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Abstract-This paper investigates the effects induced by
thunderstorm downbursts to steel building structures that have
been previously damaged during strong directivity ground
motion events. To achieve this objective, one four-story steel
moment-resisting frame that was tested at the E-defense
laboratory, Japan was analyzed in the nonlinear range using
OpenSees. The seismic response was numerically simulated,
obtaining a satisfactory agreement with the experimental
evidence, revealing that the effects of such wind events and
vertical ground motions were significant. These effects should be
addressed during the design of low and medium buildings
subjected to initial damage and subsequent thunderstorm
downbursts and the ductility demands on structures subjected to
multi-hazards can be quantified. The wind loads are applied as
an externally applied dynamic load and the revised ductility
demands are determined directly. The obtained results are
compared to what is expected by experimental tests.
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L INTRODUCTION

The devastating effects of severe thunderstorms observed
over the last decade have inspired researchers to study this
complex phenomenon [1, 2]. Actual evidence shows that
buildings damaged by earlier hazards are prone to secondary
effects from consecutive multi-hazards, such as thunderstorm
downbursts [3, 4]. This can increase damage after a disaster,
eventually leading to the collapse of structures left unprotected
after the primary hazards. A thunderstorm downburst differs
from synoptic winds as it produces a small-scale follow-up
divergence within a 5km radius, accompanied by intense
microbursts. This configuration can cause damage
corresponding to a synoptic wind sequence of 70m/s within a
time interval of 5 to 20min [5, 6]. Due to the nose shape profile
with different heights above the ground, the wind speed reaches
its peak between 30 and 100m above the ground [7]. This
phenomenon poses risks related to the collapse mechanism of
low to high buildings [8, 9] There are still important knowledge
gaps ranging from the design aspects to the evolution of
contingency plans and strategies to increase resilience. The
current guidelines have such limitations because they ignore
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the co-occurrence of natural events such as earthquakes and
winds [10-12]. A design framework that takes into account
seismic loading and strong synoptic wind has recently been
proposed [13]. Other studies focused on dealing with multi-
hazards are [14, 15], although no studies have been conducted
to determine the ductility requirements of damaged structures
under additional effects of thunderstorm downbursts.

This paper investigates the seismic response and the effects
of the downburst outflow wind at mean speeds ranging
between 33m/s and 75m/s on the ductility of damaged
buildings. The proposed methodology combines the principles
of nonlinear static adaptive pushover analysis [16], which aims
to reproduce the damage caused by the primary hazard event,
and the sequential dynamic analysis [17-23], aiming to estimate
the damage caused by the secondary sequential thunderstorm
event.

II.  CONSIDERED STEEL FRAME

A. Tested Bare Frame

The tested steel frame is described in [24-26] and only a
brief explanation is given here. The test specimen consists of a
2-span 4-story moment-resistant steel frame shown in Figure 1.
The two span-lengths in the main direction are 5m, while in the
transversal direction the span-length is 6m. The heights of the
ground floor and of the upper floors are 3.875m and 3.5m
respectively. The ground floor columns are rigidly connected to
1.5m high load-bearing concrete blocks. The blocks, in turn,
are clamped into the shaking table. The beam-column
connections are inherently rigid and, following the practice
developed after the 1995 Hyogoken-Nanbu earthquake, were
detailed to force the formation of plastic hinges from the joints.

B. Description of the E-defense Experiments

The experiments consisted of shaking the sample frame
with 3 scaled 3-D versions of the ground motion recorded in
Takatori during the Kobe earthquake. The inputs were scaled at
40%, 60%, and 100%. The 40% input aimed to create only
elastic deformations in the frame, the 60% input created
inelastic deformations and nearly collapsed the frame, and the
100% input caused the frame to collapse.
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Fig. 1. Tested steel frame

III. EARTHQUAKE GROUND MOTIONS

The earthquake records used in this investigation are the
horizontal and vertical components of the Newhall records
from the 1994 Northridge earthquake, available from the
Pacific Earthquake Engineering Research (PEER) center [27]
(Figure 2). The record represents a range of severe ground
motions and exhibits a near-fault effect. It has been indicated
[28] that the structural response depends primarily on the peak
acceleration impulse in the ground motions and that the
continued motion of lower amplitude has little effect on the
maximal responses. The peak ground accelerations for the
horizontal and vertical components are 0.578g and 0.537g
respectively.

IV.  WIND DATABASE RECORD

The present study created a wind recording database based
on the simulation method reported in [29, 30] and on the
algorithm proposed in [31]. The database was previously used
to study the inelastic analysis of multi-degree of freedom

systems damaged by earthquakes posteriorly subjected to wind
load [19]. The cross-spectral density of the turbulent
fluctuation is taken into account in the simulation of the wind
field. Therefore, the wind actions on the building frame borders
have been integrated into the concentrated load acting on the
supporting members of the structures. The there-second peak
velocity time series at the height of maximum velocity, i.e.
Zymax=10m, 50m, and 75m above the ground, are illustrated in
Figure 3. The maximum velocities, Upnax, are 59, 70, and 78m/s
for Zymax =10, 50, and 75m. This defines three different
velocities along the height of the structure and thus affects the
lateral load distribution and the energy absorption capacity of

the structure.
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Fig. 2. Earthquake records.

The static forces induced by wind were calculated using

(D).
2a
Fi=30GoAU (2)" ()

where the reference height (z,) was taken as 10m, p represents
the air density, Cp is a drag coefficient, and A is the area
exposed to the wind. Eurocode 1 gives values for a between
0.12 and 0.3, whilst a value of o = 0.22 was used to represent
the wind profile in suburban areas.

V. RESULTS AND DISCUSSION

A nonlinear static pushover analysis is initially presented to
induce the ductility demand of the primary hazard events and
identify the correlation between the base shear forces and the
lateral roof displacement up to a target plastic deformation. The
pushover analysis is used in order to bring the structure at a
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pre-defined ductility demand level, including the descendant
branch of the load-deformation curve, permitting direct control
of the initially imposed damage. The transient non-stationary
wind loads are subsequently applied as externally applied
dynamic loads and the revised displacement ductility
requirement is determined directly. Then, the ductility demands
for different ductility levels can be calculated using (2):
dmax
F==a, (2)

where d, is the target roof displacement, and dyiciding is the
corresponding yielding. The d,,, is 0.04516, 0.05793, 0.1004,
and 0.1828 for LD (Limited Damage), SD (Significant
Damage), NC (Near Collapse), and CS (Collapse Start) damage
states respectively, corresponding to roof displacement
ductility. The yielding drift dyieiqing is 0.04516. The base shear
force-roof displacement relationship of the considered steel
frame is shown in Figure 4.
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Fig. 3. Time history of the horizontal velocity at the height of the
maximum velocity.
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Fig. 4. Pushover capacity curves of considered steel frame.

Nonlinear analysis was carried out for different cases of the
considered steel frame subjected to: (a) horizontal and vertical
motions, (b) transient wind loads alone, and (c) to a
combination of wind and both vertical and horizontal motions
using the finite element program OpenSees [33].

Figures 5 and 6 show the comparison of the experimental
results, the Pavan post-test results, and the numerical results of

displacements and shear forces at each floor. It is observed that
once the actual input ground motion was considered in the
analysis, the numerical predictions agreed relatively well with
the experimental results.
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Fig. 5. Maximum relative displacement at every floor level.
4
Experiment
H+V
—— Pavan
3
]
>
K|
2 -
1 T T T T
0 400 800 1200 1600 2000
Maximum Story Shear [kN]
Fig. 6. Maximum story shear.

Initially, the transient wind loads (i.e. Zyma, = 10m,
Zymax=50m, and Z,,,,,= 75m) are applied on the steel frame
alone and the results are shown in Figures 7 and 8. The
deformations of the steel frame are within the elastic range
under thunderstorm downburst for Zy,., = 10m, since the
ductility is less than 1, i.e. 0.61997 (Table I). Higher ductility
can be observed under thunderstorm downburst, Z,,.,= 50m
and 75m, as shown in Figure 7. The structural deformations
entered to the plastic range and the maximum ductility
demands are 1.26209 and 1.74921 respectively.

The base shear forces-roof displacement relationship for the
sequential multi-hazards analysis is shown in Figures 9 and 10.
The 3 simulated thunderstorm downburst scenarios are applied
to the damaged steel frame which has previously attained a
target ductility demand level (i.e. DL, SD, NC, and CS). The
maximum ductility demands of the sequential analysis are
summarized in Table 1. This Table demonstrates, in general,
that the ductility demands of the sequential wind event tend to
increase as the initial target ductility level increases.
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Under the sequential analysis of downburst outflow wind,
the structure responded inelastically and higher plastic
deformations than during the initial static pushover analysis
were observed. The maximum ductility was found to be
5.73476, 6.02261, and 6.17760 respectively. The ductility
demands increased significantly to 3.18725%, 8.36653%, and
11.15538% when the downburst reached the peak-velocity time
series at the height of maximum velocity, i.e. Zypq,= 10m,
50m and 75m above the ground than the ductility level of the
primary event (simultaneous horizontal and vertical

excitations). Under these ductility demand levels, a collapse
mechanism was formed.

The proposed approach can successfully identify the
capacity limits and predict the failure mechanism of structures
under sequential hazard events and can be implemented to
appraise the increased ductility demands within a multi-hazard
assessment framework.
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Fig. 10. Maximum story shear under multi-hazards.
TABLE 1. DUCTILITY DEMAND FOR VARIOUS DOWNBURST
SCENARIOS
Wind alone 0.61997 | 1.26209 | 1.74921
Limited Damage (DL) 5.73476 | 6.02261 | 6.17760
Significant Damage (SD) | 4.47039 | 4.69477 | 4.81559
Near Collapse (NC) 2.57860 | 2.70803 | 2.77772
Collapse Start (CS) 1.41685 | 1.48796 | 1.52626

VI. CONCLUSIONS

The seismic behavior of steel frame structures under
sequential hazard loads in the nonlinear range is investigated in
the current paper. The main conclusions from the analysis can
be summarized as follows:

e The input energy from the sequential downburst outflow
wind event can push the structure into plasticity, exceeding
the single hazard ductility demand. The damage level
experienced by the structure during the secondary hazard
event increases with the ductility demands of the primary
event.

e Under the sequential analysis of downburst outflow wind,
the ductility demand increases significantly by 3.18725%,
8.36653%, and 11.15538% from the ductility level of the
primary event when the downburst reaches the peak-
velocity time series at the height of maximum velocity of
10, 50, and 75m above the ground (simultaneous horizontal
and vertical excitations).

e The proposed approach can successfully identify the
capacity limits and predict the failure mechanism of
structures under sequential hazard events and can be
implemented to appraise the increased ductility demands
within a multi-hazard assessment framework.
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