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Abstract. In recent decades, rapid urbanization and rising population density have driven
the global growth of tall buildings, making the ability of structures resisting both vertical and
lateral loads efficiently a primary design challenge. Performance-based design (PBD) offers
an al-ternative to prescriptive codes by targeting specific objectives across varying hazard
levels. Performance-based seismic design (PBSD) ensures occupant safety during frequent
earth-quakes, structural integrity at design-level earthquakes, and collapse prevention under
rare extreme shaking. The ASCE Prestandard for performance-based wind design introduces
limit states that allow controlled nonlinearity in the main wind force resisting system thus
allowing for knowledge developed in PBSD to be adopted to wind design. To reconcile the
conflicting demands of seismic and wind loads, an integrated multi-hazard PBD approach which
priori-tizes overall resilience over a single dominant hazard is needed. This study investigates
the performance of an archetypal 25-storey reinforced concrete office building representative of
modern tall structures on the Indian west coast, a region characterized by a high basic wind
speed, 50 m/s, and medium seismicity, PGA = 0.24g. The building, designed according to
In-dian standards, is doubly symmetric in plan and regular in elevation and consist of a dual
system of shear walls and moment-resisting frames. A detailed 3D model is developed and.
evaluated through nonlinear response history analyses in line with FEMA P695 and ASCE
standards. Performance objectives and acceptance criteria for wind are mapped to admissible
damage states, defined according to the ASCE Prestandard. The resilience of the building is
further evaluated by adopting the FEMA P-58 methodology to estimate probabilistic damage,
functionality loss, and recovery time. The study demonstrates the potential benefits of perfor-
mance-based approaches for tall buildings in high wind regions, while contributing to the

broader discourse on wind resilience.
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1 INTRODUCTION

The global landscape of urban development has undergone a transformation as accelerated
vertical expansion becomes a necessity rather than a choice. This shift towards high-rise
construction is driven not only for economic gains but also by the urgent need to house residential,
commercial, and infrastructural functions within increasingly dense cities [1]. However, as
modern tall buildings evolve to be slenderer and more flexible, the corresponding change in
geometry and structural proportion mean their behavior and safety is predominantly governed
by lateral loads rather than gravity loads [1}, 2]. In line with these shifts, there is a growing
emphasis on the performance of the structure beyond mere safety, there is heightened focus on
post-event functionality, economic losses, and downtime marking the growing significance of
resilience as an alternative to traditional prescriptive design [3-5].

Buildings located in multi-hazard regions have the potential to be subjected to both extreme
wind events and severe earthquakes over their operational lifespan [6]. While both hazards are
random and dynamic in nature, they trigger different structural responses. Earthquakes are rare,
high intensity events that bring about violent, cyclic response over a brief duration, typically
lasting less than a minute. To survive such an event, a building must be capable of entering the
nonlinear range, utilizing ductility and energy dissipation in order to control structural damage [/7,
8. Conversely, wind represents a frequent and sustained action that can persist for hours. For
flexible tall buildings, wind hazards primarily undermine occupant comfort and serviceability
requirements, necessitating a stiff structure to fulfill them [4, 9, |10]. This creates a significant
conflict during design; a structure designed to be ductile during a seismic event may be far
too flexible to satisfy wind induced serviceability requirements, while a structure stiffened to
fulfill these wind requirements may inadvertently attract higher seismic forces [[6]. Relying on a
design philosophy that only considers the dominant hazard can lead to uneconomical structural
configurations and hidden vulnerabilities that remain unaddressed [11]. Consequently, there is
an evident necessity for a performance-based design (PBD) and ideally resilience-based design
(RBD) framework that can integrate these multiple, often competing hazards [|11H13].

Performance-based seismic design (PBSD) has transformed tall building design by moving
away from prescriptive codes in favor of explicit performance targets such as Immediate Occu-
pancy (10), Life Safety (LS), and Collapse Prevention (CP) [4]. The formalization of PBSD
through the Tall Building Initiative (TBI) guidelines highlighted that standard prescriptive ap-
proaches are ill-suited for tall buildings because they fail to account for their unique dynamic
behavior [14] [14]. Similarly, performance-based wind design (PBWD) has emerged as a struc-
turally efficient alternative for assessing building behavior under wind events. PBWD places an
emphasis on serviceability criteria, comfort limits, while also allowing for controlled limited
inelasticity in pre-determined structural members during design level wind events [9, |10].

Despite the individual advancements in PBSD and PBWD, from the significant documents
such as ATC 40 [15]], FEMA 273 [|16] to the recent Prestandards for PBWD [9, [10], multi-
hazard PBD remains largely underdeveloped. Current building codes follow designing for
one dominant hazard which leads to inconsistent stiffness, ductility, and safety margins across
different hazards and a lack of unified performance objectives [[17]]. Additionally, while fragility
curves are advanced and widely used for seismic hazards, multi-hazard fragility functions
and vulnerability curves remain to be ana area of minimal investigations that has still not been
currently integrated into the assessment of tall buildings [[11]]. This gap prevents a comprehensive
understanding of how the structural demands imposed by one hazard might affect the failure
probabilities associated with another hazard, thus preventing a consistent assessment of multi-
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hazard vulnerability [12]. While resilience metrics like functionality loss, repair cost, downtime,
and recovery pathways are well defined for seismic engineering research, their application within
a multi-hazard setting is scarcely examined [4, 5]]. These limitations emphasize the necessity for
a comprehensive multi-hazard PBD framework that can accurately represent structural responses
under realistic seismic, and wind demands while incorporating resilience metrics to enable the
assessment of post-event functionality in a multi-hazard context [[11-13, 18].

This study tries to address these challenges by introducing a unified multi-hazard PBD
framework for tall reinforced concrete buildings. By integrating seismic and wind demands
through nonlinear response history analyses (NRHA) and resilience-based metrics, this work
moves beyond single hazard PBD. The proposed methodology seeks to provide a coherent ap-
proach that jointly evaluates safety, serviceability, and post-event functionality in a multi-hazard
environment.

2 METHODOLOGY

Wind and seismic forces stand as the primary hazards impacting structures, historically
accounting for similar levels of cumulative damage. However, their frequency differs signifi-
cantly as while catastrophic earthquakes occur relatively rarely, severe windstorms are a much
more frequent occurrence. Table (I outlines the differences between these two hazards. Seismic
events have a short duration, and result in a cyclic loading with a limited number of inelastic
excursions. Meanwhile, wind hazards last for a longer duration resulting in a non-zero mean
alongwind loading and thousands of inelastic excursions.

Seismic Hazards Wind Hazards

Short duration
Rare catastrophic events
Cyclic loading
Limited number of inelastic excursions

Longer duration
Frequent severe storms
Non-zero mean alongwind loading
Thousands of inelastic excursions

Table 1: Differences between seismic and wind hazards.

2.1 Multi-hazard performance-based framework

Figure 1| presents the methodology developed herein for the multi-hazard assessment of
buildings subjected to both seismic and wind hazards. This framework extends previous work
of the last author [18]. Winds and earthquakes can be considered as independent hazards;
therefore, the respective assessments can be run in parallel.

Seismic Hazard

m) ; Dgctile . Seismic Hazard Ground Motion Non-linear _, Seismic Damage |
ﬂ Seismic Design Analysis Selection & Scaling  Structural Analysis ~  Assessment Multihazard
l — Resilience
T I s .
Bm:g ing Code Wind Hazard Wind Force Non-linear Wind Damage | Quantification
el Analysis Time Histories Structural Analysis Assessment
} i
Prescriptive Linear TPU Pressure = Monte Carlo
Wind Design : Data Simulations
|
Wind Hazard

Figure 1: Multi-hazard performance-based assessment framework, including resilience quantification.
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The lateral force resisting system (LFRS) is initially designed for gravity and seismic loads,
and then the sections are verified for along-, across-, and torsional- wind loads following building
codes and standards herein; IS 456:2000 [19]; IS 1893(1):2016 [20]; IS 13920:2016 [21]]; IS
875 (3):2015 [22]. The seismic hazard analysis consists in selecting and scaling ground motions
to the target response spectrum. A minimum number of 11 ground motions is selected from
open-access strong motion databases. The motions are then scaled so that the geometric mean
of the response spectra of the selected records matches the site-specific target spectrum. The
structural performance is evaluated through a detailed three-dimensional (3D) nonlinear finite
element model (FEM), which accounts for material and geometrical nonlinearities, enabling
a more accurate assessment of structural behavior under extreme loading conditions through
NRHA.

The LFRS performance is assessed at two seismic hazard levels: the Design Basis Earthquake
(DBE), corresponding to the life safety limit state, and the Maximum Considered Earthquake
(MCE), corresponding to the collapse prevention limit state using far-field ground-motion set
available at the ATC database: https://sp3risk.com/ground-motion-sets, see [23|]. Limit states
are then mapped to acceptance criteria, as shown in Table 2| The resulting Engineering Demand
Parameters (EDPs) from the analyses, i.e., interstory (IDR) and residual interstory drifts (RIDR),
are then used to assess the performance of the building against the prescribed limits given
in Table

Limit State Performance MRI Acceptance Guidelines
Level Criteria
Life Safety (LS) DBE 475 years IDR < 0.4% IS 1893(1):
2016
Collapse MCE 2475 years IDR < 3% & TBI (PEER,
Prevention (CP) RIDR < 1% 2017)

Table 2: Seismic limit states and corresponding acceptance criteria.

Wind performance assessment starts by collecting local aerodynamic data of a geometri-
cally similar building (herein wind tunnel data from the Tokyo Polytechnic University (TPU)
aerodynamic database: https://db.wind.arch.t-kougei.ac.jp), see [24]]. A sufficiently large num-
ber (minimum 11) of along-, across- and torsional- wind sets generated through Monte-Carlo
simulations are applied on a 3D LFRS model to perform wind NRHA at distinct limits states:
Occupant Comfort (OC), Operational (OP) and Continuous Occupancy (CO) following the
ASCE Prestandard for PBWD [[10]], as shown in Table |3} The Collapse Prevention (CP) limit
state is introduced to explore response to extreme wind events. Only a single angle of wind
attack (0 = 0°, toward the principal X-direction in Figure 2) is considered herein. For square
buildings this is expected to provide the most critical responses, at least in the linear range. Peak
acceleration (A) and roof drift (DR) responses are then used to assess the wind performance
of the building at serviceability and ultimate limit states (SLS and ULS respectively), given
in Table 31
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Limit State Performance Level MRI Acceptance Criteria
SLS Occupant Comfort (OC) 1- and/or 10- years A < 10-18 milli-g
Operational (OP) 25-years DR < 0.2%
Continuous Occupancy 700-vears DR < 0.33%, limited
ULS (CO) y yielding
Collapse Prevention (CP) 1700-years ~ Moderate inelasticity,

no collapse

Table 3: Wind limit states and corresponding acceptance criteria [[10].

2.2 Resilience quantification

This study expands on multi-hazard PBD by quantifying the resilience of the components of
the main LFRS, i.e. beams, columns, and shear walls, using the methodology proposed in [25].
Resilience, R, is quantified as the normalized area under the functionality curve, Q(¢), which
is a measure of the ability of the system to maintain or rapidly restore its functionality after an
event according to [26]]:

1 toe+tTLC

R O(t)dt (1)

TLC toE

Where, t,r denotes the time of occurrence of the event, TLC defines the control time horizon
over which resilience is quantitatively assessed, and the functionality, Q(7), at any post-event
moment as defined in [26] is:

Q(t) = [1 = L(I,Trp)] [H(t = top) — H (t = (tor + TRE))] fRec(t, t0E, TRE) 2

Where, L(I,Tgg) denotes the loss function expressed as a function of intensity, /, and time
to full recovery, Trg, frec(t,toE, TrRE) is the recovery function, and H() is the Heaviside step
function.

A procedure described in [27] for the calculation of functionality loss and downtime is
used in this study. The procedure starts with the assessment of structural damage through
the observation of plastic hinge formation. Four distinct plastic rotation ranges, distinct for
horizontal (beams) and vertical (columns and shear walls) structural element, are defined and
mapped to corresponding damaged states as prescribed in FEMA P-58 [4]. The procedure
in [27] then computes functionality loss by associating physical structural degradation to the
usage of the building’s area. This is done by correlating the degree of observed damage with
the fraction of the total floor area that becomes unusable because of that damage. Based on
the severity of the damage and the type of structural element affected, functionality loss, F L, is
evaluated as:

FL(%) = Anon-usable g 3)

total

Where, A, on-usabie corresponds to the sum of the tributary areas of all damaged elements,
while Atotal denotes the total floor area of the structure [27]. The time period preceding the
event is excluded in order to avoid artificially inflating the resilience index. Delay periods
right after an event represent a period in which no physical repair work is done, but rescue
operations, inspections, fund and permit acquisitions, and mobilization activities take place.
These activities are influenced by socio-economic and administrative parameters which can
have a high degree of uncertainty. A constant delay period of 30 days is assumed for this study.
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The recovery time, TRE, is derived based on data from typical retrofit and repair interventions
specific to reinforced concrete structures [25]. Within the multi-hazard framework, the study
evaluates resilience to seismic and wind hazards as distinct, separate phenomena. This approach
is predicated on the assumption that these two events are statistically independent [18]]. A
limitation of this framework is using the procedure in [27] with the same modelling assumptions
for both wind and earthquake excitation, although the method was not originally formulated
to represent these hazards equivalently. This limitation is amplified by the simplification of
excluding non-structural components, which often govern post-event functionality especially for
wind hazards.

3 CASE STUDY

The case study is a 25-storey office RC building located in an urban environment of the Indian
peninsula, and in a particular area of medium seismicity (1-in-475years PGA = 0.12g, medium
soil) and strong winds (1-in-50 years basic wind speed U = 50 m/s). The building is doubly
symmetric in plan and regular in elevation. Its LFRS consists of a dual system of RC shear walls
and moment-resisting frames, as shown in Figure 2] The structure consists of internal beams
with cross-sections 0.45 m X 0.60 m and perimeter beams with cross-sections 0.45 m X 0.75 m.
The vertical frame members consist of a shear wall, with a 3.6 m X 0.4 m web and 0.6 m X
0.6 m flanges, alongside columns with cross-sections of 0.90 m x 0.90 m for the bottom third,
0.80 m x 0.80 m for the middle third, and 0.70 m x 0.70 m for the top third stories. Excluding
the self-weight of the structural members, typical stories have a weight of 8324 kN while the
weight at the roof level is 5522 kN.

]
EY m m.m =

N y uE3

n N
§  Aam ° B Column 1 (0.90m x 0.90m)
% E E RN & B Column 2 (0.80m x 0.80m)
5 ® B Column 3 (0.70m x 0.70m)

© E B BN S

L I

o 3

5 bays @ 4m = 20m Q

® Beam 1 (0.45m x 0.75m) z
Beam 2 (0.45m x 0.60m)
X

B Shear wall (Web: 0.40m; Flange: 0.60m x 0.60m)

Figure 2: Plan and elevation view of the building with structural member dimensions.

A three-dimensional (3D), nonlinear structural model of the building was developed in
SAP2000. The shear wall is modelled using vertical beam-column elements and rigid end
offsets applied to the adjoining beams, to replicate the interaction and behavior of a shear wall
system and simulate the overall stiffness and lateral load resistance typically provided by a shear
wall. The first two modes of the model have a period of 2.82 s and are translational modes in
the two orthogonal directions, X and Y, while the third mode is a torsional one with a period
of 2.28 s. Rayleh damping calibrated to provide 5% critical damping for the first mode and the
mode where cumulative modal mass participation reaches 90% was considered herein.

3.1 Multi-hazard performance assessment

Eleven 3D NRHA were run per limit state and per hazard (seismic and wind) using the
spectrum-compatible seismic and wind loadings. Figures [3|and A show the mean and the median
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peak seismic demands induced by the 475 (DBE) and 2475 (MCE) year earthquakes, expressed
in terms of lateral story shear, drift and residual drift in the two main building directions (X and
Y). As illustrated by the individual storey shear distributions in Figure 3] the seismic demand
is reasonably balanced along the building height and there are no sudden changes in amplitude.
The seismic demand follows a similar pattern for both DBE and MCE level demands. IDR
results, presented in Figure 4, demonstrate that the structure satisfies the acceptance criteria
of Table 2] for both DBE and MCE. The IDR profiles follow a somehow uniform pattern without
abrupt drift concentrations at a single storey. Finally, Figure @p shows how the obtained RIDR
1s negligible, peaking at 0.01% for DBE level demands and remaining far below the acceptance
criteria for MCE level demands. The results of Figures [3|and 4] point to a stiff RC structure, with
moderate excursion to inelasticity under life safety and collapse prevention events. Furthermore,
discrepancies in direction dominance of the results can be attributed to the activation of higher
modes by some of the ground motions.
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‘L]n_ l_\‘ll ‘l‘%LJﬁ:: Median .
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Figure 3: Storey shear distribution under DBE and MCE motions.
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Figure 4: Directional (a) IDR, and (b) RIDR profiles induced by DBE and MCE motions.
Figures [5] and [6] provide the mean peak response of the office building subjected to 1- (or

10-), 25-, 700- and 1700- year winds, i.e, OC, OP, CO and CP limit states respectively follow-
ing Table[3] Since the wind-to-wind variability is low, only the mean responses are given herein.
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As illustrated in Figure [Sh, the wind storey shear increases with building height. Moreover,
alongwind storey shears exceed acrosswind ones for both SLS and ULS. However, Figure [Sp
shows how at SLS, acrosswind IDR exceeds alongwind IDR throughout the whole building
height. At ULS the trend changes, alongwind IDRs dominate the response of all floors but
the very top ones. The peak floor accelerations presented in Figure [Ga show that acrosswind
magnitudes are consistently larger than alongwind values at SLS hazard levels and within the
acceptance criteria. Finally, Figure[6b provides the corresponding SLS and ULS displacements,
which remain within acceptable performance limits, with acrosswind displacements consistently
larger than their alongwind counterparts. This suggests that while alongwind effects govern the
distribution of force demand along the structure, the deformation response of the structure is
driven by acrosswind effects.

25 25
Ocalongwind, Tyr.
- acrosswind, 1yr.
20+ 20+ I alongwind, 10yrs.
-0 acrosswind, 10yrs.
— 7 alongwind
15} 15} T 77" acrosswind
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g g - -
k<] S acrosswind
€ » alongwind
10+ 10+ —_———— )
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5r 5r
0 - - - 0 - - - -
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(a) (b)
Figure 5: SLS and ULS scaled wind (a) storey shear distribution, and (b) IDR profile.
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Figure 6: SLS and ULS scaled wind (a) floor acceleration, and (b) storey displacement.

Figures [7] and [§] explore further the differences between seismic- and wind- induced EDPs,
by comparing the structural response under DBE (MRI = 475 years) seismic events with CO
wind events (MRI = 700 years), and under MCE (MRI = 2475 years) seismic events with CP
wind events (MRI = 1700 years). Even though the comparison is not strictly uniform with
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matching return periods; these combinations were chosen to investigate structural performance
under a multi-hazard scenario. Figure [7] shows that the peak storey shear demand is much
higher for earthquake than for wind in both comparison scenarios. Figure [§] illustrates that the
inelastic seismic IDR response is significantly higher than the elastic wind IDR response in both

scenarios.

25 ——

25L|‘-l

20

alongwind

T acrosswind
20 — Ex
_——— DBEy

F’alongwind

15+ acrosswind

X

- —-—--MCE
y

Storey

10}

I
I
|
|
I
I
|
I
I
|
|
I
I
I
I
I
I
r
r
3
4
J
]
I
1

0 . . . - . oLt . . . . .
0 200 400 600 800 1000 1200 1400 0 500 1000 1500 2000 2500
Storey Shear [kN] Storey Shear [kN]

(a) (b)
Figure 7: Mean storey shear under (a) DBE and CO wind (b) MCE and CP wind.
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Figure 8: Mean IDR under (a) DBE and CO wind (b) MCE and CP wind.

3.2 Resilience quantification

Figure 9] shows the mean functionality curves for DBE and CP wind events. The two hazards
exhibit comparable recovery trends, however the recovery path for the DBE shows a need for an
increased repair time. This difference is caused by the slightly more extensive damage caused
by the seismic records. The downtime observed under both hazards shows that the structure
is unable to achieve rapid recovery leading to a sustained reduction in Q(7). Table {4 shows
the functionality loss and resilience index. The increased damage associated with the seismic
records is reflected in higher functionality loss and lower resilience index. Following the work
of [28]], degree of severity of functionality loss is linked to downtime, and given the building’s
slow recovery capacity the reported functionality loss can be regarded to be high.
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Figure 9: Mean functionality curve for DBE and CP wind.

Hazard R FL [%]

Earthquake 0.9671 15.04
Wind 0.9677 15.00

Table 4: Mean values of Resilience index (R) and Functionality Loss (FL) for DBE and CP wind.

4 CONCLUSIONS

This work applied a unified multi-hazard PBD framework capable of consistently assessing
the seismic and wind performance of flexible buildings. The framework combines NRHA
and FEMA P-58 resilience quantification for both hazards, to evaluate the behaviour of the
structure from elastic serviceability to nonlinear response and post-event functionality. Its
application to a representative 25 storey RC office building in a region exposed to medium
seismicity and high wind demands revealed the advantages of analyzing the two hazards within
a single methodological system which provides a more coherent understanding of performance
demands than conventional single hazard approaches. The results revealed that no single hazard
governs all response parameters. While wind loading governs the displacement profile, seismic
excitation governs IDR, and storey shear demands. This illustrates that designing only for a
dominant hazard does not necessarily guarantee adequate performance across all EDPs. The
results also demonstrate that the relative influence of wind and seismic actions varies with
intensity level. For moderate hazard levels (DBE, CO wind), wind effects are the main driver
of displacement response, while seismic loading governs IDR and storey shear. However, at
extreme hazard levels (MCE, and CP wind), seismic excitation dominates all EDPs, including
displacements. These results show that hazard dominance is not constant but evolves with
both the hazard intensity and the specific EDP under consideration. The resilience assessment
indicates that the building follows comparable functionality trajectories under DBE and CP wind,
but its limited recovery capacity leads to relatively high functionality loss. This stresses the
need to set recovery focused indicators within multi-hazard frameworks. However, the current
approach is limited by the use of an identical procedure for both hazards and by the omission of
non-structural elements. Future studies could refine the methodology to differentiate between
hazard specific failure mechanisms and to include the effects of non-structural components,
thus improving the accuracy of the resilience estimates. This approach is particularly suited to
regions characterized by both seismic and wind hazards, where traditional single hazard designs
might overlook critical performance indicators. In broad terms, the work contributes to the
shift towards resilient, performance-based tall building design by demonstrating the added value
of a unified multi-hazard framework. The integration of resilience metrics such as downtime,
recovery trajectories, and functionality loss demonstrates how tall buildings can be designed not
only to withstand extreme events but also to endure these events and remain operational after an
event.
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