design frameworks and support its integration into
national and international seismic codes.
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