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A multi-hazard analysis framework for
earthquake-damaged tall buildings subject
to thunderstorm downbursts
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University of Birmingham, Edgbaston, Abstract

Birmingham, UK This study develops a generalised multi-hazard analysis framework for evalu-
Correspondence ating the impact of secondary hazard events on structures that have previously
Konstantinos Skalomenos, Department of been damaged by major hazardous events. More specifically, the present work
Civil Engineering, University of investigates the effects of thunderstorm downbursts on earthquake-damaged
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B15 21T, UK. tall steel buildings giving an emphasis in assessing the revised accumulated
Email: k.skalomenos@bham.ac.uk earthquake-wind ductility demands. The novel approach is validated on a 20-

storey steel building. The structure is initially subjected to a ductility-controlled
pushover analysis to simulate the earthquake-induced damage, and then, a para-
metric dynamic analysis is performed using damaged structure models under
synthetic downburst time-histories developed for various wind profiles, wind
velocities and terrain types. The method accurately controls the damage level
induced by the primary hazard and separately assesses secondary hazard effects
which enables a direct quantification of the new multi-hazard design require-
ments. This can provide effective guidance in the stage of preliminary structural
design or post-hazard assessment of structures identifying new serviceability
limits, as well as support repair procedures and decision-making frameworks
for existing structures to prevent collapse. The results demonstrate a significant
increase up to three to four times in ductility demands of the structure after the
occurrence of the strong downburst winds, compared with the ductility demands
that were initially imposed by the varying severity degrees of the earthquake.
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NOVELTY

* A novel multi-hazard analysis framework for assessing structural performance to sequential lifetime
hazardeous events is proposed.

* The adaptive pushover analysis is combined with the dynamic time history analysis through a novel restart
analysis algorithm for simulating multi-hazard effects.

* The effect of thunderstorm downbursts on earthquake-damaged tall steel buildings is investigated for a first
time giving an emphasis in assessing the revised accumulated earthquake-wind ductility demands.

* This study can provide effective guidance in identifying new serviceability limits under multi-hazards, as well
as support repair procedures and decision-making frameworks for existing structures.

1 | INTRODUCTION

Factual evidence shows that structures that have been damaged during previous primary hazard events are prone to sec-
ondary damage induced by subsequent hazards, such as, aftershocks, tsunamis, hurricanes, tornadoes, thunderstorms.?
This may increase post-disaster damage of structures that remained exposed after the primary event, which severely under-
mines the serviceability of the structure. On the other hand, very strong secondary subsequent events could even cause
collapse of the damaged structures. Slender steel structures are vulnerable to damaging vibrations, such as earthquakes
and microbursts, and current design guidelines ignore these multi-hazard effects that are likely to occur within the lifespan
of a structure as separate events.

The increased frequency of severe thunderstorms observed over recent decades like downbursts has motivated
researchers to study this complex natural phenomenon.>* Thunderstorm downbursts are distinguished from synoptic
winds as transient non-stationary winds. The strong downdraft flow from thunderstorms accelerates downwards, and
when it reaches the ground, it can produce divergent intense outflows, as shown in Figure 1. Vortices induced by the wind
shear are formed during this process, accompanying the generation of the significant sharp increase in the wind velocity.
This phenomenon can cause damage equivalent to synoptic wind flow of 75 m/s within a time interval range of 5-20 min.>°
Due to the ‘nose shape’ profile at varying heights above the ground, the height of the maximum wind speed of outflow is
located between 30 and 100 m above the ground level,” which is obviously different with synoptic winds. Most recently,
the dynamic responses of structures under thunderstorm downbursts have been investigated by a variety of methods,
including: (a) the stochastic theoretical model developed by Caracoglia,® (b) the response spectral technique proposed
by Solari and De Gaetano,’ (c) the generalised wind loading chain developed by Kareem et al.,'’ (d) the non-stationary
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FIGURE 1 Velocity profile of thunderstorm
downburst.

Maximum velocity
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probabilistic model developed by Ciano et al.,'' and (e) the thunderstorm downburst design spectrum introduced by Song
etal.?

Previous researchers have highlighted the risk associated with the collapse mechanism of tall structures under earth-
quakes or thunderstorm downbursts."*"'> The state of the art still identifies important knowledge gaps spanning from
the design aspects to the development of contingency plans and strategies to increase structural resilience. The current
design guidance'®"'® evidences such limitations, as it disregards the occurrence of multiple hazard events, such as earth-
quakes and strong winds, within the design life of a structure. The risk of exceeding the limit states can be twice in regions
with significant wind and seismic hazard events compared with the regions governed by a single hazard, while the seis-
mic performance of buildings designed to primary withstand wind loads can be very poor even under low-amplitude
events.!?%3

To understand the impact of wind and earthquake vibrations on structural performance, recent researchers have utilised
probability-based techniques for multi-hazard structural analysis. Martinez-Vazquez** and Martinez-Vazquez et al.’
stressed the necessity of consideration for the combined effect of earthquakes and strong winds, since this may drive the
structures into their inelastic response obviously increasing ductility demands. Martin et al.’® proposed fragility surfaces
for multi-hazard analysis and assessment of suspension bridges under earthquakes and microbursts. Roy et al.?’” developed
a multi-hazard framework for investigating high-rise base-isolated buildings under sequential multiple earthquakes and
winds likely to occur in the design life of a structure. Kwag et al.?® transferred a probabilistic risk-assessment framework
into a deterministic performance-based framework to consider multiple hazards in structural design, and other studies
have focused on the development of vibration control systems for tall buildings to reduce multi-hazard vibrations.?*-*

Most of the studies above have mainly focused either on generating multi-hazard scenarios or assessing structural
performance under multiple hazards by applying each hazard separately, thus ignoring possible subsequent effects (e.g.
damage accumulation, fatigue, strength and stiffness deterioration). There are a few studies that account for sequential
multi-hazard effects,">?’ but their proposed analysis frameworks require the execution of all hazard analysis in series
which is time-consuming and may induce uncertainties by the selection of each event. A more direct analysis framework
that builds upon the existing well-established knowledge of single-hazard analysis without requesting its repetition would
allow for a more rapid transition from the single-hazard design to multi-hazard design reflecting the current knowledge.
This approach can be possible if the secondary hazard analysis can be applied directly to structural models that include
already the response information and damage induced by the major single-hazard event.

Based on the above methodological approach, this paper aims to develop a generalised multi-hazard analysis frame-
work for evaluating the impact of secondary hazard events on structures that have experienced previously a demanding
major hazardous event. This will allow the direct quantification of the additional design requirements as dictated by the
secondary hazard event alone. The present work investigates for a first time the effects of thunderstorm downbursts on
earthquake-damaged tall steel buildings giving an emphasis in assessing the revised accumulated earthquake-wind ductil-
ity demands. The proposed methodology combines the general principles of the nonlinear adaptive pushover analysis,*"*
which aims to reproduce the damages induced by the major earthquake event, with the subsequent dynamic time-history
analysis, which aims to estimate the damages induced by the secondary hazard event, the thunderstorm downburst.
The proposed multi-hazard analysis algorithm offers a robust implementation of seismic pushover analysis and wind
time-history analysis within a restart analysis framework that allows a parametric study to be performed focusing on the
impact of the secondary hazard event by investigating various downburst wind profiles, wind velocities and terrain types.
The method accurately controls the damage level induced by the major event, thus eliminates uncertainties, and sepa-
rately assesses secondary hazard effects which enables a direct quantification of the additional design requirements. This
can provide effective guidance in the stage of structural design under multi-hazards or post-hazard assessment of new
structures, as well as support repair procedures and decision-making frameworks for existing structures.

The present study consists of six sections in addition to Introduction (Section 1). Section 2 outlines the concept and
methodology of the multi-hazard analysis framework. Section 3 describes the design of a 20-storey steel building frame
modelled in ABAQUS?® and its validation through pushover seismic analysis results. Section 4 presents the generation
of 11 synthetic thunderstorm downburst wind fields for the examined structure considering varying heights of maximum
slowly varying mean velocity (30, 50 and 70 m), varying vertical profiles of turbulence intensities (Terrain types 0, I, II,
III, IV from Eurocode'’) and varying maximum velocities (30, 50 and 70 m/s). Section 5 presents the dynamic response
of the frame model subject to downburst wind loads alone. Section 6 presents the multi-hazard analysis results under
earthquake loads and thunderstorm downbursts. The paper ends with Section 7, which summarises the main findings of
this study.
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FIGURE 2 Diagram of the proposed multi-hazard analysis procedure.

2 | MULTI-HAZARD ANALYSIS FRAMEWORK

Figure 2 schematically illustrates the overall concept of the proposed multi-hazard analysis framework. The computa-
tional procedure combines two classical analysis methods which are performed in two phases: (a) the pushover nonlinear
analysis which is executed first to drive the structure into a target deformation state (assumed to be induced by the primary
hazard), followed by (b) a set of dynamic time history analysis, which is performed within a restart analysis framework
that allows for repetition and random reloading of the previously deformed structure. This sequential analysis is further
described by the following four steps:

Step 1: Apply axial loads.

Gravity and live loads are calculated and applied in the structure model using a general static analysis method of
ABAQUS.** Appropriate modelling is considered to account for the second-order effects induced by storey drifts and
mass.

Step 2: Perform frequency analysis for obtaining the initial lateral load pattern.

This step calculates the modal shapes of the structure, which are used to obtain the lateral load pattern following the
lateral force distribution method by Chopra and Goel.** Higher vibration modes can be combined for the determination
of the lateral load pattern.

Step 3: Adaptive controlled pushover analysis for the primary hazard event (see @ in Figure 2).

This step links ABAQUS*® pushover capabilities to MATLAB* optimization procedures to perform an adaptive con-
trolled pushover analysis following the method recommended by Skalomenos and Papazafeiropoulos.*® This approach
uses a novel mixed force/displacement optimization control algorithm to trace the plastic range of the structural response.
The Step 2 is repeated through a restart analysis framework, which is executed during the pushover analysis in order to
update the lateral load pattern (force distribution is continuously updated according to the calculated eigenmodes of the
structure and the progress of the global plastic deformation mechanism). The adopted control algorithm can: 1) lead to a
more realistic global deformation of the structure and determination of the overall plastic mechanism to collapse than the
conventional pushover analysis due to the adaptive force control, and 2) induce to the structure specific ductility demands
by taking the advantage of the mixed force/displacement restart control which allows the user to settle the structure to
zero-force equilibrium after the end of the pushover analysis, as shown in Figure 2 (unloading to permanent plastic defor-
mations). Notwithstanding, ABAQUS?® has its own stabilisation algorithms or arc-length control (Riks) methods, these

85UB017 SUOLILLIOD AINBID 3(edtdde 8y} Aq pauIeAob 88 So 1L VO ‘SN JO $8INI 0} ARIq1T 8ULUO AB|IM UO (SUONIPUOD-PUE-SWSI0 A8 | AReq 1 U1 |uo//:SdNY) SUONIPUOD pue swis | 8y} 88S *[£202/T0/S2] U0 Akeiqiauliuo A8|IM ‘Wes | S[eLes puy ssonosaig weybuiuig o AiseAiun Aq Gzeeabe/z00T 0T/10p/woo 8| im Aleiqjput|uoy/sdiy Woiy papeojumod ‘0 ‘Sv86960T



SONG ET AL. Wl LEYJ—S

do not suffice for an adaptive pushover analysis. Static analysis with Riks can trace only a single loading path during the
analysis and does not allow the user to control the force distribution pattern during the analysis.*> Moreover, it does not
distinguish between loading-unloading directions, which opens the possibility that the analysis may unload the structure
from the last converged equilibrium point with the load vector pointing in the wrong direction. For this reason, a restart
pushover analysis with general static process controlled by MATLAB® is set in this study to ensure that the structure
reached zero-force equilibrium when the original pushover terminates.

Furthermore, the pushover analysis enables a direct quantification of the structural capacity creating one frame model
that contains all nonlinearities and stress state of the earthquake-damaged structure, which can be ‘re-loaded’, as it
is for the subsequent secondary hazard analysis. It is obvious that the generation of a similar earthquake-damaged
frame model cannot be achieved by executing a set of time-history analysis since each earthquake motion leads to a
different damage state, thus different earthquake-damaged models. The use of pushover analysis to envelop the capac-
ity of the damaged structure and control the earthquake-induced ductility demands appears to be simpler and more
direct method for the purpose of this study. Following the proposed framework, one can also execute cyclic pushover
analysis®’ to account for the cyclic behaviour of members under fully controlled conditions. Figure 2 (labelled with
@) schematically illustrates a typical base shear-roof displacement relationship as obtained during the pushover anal-
ysis. The roof displacement can be controlled to reach a pre-defined ductility level caused by the primary hazard
event.

Step 4: Transient non-stationary wind analysis of the secondary hazard event (see @ in Figure 2).

A subsequent hazard analysis can be performed by reading the output file of the previously deformed structure and fur-
ther loading the structure. This is done with ABAQUS?® libraries that enable the user to stop the analysis at a desired time
point and restart at the same or another time point before.*®*’ As a result, a subsequent hazard analysis can be performed
by reading the output file of the previously deformed structure and subjecting the same structure to any type of new. In
the present study, the subsequent analysis simulates a secondary hazard taking place after the structure has reached a
pre-defined ductility level during the primary hazard. The restart microburst simulation uses a force control mechanism
based on the direct-integration implicit dynamic algorithm available in ABAQUS.** The dynamic time history analysis
follows the pushover analysis after settling the structure to zero-force equilibrium (permanent plastic deformations), see
label @ in Figure 2.

The subsequent dynamic analysis is transient fidelity. There the Hilber-Hughes-Taylor integrators are « = —0.05, § =
0.27,and y = 0.55.* The maximum increment size had to be consistent with the time step of the recorded wind load time
history, that is, 0.3068 s - see Section 4. The initial increment size to help convergence is 0.01. All the restart analytical
steps are consistent with the results of the previous phase as the setting FREQUENCY in the input files equals 1 when
calling the restart analysis.

3 | PUSHOVER ANALYSIS OF A TALL STEEL STRUCTURE
3.1 | Building prototype

For this investigation, a 20-storey building designed according to the Uniform Building Code*" was created in ABAQUS
(2020). The model consists of beam-column elements and has a total height of 78.68 m including the basement, as shown
in Figure 3. The ground and the first floor have a 4.57 m height while all other floors separate by 3.66 m. The dimensions
of the plan view are 36.6 m X 24.4 m with a 6.1 m bay width in either direction. The terrain type corresponds to exposure
B with a basic wind speed of 31 m/s. The earthquake resisting design corresponds to Zone 4 (soil type S2), where the base
shear coefficient is 0.03 and the drift limitation is 0.025. Gravity loads acting on floors and roof equal 6.23 and 3.59 kPa,
respectively, which complements with a cladding load of 1.44 kPa.

The building is subjected to lateral loads acting in the weak direction of the building. Considering the symmetry of this
building, one exterior moment resisting frame (MRF) and one interior equivalent gravity frame (GF) are used to represent
half of the building; columns in the interior GF are integrated through generalised sectional properties. The sectional
area and the moment of inertia in major and minor directions for the columns are scaled to represent 2%z gravity frames
whereas local mass lumps at building joints.

The two frames connect at each storey level through pinned Link elements and multi-point constraints (MPC) to approx-
imate diaphragmatic rigidity. Steel is assumed elastic isotropic with modulus of elasticity E = 210 GPa, yield and ultimate
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FIGURE 3 Basic information of frames for the 20-storey steel building, * represents weak axis orientation,*” (A) 2-D model view; (B)
Plan view of the entire building.

stress of 248 and 400 MPa, respectively, and Poisson ratio v = 0.3. The specific weight p = 7850 kg/m? yields a half weight
of the building of 54.46 MN.

The bottom of the basement columns of the building frame are fully constrained since lateral restraints added to the
ground floor. The beam connections in the exterior moment frame are fully fixed while the beam connections in the
interior GF are pinned. Table 1 lists the characteristics of columns and beams.

85UB017 SUOLILLIOD AINBID 3(edtdde 8y} Aq pauIeAob 88 So 1L VO ‘SN JO $8INI 0} ARIq1T 8ULUO AB|IM UO (SUONIPUOD-PUE-SWSI0 A8 | AReq 1 U1 |uo//:SdNY) SUONIPUOD pue swis | 8y} 88S *[£202/T0/S2] U0 Akeiqiauliuo A8|IM ‘Wes | S[eLes puy ssonosaig weybuiuig o AiseAiun Aq Gzeeabe/z00T 0T/10p/woo 8| im Aleiqjput|uoy/sdiy Woiy papeojumod ‘0 ‘Sv86960T



SONG ET AL. 7
WILEY 1~
TABLE 1 The dimensions for the column and beam elements of 20-storey building frame in Figure 3.4
Label Element Label Element Label Element
C1 W14x370 C13 W30x173 C25 W14X74
C2 W14x342 Cl4 W27x178 C26 W14x61
C3 W14x311 C15 W24x162 C27 W14x53
C4 ‘W14x283 Cl6 W24x146 Bl W30x124
C5 ‘W14x257 C17 W21x122 B2 ‘W30x116
Cé6 W14x211 C18 ‘W14x176 B3 ‘W30x108
C7 ‘W14x176 C19 W14x159 B4 ‘W30x99
C8 ‘W14x159 C20 W14x145 B5 W27x94
Cc9 W14x132 C21 W14x120 B6 W27x84
C10 W14x109 C22 W14x109 B7 W21x50
cu W30x211 C23 W14x99
C12 ‘W30x191 C24 W14x90
(A) 0.09 - B) 0.02, : ‘ ‘ :
0.08
0.07 0.015}
= 0.06 =
~ ~ 001}
5005+ S
Q L
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FIGURE 4 Pushover curves (base shear force at the ground level is normalised by the frame weight; roof drift represents the roof

displacement divided by the overall height of the building), (A) entire frame model; (B) each column.

3.2 | Validation of the building model

The fundamental period of the building is 4.01 s, which turns out to be higher than the 3.63 s reported by Hall.*> This is
attributed to the pinned connections specified at the ends of beams across the GF. Noting that Hall’s model** reduced the
strength and stiffness of beams in 10% to simulate pinned connections, hence approximations are implicit in both models.

Figure 4A compares the pushover curves as obtained from ABAQUS, with three case studies examined by Hall.*? Those
cases correspond to separate modelling approaches: (a) Case A ignores strength and stiffness of the GF while accounting
for hardening and softening of steel with plastic hinges; (b) Case B disregards hardening and softening; and (c) Case C fully
integrates all factors. The new model built in ABAQUS considers perfect pins for the GF beams while the stain hardening
effect is accounted to the inelastic beam-column material performance of the rest of the members using a bi-linear stress-
strain relationship for steel. These assumptions are close to those made for the Case A** with the difference that softening
response of steel members is not simulated in the present study. Figure 4A shows that the initial stiffness and peak strength
are consistent with Hall’s case studies,*” especially with Case A, where the difference is 2% for the yielding strength, 3% for
the ultimate strength and 9% for the elastic stiffness. The extended branch of the curve drops less steeply in the ABAQUS
model due to the absence of hinge softening, thus bringing the point of the gravitational instability at higher roof drift.
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FIGURE 5 Comparison of the results between pushover analysis and dynamic time history analysis.

This enables a validation of the proposed multi-hazard algorithm in a wide range of ductility demands avoiding sudden
strength drops that could have resulted in the termination of analysis.

In Figure 4A, the yield point at the intersection of the red dashed lines is identified, following Castiglioni et al.** The
intersection is defined by the projected gradient of elastic stiffness and the maximum base shear.

In this study, Equation (1) is used to calculate the target ductility, which in the following paragraphs is also referred to
as DL, for example, y, is equivalent to DL1 (see Figure 4A).

5t t
Iui — arge (1)

Sy

In Equation (1), &;q4rge; is the target roof drift and §,, is the yielding drift. Accordingly, &;4,¢.;= 0.0061, 0.0122, 0.0183,
0.0244, 0.0305 and 0.0366, for the sequence DL-N where 1 < N < 6 is estimated. The yielding drift is therefore &, = 0.0061.

Figure 4B reports the ratio between base shear (normalised with the total weight (W) of the structure) and roof drift, for
each column at the ground level. G1-G10 labels columns located at the extreme of the 2D frame, as identified in Figure 3.
In Figure 4, a rapid strength decrease is observed on columns G6, G8 and G10 after reaching DL4, which is attributed to
the position of the frame within the complex, which imposes higher loads that at the extremes, as well as to the orientation
of the columns with respect to the direction of the loads applied, which exposes their weak axis. In addition, the higher
moment of inertia of columns G2, G3 and G4 than columns G1 and G5 results in higher shear strength for the former
columns. The variation in shear strength between G1 and G5 is due to the higher axial loads imposed to G5 due to the
overturning moment (moment-axial interaction effect).

3.3 | Earthquake-induced damage by the pushover analysis

This section compares the pushover analysis results with those obtained by dynamic nonlinear time history analyses
(NTHA). Three recorded earthquake motions (i.e. Hachinohe-EW, Hachinohe-NS and El Centro-EW) are chosen for
the NTHA in this study. The ground motions are scaled in order to drive the structure to the ductility levels of DL1,
DL2, DL3 and DL4, respectively. For each ductility level, the relationship between the base shear and the first storey
drift are plotted in Figure 5(A1)—(D1) against the corresponding pushover analysis results. In addition, Figure 5(A2)-(D2)
compare the storey drift ratios (SDRs') profile from the NTHA with the SDR profile as obtained from the pushover anal-
ysis under the same ductility levels. This comparison demonstrates the consistency of the proposed pushover analysis
to provide a reasonable estimation of the overall plastic deformation mechanism of tall building structures that cover
all the way from elastic behaviour to final global dynamic instability and collapse. A more extensive validation of the
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proposed pushover analysis and powerfulness of its adaptive algorithm for more case studies is a subject of a future
study.

4 | SIMULATION OF THE THUNDERSTORM DOWNBURST WIND FIELD

The hybrid theoretical procedure by Chen and Letchford** for simulating an artificial downburst wind velocity field was
adopted for this investigation. The method comprises three key steps: (1) generation of a random signal to represent wind
velocity time series using the approach suggested by Priestley,* subject to reduced turbulent fluctuations as proposed by
Deodatis*® while using the power spectral model proposed by Solari et al.*” - see Equation (2); (2) calibrating wind time
series to fit the slowly varying mean velocity that reproduces the profile of horizontal wind proposed by Wood et al.,*®
which incorporates the time function suggested by Holmes and Oliver*’; and (3) integration of the downburst velocity
field, as explained by Chen and Letchford,** thisis U (z,¢) = U (z,t) + ' (z,t) = U (z,t) + 0,(z, )i (z,8) = U (z,1) +
L,(2)U(z, t)a’(z, t). In this equation, z is the height above the ground, ¢ is the time, U is the slowly varying mean velocity,
u' is the fluctuating wind velocity, o, is the slowly varying standard deviation (dealt with as a modulation function), i
is the reduced turbulent fluctuation taken as a rapidly varying stationary Gaussian random field and I,, is the turbulence
intensity.

nz
nSﬁ’ (Z’ n) _ 18 ( Upmax(2) )
2 - 5/3 @
% (@) [1+27 (2]
27U max(2)

In Equation (2), n is the frequency of gust wind, w is the circular frequency and U,,,,, is the maximum slowly varying
mean velocity.

Due to the limited evidence on the effective variation of thunderstorm downburst induced turbulence with height,
the turbulence intensity is approximated with that representing synoptic winds while following recommendations by
ASCE7.'° The cut-off circular frequency is assumed to be 4 rad/s, and the number of circular frequency steps (N)
equals 2048. It was considered reasonable to set the sampling frequency of the simulated fluctuation to 2.56 Hz. Fur-
thermore, the reference velocity and reference height correspond to the peak value (36.5 m/s) of the slowly varying
mean velocity at 13 m height for a 50-year return period, as recommended by Solari et al.*’ and Solari et al.”’ This
procedure enabled generating 20 velocity time series for various wind events covering the height range 4.75-74.11 m,
spaced by 3.66 m to align time series with the frame storey heights. This method preserves key characteristics of
the downburst winds such as the exact location of the maximum horizontal velocity, the correct discretisation of the
slowly varying mean velocity, and the target turbulence intensity profile, which are further described in the following
paragraphs.

4.1 | Varying heightof U,,,,

The 3-s peak velocity time histories at the height of maximum slowly varying mean velocity, Uy, thatis, zg, = 30, 50
and 70 m above the ground, are demonstrated in Figure 6A. The maximum velocities for the study U,,,,, stand as of 59, 63
and 68 m/s for zy, = 30,50 and 70 m, respectively. This defines three different velocity profiles along the building height,
thus affecting the lateral input load distribution and energy absorption capacity of the building. The terrain category is
exposure B. The vertical velocity profiles of the peak horizontal wind are illustrated in Figure 6B where the dashed lines
depict smoothed trendlines.

4.2 | Varying vertical profiles of I,
Figure 6C provides variations of peak velocity with the building height, that correspond to terrain types 0, I, II, IIT and IV

as per Eurocode.” This figure confirms that the increase of soil roughness induces higher peak velocities along the height,
noting that the slowly varying mean velocities and the rapidly varying turbulent fluctuations are consistent with the wind
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field shown in Figure 6A where zy  was fixed to 50 m above the ground. The turbulence intensity profiles above the
ground under different terrain types naturally lead to variable slowly varying standard deviations of the simulated velocity
time histories. In these five profiles, the resulting maximum velocities are 50, 52, 54, 59 and 65 m/s.

4.3 | Varying U,,..

The downburst wind field shown in Figure 6A, that is, zy, = 70 m, has been normalised by the maximum velocity
to 30, 50 and 70 m/s, respectively, and the vertical profiles of the peak velocities are shown in Figure 6D. The down-
burst wind loads are then calculated by f(z,t) =Cy; X 0.50U(z, t)2A where A represents the storey area exposed to
wind. The drag coefficient Cy is assumed equal to 1.2 and the air density p is taken as 1.225 kg/m>. The terrain cate-
gory for the simulation corresponds to exposure B whereas the pressure coefficient used for calculating wind loading was
assumed independent of height, due to the lack of experimental evidence that better describes spatial variations of this
parameter.

5 | THUNDERSTORM DOWNBURST WIND ANALYSIS

This section presents analysis results under the synthetic wind profiles alone. These results are used as reference data for
comparison with data obtained from the multi-hazard analysis in a later section. The 11 synthetic downburst wind profiles
listed in Table 2 were applied to the undamaged building to determine the base shear-roof drift relationship for each
synthetic load shown in Figure 7. It can be observed from this figure that the deformations of the building are within the
elastic range under downburst wind profiles 1, 3, 4, 5,9 and 10, all corresponding to ductility demands below 1, that is, 0.91,
0.95, 0.81, 0.88, 0.19 and 0.51, respectively, see Table 2. In contrast, some plastic performance occurs when the structure
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TABLE 2 Summarised ductility demand?(maximum roof drift") for eleven downburst wind profiles (Profile 1-3 for varying zg,,..s Profile
4-8 for varying I,,; Profile 9-11 for varying U, )

Wind Zyg,.. U, ax Wind
profile (m) I, (m/s) load DL1 DL2 DL3 DL4 DL5 DL6
Step-by-step static pushover 1.00 2.00 3.00 4.00 5.00 6.00
(0.0061)  (0.0122)  (0.0182)  (0.0244)  (0.0305)  (0.0366)
P1 30 B 59 0.91 1.00 2.00 2.98 3.98 5.08 11.74
(0.0056)  (0.0061)  (0.0122)  (0.0182)  (0.0243)  (0.0310)  (0.0716)
P2 50 63 1.57 1.62 3.05 11.52 12.07 11.37 11.67
(0.0096)  (0.0099)  (0.0187)  (0.0703)  (0.0736)  (0.0694)  (0.0712)
P3 70 68 0.95 1.01 2.17 3.34 4.60 12.61 11.71
(0.0058)  (0.0062)  (0.0132)  (0.0204)  (0.0281)  (0.0769)  (0.0714)
P4 50 TTO 50 0.81 1.00 2.00 3.07 4.23 5.36 7.18
(0.0049)  (0.0061)  (0.0122)  (0.0187)  (0.0258)  (0.0327)  (0.0438)
P5 TTI 52 0.88 1.00 2.02 3.14 4.30 11.84 11.96
(0.0054)  (0.0061)  (0.0123)  (0.0192)  (0.0262)  (0.0722)  (0.0730)
P6 TTII 54 1.03 1.08 2.16 3.30 4.47 12.45 11.60
(0.0063)  (0.0066)  (0.0132)  (0.0201)  (0.0273)  (0.0759)  (0.0708)
P7 TTIII 59 1.33 1.38 2.47 3.73 12.58 12.28 11.26
(0.0081)  (0.0084)  (0.0151) (0.0228)  (0.0767)  (0.0749)  (0.0687)
P8 TTIV 65 1.9 1.93 3.67 13.03 11.60 11.12 12.56
(0.0116) (0.0118) (0.0224)  (0.0795)  (0.0708)  (0.0678)  (0.0766)
P9 70 B 30 0.19 1.00 2.00 2.98 4.00 5.00 6.00
(0.0011)  (0.0061)  (0.0122)  (0.0182)  (0.0244)  (0.0305)  (0.0366)
P10 50 0.51 1.00 2.00 2.98 4.00 5.10 6.23
(0.0031)  (0.0061)  (0.0122)  (0.0182)  (0.0244)  (0.0311) (0.0380)
P11 70 1.02 1.06 2.23 3.42 5.34 13.11 11.74

(0.0062)  (0.0065)  (0.0136)  (0.0209)  (0.0326)  (0.0800)  (0.0716)

2Ductility demand denotes the maximum non-linear roof displacement divided by the yielding roof displacement of the overall structure.
bMaximum roof drift denotes the maximum roof displacement divided by the total height of the building.

is subject to wind profiles 2, 7 and 8, where the corresponding ductility demands equal 1.57, 1.33 and 1.9, respectively,
which also relate to peak non-linear displacement of 0.75, 0.64 and 0.91 m (see Figure 8B), respectively. The main reason
for this can evidently be associated to the larger maximum velocities recorded in the wind profiles, that is, 63, 59 and
65 m/s, respectively, but in particular to the vertical coordinate that holds U,,,, - that is 50 m. This load configuration
thus imparts higher energy amounts than others in which the position of U,,,, moves to either the top or base of the
building. Furthermore, Figure 8A and 8B plot the profile of the maximum SDRs and maximum displacements along the
building height, respectively. One can observe larger SDRs at the bottom half of the building under the downburst wind
profiles 2, 7 and 8.

Figure 9 illustrates the global stress distribution along the building height under the downburst wind profiles P1(zg, =
30 m), P2 (zy, =50 m)and P3 (zg, = 70 m). The higher stress concertation appears across the first ten storeys of the
building for profiles P1 and P3, whereas the stress concentration under wind profile P2 intensifies in the neighbourhood
of storeys 4 and 8 and at the base of column G1. This highlights once again that the position of U,,,,, in a thunderstorm
downburst strongly influences strength and ductility demands on buildings.

6 | EARTHQUAKE AND THUNDERSTORM DOWNBURST MULTI-HAZARD ANALYSIS
6.1 | Effect of multi-hazard events with varying height of U,,,,,
The base shear-roof drift relationship of the multi-hazard analysis is illustrated in Figure 10. By performing a pushover

analysis, the frame reaches the following ductility levels, hence damage states: DL1, DL2, DL3, DL4, DL5 and DL6. For each
damage state, a restart dynamic analysis is performed by subjecting the deformed frame to the three simulated downburst
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curves as shown in Figure 4).
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FIGURE 10 Comparison of the multi-hazard earthquake-thunderstorm response with varying z;;
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wind profiles with varying height of U, (i.e. 30, 50, 70m). The secondary ductility demands of the sequential analysis
as obtained for each damage state are summarised in Table 2. In general, it can be seen from this table that as the primary
target ductility level increases, the secondary ductility demands tend to increase (see red dash line in Figure 10).

Under the sequential analysis of the downburst wind profile P1, secondary ductility demands remained at the same
level with those of the primary event indicating that the structure behaved almost elastically (Figure 10(Al) - (E1)). There
might be some accumulation of damage for the structural elements, but this has not increased the roof displacement. A
significant increase of secondary ductility demands which indicate global collapse is observed after reaching DL6 during
the primary event (Figure 10(F1)). High-stress locations are observed between first and 10" storey for the primary damage
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states DL1 and DL2 (see Figure 11(A1)-(B1)) and between first and 9™ storey for the primary damage states DL3, and
DLA4 (see Figure 11(C1)-(D1)). For the primary damage states DL5 and DL6, a similar location of high stresses is observed
between second and sixth storey (see Figure 11(E1)-(F1)).

Under the sequential analysis of the downburst wind profile P2, the structure responds inelastically and higher plastic
deformations are observed than those during the wind profile P1. The maximum ductility is found to be 1.62 (0.78 m) and
3.05 (1.46 m) when the downburst event follows the primary damage states DL1 and DL2, respectively, which is a 62%
and 52% increase of the initial ductility demand, respectively. High stresses are observed between the fourth and eighth
storeys for primary damage state DL1 and between the first and ninth storeys of the building for primary damage state
DL2 (see Figure 11(A2) and (B2)). The ductility demands increase significantly when the downburst event follows the
primary damage states DL3, DL4, DL5 and DL6 resulting in four- and three-times higher ductility demands than those
of the primary event, that is, 11.52, 12.07, 11.37 and 11.67, respectively (see Figure 10(C2)-(F2)). Excessive yielding areas
are observed while steel beams have reached their maximum tensile strength. Under these ductility levels, a collapse
mechanism has been formed that involves the second and sixth storey of the building, as shown in Figure 11(C2)-(F2).

Under the sequential analysis of the downburst wind profile P3, the ductility demands increase to 1.01, 2.17, 3.34 and
4.60 when the downburst event follows the primary damage states DL1, DL2, DL3 and DL4, which are 1%, 8.5%, 11.3% and
15% increase, respectively. The high-stress locations for profile 3 are like those for profile P1, but the building exhibited
an overall collapse mechanism earlier. As shown in Figure 10(E3), global collapse is observed after reaching the primary
damage state DL5.

The results of these three analysis profiles demonstrate that although the maximum velocity of the downburst occurs in
profile P3, the downburst wind profile P2 imposes higher ductility demands leading the structure to global collapse. These
results indicate that the height at which the maximum wind velocity occurs alongside with the shape of the vertical wind
profile are two important parameters for consideration as they control the input energy and excessive plastic deformations
of the structure.

6.2 | Effect of multi-hazard events with varying vertical profiles of I,

This section discusses the ductility demands induced by thunderstorm downbursts with varying vertical profiles of tur-
bulence intensities derived for terrain types 0, I, II, III and IV. The maximum velocity varies from 50 to 65 m/s for the
different terrain type. The height of U, for these wind events equals 50 m.

As shown in Figure 12 for the wind profile P4 and terrain type 0 (TTO), the secondary ductility demands induced by
the downburst wind loads tend to increase with the primary target ductility level. The occurrence of the downburst has
almost no effect when the building has experienced a primary damage state of DL1, DL2 and DL3, but has a notable impact
on the overall ductility when the building has experienced a primary damage state of DL4, DL5 and DL6. The secondary
ductility demands induced by subsequential secondary hazard in these damage states become 4.23 (DL4), 5.36 (DL5) and
7.18 (DL6), respectively (Table 2).

The results for the wind profile P5 and terrain type 1 (TT1) follow similar patterns to those reported for TTO and wind pro-
file P4. The secondary hazard event imposes ductility demands below a 1.08 magnification threshold for primary damage
state DL1 - DL4 compared with those from the primary hazard event. In contrast, the accumulated secondary ductil-
ity demands of 11.84 and 11.96 nearly duplicate the primary ductility demands for primary damage state DL5 and DL6,
respectively, since the building frame has collapsed, as shown in Figure 12.

The increase of ductility demand discussed above appears to have the same trend for TTII, TTII, and TTIV under
wind profiles P6-P8, but a more notable accumulation of damage alongside with increased roof displacements is observed.
With the increase of the turbulence intensities under the same primary damage state, the accumulated secondary ductility
demands are obviously increased, and the collapse of the building can happen even when the ductility levels of the primary
damage state are lower. For instance, the ductility demands increase from 2.00 (0.96 m roof displacement) to 3.67 (1.76 m
roof displacement) during the wind profiles of P4 to P8 (see Table 2) for the primary damage state DL2. The collapse of the
building under wind profile P6 (TTII) happens at the primary damage state DL5, and the collapse of the building under
wind profiles P7 (TTIII) and P8 (TTIV) occur at the primary damage states DL4 and DL3.

Therefore, when the slowly varying mean velocities and the simulated rapidly varying turbulent fluctuations are the
same, downburst wind fields under varying turbulence intensities from different terrain types can influence the ductil-
ity demands of the damaged steel structures since higher velocity occurs with the increase in slowly varying standard
deviation of the simulated velocity time histories.
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FIGURE 11 Global stress distribution of the multi-hazard earthquake-thunderstorm response, (A) DL1-Downburst;
(B) DL2-Downburst; (C) DL3-Downburst; (D) DL4-Downburst; (E) DL5-Downburst; (F) DL6-Downburst.
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FIGURE 11 Continued

6.3 | Effect of multi-hazard events with varying U,

The multi-hazard analysis with stronger secondary thunderstorm downburst events, that is, higher maximum velocity,
acting on the building frame illustrates a more obvious increase in ductility demand or a higher probability of building
collapse. To gain a better understanding of the extent to which thunderstorm downburst events can influence damaged
structures caused by primary hazard events, this section investigates the impact of downburst wind loads with varying
maximum velocities. In this analysis, the height of U,,,, is 70 m and I,, comes from exposure B of terrain category in
ASCE7,'® while the selected maximum velocity levels are 30, 50 and 70 m/s.

The results show that accumulated secondary ductility demands of the building frame for all the primary damage state
DLI-DL6 remain within the 1.04 magnification threshold when the maximum velocity reaches 30 and 50 m/s (see Table 2)
and no global collapse happens, as shown in Figure 13(A1)-(F2). That threshold is exceeded for all primary ductility DLI-
DL6 when the maximum velocity reaches 70 m/s. Notably, the accumulated secondary ductility demand of 13.11 recorded
for DL5 is over two times of the ductility demands induced during the primary hazard event. Finally, the analyses in
Figure 13 show the same collapsing mechanism observed during the previous parametric scenarios shown in Figures 10
and 12.

6.4 | Ductility demands and strength reduction

6.4.1 | Earthquake-wind ductility demands

Figure 14A plots the ductility demands induced by the earthquake loads (u;) against the accumulated earthquake-wind
ductility demands (u,) as obtained after the application of the downburst wind profiles P1-P3. In Figure 14, four regions

(S1-S4) are identified that qualitatively delimit the deformation state of the structure. The region S1 represents the elas-
tic deformation stage, where u,= u; and lower than one; the region S2 represents the plastic deformation stage as
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FIGURE 12 Comparison of the multi-hazard earthquake-thunderstorm response with varying vertical profiles of I,, from variable

terrain types (0, I, II, III, IV), (Grey dash line represents the pushover curves as shown in Figure 4; Red dash line represents the maximum
displacement after the primary and secondary hazards separately).

obtained for any targeted damage level, where u,= u; or u,> u; depending on the impact of the downburst profile to
the earthquake-damaged buildings; the region S3 identifies pre-failure mechanisms of the structure (i.e. transition from
stage S2 to stage S4), where always u,> u;; and the region S4 refers to complete collapse of the structure (zero lateral
forces). In Figure 14A, it can be observed that u, suddenly progresses into stage S3 when u; > 5 for the thunderstorm
scenario of zy, = 30 m (wind profile P1), but no obvious increase of y, is observed when the structure is subject to
the same wind profile for x; <5 (i.e. u, ® y; in the region S2). When the z is 50 m (wind profile P2), u, > u;
within the region S2, thus earthquake-wind ductility demands are higher than the earthquake-alone ductility demands
(e.g. uy = 3.05 for u; = 2; this indicates a 53% increase of the ductility demands when downburst is considered). The
structure is very likely to collapse after the application of the thunderstorm downburst if the earthquake-alone ductil-
ity demands are in the range of: 2 < u; < 3. The earthquake-wind ductility demands for z; = 70 m (wind profile P3)
are found to be in-between those obtained from the other two profiles. Ductility values u, slightly increase within the
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FIGURE 13 Comparison of the multi-hazard earthquake-thunderstorm response with varying U,,,, (Grey dash line represents the

pushover curves as shown in Figure 4; Red dash line represents the maximum displacement after the primary and secondary hazards

separately).

region S2 (e.g. u, = 4.6 for u; = 4; <15% increase), which indicates moderate damage accumulation by the thunderstorm

downbursts.

Figure 14B summarises the analysis results with the same manner as in Figure 14A, but for wind profiles P4-P8, that
is, turbulence intensity profiles associated to different ground roughness (terrain types). The results implied in curves
I,_7r111 (profile P6) and I,,_rrpy (profile P7) report a high level of cumulative damage induced by the downburst wind
events. For example, 1, is about 24% higher that u;in the range S2, whereas collapse mechanisms would develop for higher
levels of p; (i.e. u; > 2) which is also highlighted in Table 2. In contrast, curve I,,_r1o (wind profile P4) does not suggest
serious damage during the downburst, notwithstanding there is some increase of 1, (up to 6% of 1;) when u; = 6. Profiles
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FIGURE 14 Ductility demands induced by the earthquake loads (u,) against the accumulated earthquake-wind ductility demands (u,)
for eleven downburst wind fields, (A) Profile P1-P3; (B) Profile P4-P8; (C) Profile P9-P11.
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FIGURE 15 Accumulated deterioration of strength after the sequential earthquake-wind hazards considering, (A) Profile P1-P3; (B)
Profile P4-P8; (C) Profile P9-P11.

I,_77; (profile P5) and I,,_77;; (profile P6) reveal moderate damage accumulation during the secondary hazard at low and
medium initial ductility demands (u; < 4). For example, a relatively small increase of u, (up to 12% of u;) in range S2 is
observed. The same profile leads to significant increase of u, for y; = 5and y; = 6.

Figure 14C shows the results when changing the maximum horizontal wind speed during the secondary hazard. The
critical scenarios appear when U,,,,, equals 70 m/s (profile 11), as u, are approximately 34% higher than u, in the range
of S2. Notably, plastic mechanisms could lead to collapse when u; exceeds 5.

6.4.2 | Deterioration of strength

In Figure 4, it can be observed that the base shear the structure withstands after reaching a higher ductility level, decreases
with respect to its yield strength. This process of deterioration is quantified in Figure 15 for each sequential hazard through
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FIGURE 16 Maximum SDRs profile for (A) DL1-Downburst; (B) DL2-Downburst; (C) DL3-Downburst; (D) DL4-Downburst; (E)
DL5-Downburst; (F) DL6-Downburst (H1 denotes the primary hazard alone).

the parameters D; and D,. The rate of deterioration thus relates the base shear ordinate at the corresponding DL divided
by the maximum base shear strength.

In Figure 15, all wind profiles drastically undermine building’s integrity past the initial damage that induces DL6. This
is also true for some lower ductility levels. For example, the deterioration induced by wind profiles P2 and P8 associated
to DL3, DL4 and DL5, moves the building condition to region S4. In most cases, once the structure has reached DL5 and
DL, it rapidly moves to the collapse region under the effect of a downburst outflow.

Figures 16 and 17 illustrate the deterioration of strength from a different angle. These figures show the profile of the max-
imum SDRs and maximum displacements along the height of the structure, respectively. The incremental deterioration
becomes evident when referring SDRs and displacements to effect of the primary hazard acting alone - that is labelled H1
in the plots. According to these metrics, the magnification of damage could triple after the secondary hazard takes place,
particularly for high initial ductility levels. The rate of deterioration decreases as the initial ductility level approaches
DL1, although in all cases, damage concentrates in the bottom third of the structure, where additional strength demands
induced by thunderstorm downbursts accelerate the expansion of plastic material performance.

7 | CONCLUSION

The occurrence of extreme wind events, like thunderstorm downburst, within the lifetime of a structure may increase
the design demands on structures that have been primarily designed against different type of loads. This study devel-
ops a multi-hazard analysis framework for evaluating the impact of secondary hazard events on strucutres that have
previously been affected by primary hazardous events. More specifically, the present work investigates the effects of
thunderstorm downbursts on earthquake-damaged 20-storey steel buildings giving an emphasis in assessing the revised
accumulated earthquake-wind ductility demands. Based on the results of this study, the following conclusions can
be drawn:

* The proposed multi-hazard analysis framework offers a robust implementation of earthquake pushover analysis and
wind nonlinear time-history analysis within a novel restart analysis algorithm that allows a parametric study to be
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(E) DL5-Downburst; (F) DL6-Downburst (H1 denotes the primary hazard alone).

performed investigating various combinations of multi-hazard loads. This can provide effective guidance in the stage
of structural design under multi-hazards or post-hazard assessment of structures identifying new serviceability limits,
as well as reduce the risk of structural collapse under extreme secondary hazard events.

* The input energy induced by the subsequent downburst event may drive the structure from elasticity to plasticity, or
reinforce the plastic deformation, thus exceeding the primary single-hazard ductility demands. The level of damage
exhibited by the structure during the secondary wind event increases with the ductility demands generated by the
primary earthquake event.

* There are scenarios in which the sequence of hazards does not induce collapse, however, at low inelastic levels duc-
tility demands may increase nearly up to 100% due to the secondary hazard (e.g. from earthquake-induced ductility
demands of one to a revised multi-hazard earthquake-wind ductility of 1.93), which severely undermines the service-
ability of the building. On the other hand, at high inelastic levels it was observed that total ductility demands may double
or quadruple under subsequent damaging thunderstorms resulting in a sudden global collapse of the structure.

* The proposed analysis framework can produce superior numerical results as well as accurately identify the overall
plastic deformation mechanism of the structure until global collapse. Collapse that involves the first to eighth storey
of the building is likely to occur under the multi-hazard earthquake/thunderstorm analysis when the primary event
has induced a ductility demand range from 3 to 5. This was further illustrated when analysing the profile of SDRs and
maximum displacements along the height of the structure.

* The results of this study also highlight the influence of the position of the peak horizontal velocity which also defines the
shape of the vertical wind profile. The configuration of the wind field determines the rate of energy imparted by wind
and influences the region of the building that first undergoes global plastic collapse mechanisms. The effects observed
for the simulated wind profile P2 (U,,,, = 63 m/s), where the height of the maximum slowly varying mean velocity is
50 m, identify a critical load configuration (i.e. the resultant of the system of forces exerted by the wind is located in the
transition from the middle to the top third of the building).

 Terrain conditions appears to be a critical parameter. Severe global plastic deformation mechanisms were observed in
the building when the downburst did follow earthquake-induced ductility demands more than 2.0 for terrain types
I1, III and IV. Even though some of the adopted scenarios do not necessarily induce global collapse, the occurrence of
a thunderstorm downburst can increase ductility demands after the earthquake up to 85% at the intermediate inelastic
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levels for terrain type IV (e.g. from earthquake-induced ductility demands of 2.0 to a revised multi-hazard earthquake-
wind ductility of 3.70) which may severely undermine the remnant capacity of the building.
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