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ABSTRACT 
 

This paper presents a computational method for investigating the ductility demands induced by thunderstorm 

downbursts to steel building structures that have been previously damaged during a strong hazard event of any 

nature (earthquakes, strong winds). The proposed computational method synchronizes the finite element (FE) 

analysis software ABAQUS and MATLAB reverse optimization subroutines. A nonlinear static pushover 

analysis is initially performed to induce the ductility demands of the first hazard event and identify the 

relationship between the base shear force and lateral roof drift up to a target plastic deformation. The method 

uses the pushover analysis in order to bring the structure at a pre-defined ductility level, including the 

descending branch of the load-deformation curve, thus allowing for a direct control of the initially imposed 

damage. The transient non-stationary wind loads are then subsequently applied as an externally applied 

dynamic loading and the revised displacement ductility demand is directly determined. The method is applied 

on a tall steel building subject to several initial damage stages and three subsequent thunderstorm downburst 

synthetic records. The results demonstrate the non-negligible effects of such wind events on the total ductility 

demands. The method can successfully quantify the increased ductility demands on structures subjected to 

multi-hazards.  
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1. INTRODUCTION 

 

The devastating effects of severe thunderstorms observed over the last decades has motivated researchers to 

study this complex phenomenon (Brooks, 2013; Rädler et al., 2019). Factual evidence shows that building 

structures that have absorbed damage during previous hazard events (earthquake, strong wind) are prone to 

secondary effects induced by sequential hazards, such as thunderstorm downbursts (ABCNEWS, 2017; CNN, 

2017). This may increase post-disaster damages and eventually cause the collapse of structures that remained 

exposed after the primary hazard.  

A thunderstorm downburst distinguishes from synoptic winds as it produces small-scale flow divergence 

within radius of 4 km accompanied with intense microbursts. This configuration can cause damage equivalent 

to synoptic wind flow of 75 m/s, within a time interval ranging 5 - 20 min (Fujita, 1985; Lombardo et al., 

2014). Due to the ‘nose shape’ profile with varying height above the ground, the wind speed peaks between 

30 - 100 m height above the ground (Fujita, 1990). This phenomenon imposes risks associated to the collapse 

mechanism of tall structures (Loredo-Souza et al., 2019; Tilloy et al., 2019). 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 resilience.  The current guidance evidences such limitations as these disregards the joint 

occurrence of natural events such as earthquakes and wind (Aly and Abburu, 2015; Duthinh and Simiu, 2010; 

Thilakarathna et al., 2018). Recently, Kwag et al. (2021) proposed a design framework considering seismic 

load and strong synoptic wind. Further studies have focused on managing multi-hazards (Elias et al., 2019; 



Taha, 2021), although to date no research has been done to determine the ductility demands on damaged 

structures under additional effects of thunderstorm downbursts.  

This paper investigates the effects of the downburst outflow wind on the ductility demands of damaged 

buildings. The proposed methodology combines the principles of the nonlinear adaptive static (pushover) 

analysis (Chopra and Goel, 2002) which aims to reproduce the damage induced by the primary hazard event, 

with the sequential dynamic analysis (Isobe and Tanaka, 2021; Li and Ellingwood, 2007; Martinez-Vazquez 

et al., 2019; Park et al., 2012) which aims to estimate the damage induced by the secondary sequential 

thunderstorm event. Based on the initial study of Skalomenos and Papazafeiropoulos (2019), the proposed 

algorithm offers a robust implementation of pushover analysis and superior numerical results can be obtained, 

especially the descending branch of the pushover curve and collapse mechanism. The computational procedure 

proposed in this paper combines the step-by-step nonlinear adaptive pushover analysis with the dynamic time 

history analysis within a restart analysis framework to obtain the base shear - roof displacement relationship 

for different damage levels. Accordingly, the global plastic deformation mechanism that leads to collapse can 

be identified. The new computational algorithm is applied on a tall steel building structure subject in its 

damaged stage to three downburst synthetic records. The results demonstrate the non-negligible effects of such 

wind events on the ductility demands of damaged structures.  

 

2. METHODOLOGY 

 

The following algorithm builds ABAQUS (2020) pushover capabilities in MATLAB (2021). Through a static 

analysis with mixed force/displacement control, the method can trace the descending branch of the structural 

response without using Riks analysis (Skalomenos and Papazafeiropoulos, 2019). Static analysis with arc-

length control (Riks) can trace only a single loading path during the analysis and does not allow the user to 

control over the force distribution pattern during the pushover analysis.  

During the initial loading process, each storey of the model building has assigned one control point connected 

to other points via shear springs that simulate diaphragmatic flexibility. The gravity loads are applied as point 

loads on nodal coordinates to reflect P-∆ effects. The first step is thus the axial load analysis, followed by the 

frequency analysis which provides lateral coordinate distribution of the first modal shape. A standard modal 

mass algorithm yields the adaptive force distribution (Chopra and Goel, 2002).  

ABAQUS offers the capability of the restart analysis. This helps to develop a sequential-hazard analysis 

through restarting the pushover lateral displacement analysis to implement the force/displacement control. The 

target displacement assigned at the top of the structure guides the determination of the acting shear per storey 

through a reverse optimization procedure based on the force pattern associated with the fundamental mode of 

vibration. This method could be extended to add contributions to all meaningful modes of vibration. The load-

displacement optimization process is explained below (Skalomenos and Papazafeiropoulos, 2019). 

Each increment ( 𝑖 ) of the optimization procedure maps the linear dependence between the real force 

distribution imposed at the building, {𝐹𝑟,𝑖}, and target force distribution created by its fundamental eigenmode, 

{𝐹𝑡,𝑖}, using a load proportionality factor, 𝜆𝑖, implicit in Eq. (1). 

 

𝐹𝑟,𝑖(𝑛) = 𝜆𝑖𝐹𝑡,𝑖(𝑛), 𝑛 = 1,2, . . . 𝑁 (1) 

 

In this equation, 𝑁 is the total number of storeys.  

According to the controlled roof displacement and real force on the rest of the storey, the reaction force at the 

roof level can be obtained to minimize the variance of the ratio between the real force array and the target array 

(see Eq. (2)) within the loop until 𝑑 ≅ 0.  

 

𝑑 = 𝑣𝑎𝑟({𝐹𝑟,𝑖} /{𝐹𝑡,𝑖}) (2) 

 



The advantage of this procedure is that the subsequent analysis step can be implemented based on any previous 

steps even in the stage of plastic range. This helps to restart the subsequent analysis under the downburst 

outflow wind loads (secondary hazard event) after the building has reached a pre-defined ductility level 

(primarily hazard event). The restart wind analysis is a force control dynamic analysis using the implicit 

dynamic analysis algorithm available in ABAQUS. The dynamic analysis starts after the adaptive non-linear 

pushover analysis has stopped and the building returned to the zero-force equilibrium (permanent plastic 

deformations). The proposed multi-hazard analysis method can directly control the non-linear analysis steps 

and randomly combine different types of loads induced by multi-hazard events under variable load patterns.  

The computing displacement ductility demand is defined as the non-linear roof displacement divided by the 

yielding roof displacement of the overall structure.  

 

3. INVESTIGATION ON HIGH-RISE BUILDING 

 

3.1 Building information 

 

A 20-storey high-rise building (see Figure 1 (a)) designed according to the Uniform Building Code (1994) is 

adopted here for investigation. The detailed design of this building is presented in Hall (2018). The height of 

the building is 74.11 m. The ground and first floor have 4.57 m height, while the rest floors have 3.66 m height. 

The plan view dimensions of the building are 36.6 m × 24.4 m with 6.1 m bay width in both directions. The 

terrain type for wind design is exposure B with a basic wind speed of 31 m/s and the soil type for the earthquake 

design is S2 within Zone 4. The seismic base shear coefficient is 0.03 while the drift limitation is 0.025. The 

gravity loads are 6.23 kPa for floors including cladding load and 3.59 kPa for the roof. 

The lateral loads from pushover and wind load are applied in the short direction. Considering the symmetry of 

this building, this building consists of two parts, including one exterior moment resisting frame (MRF), and 

one interior equivalent gravity frame (GF) to represent half of the building and simulate the second order 

effects. These two frames are connected by Link types of multi-point constraints (MPC) which provide a 

pinned rigid link between the two frames at each storey level. The steel is modelled as a bilinear elastic 

isotropic material with modulus of elasticity E=210 GPa, density 𝜌=7850 kg/m3 and Poisson ratio 𝜈=0.3. The 

half weight of this building is 54.46 MN. The damping is omitted in the current stage. The yield strength of 

the steel is taken as 248 MPa and the ultimate strength is 400 MPa.     

 

                              (a)                                                                                             (b) 

Figure 1. Basic information for building model, (a) Building dimensions; (b) Pushover curves. 

 

This building model has been built in ABAQUS with beam elements. All the columns in the interior gravity 

frame are defined by the generalized section properties. The sectional area and the moment of inertia in major 

and minor directions for the columns have been calculated as equivalent to half of the overall structure, i.e. 2.5 



times of original values. The Link type of MPC has been chosen to connect the points on each storey to 

approximately represent diaphragm flexibility. All the points on each storey are controlled by the cross points 

in the first column of the building frame. The mass has been assigned on the top of the columns. The basement 

of this modelling frame has been fully constrained, and the ground floor has been constrained by the 

displacement in both directions. The beam connections in the exterior moment frame are fully fixed, and the 

beam connections in the interior gravity frame are fully pinned connections.  

 

3.2 Model analysis 

 

This procedure starts from the analysis of the axial loads and frequency analysis. The fundamental natural 

period of the building is 4.01 seconds which is higher than the value of 3.63 seconds from Hall (2018) since 

the beam connections of the gravity frame have been simulated as perfect pins. 

According to the step-by-step restart static analysis of this building, the pushover curve can be obtained as 

shown in Figure 1 (b) which demonstrates the relationship between the roof drift and total column shear force 

at the ground level (base shear). The yielding point in the pushover curve can be defined by the intersection of 

the red lines, i.e. the total base shear to roof drift at the elastic range and the peak value of the total base shear 

at the maximum capacity of the structure. Then, the target ductility can be calculated for different ductility 

levels using Eq. (3),  

 

𝐷𝐿 =
𝑑𝑡𝑎𝑟𝑔𝑒𝑡

𝑑𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔
 (3) 

 

In this equation, 𝑑𝑡𝑎𝑟𝑔𝑒𝑡 is the target roof drift (roof displacement divided by the total height of the building), 

and 𝑑𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔 is the yielding drift. The 𝑑𝑡𝑎𝑟𝑔𝑒𝑡 is 0.0061, 0.0122, 0.0182, 0.0244 for DL1, DL2, DL3 and DL4 

damage state which corresponds to a roof displacement ductility of 1, 2, 3 and 4, respectively. The yielding 

drift 𝑑𝑦𝑖𝑒𝑙𝑑𝑖𝑛𝑔 is 0.0061. The base shear force - roof drift relationship of each column is shown in Figure 1 (b) 

where C1-C5 represents the column 1 to 5 from the left side of the moment frame.  

 

3.3 Applied transient winds 

 

In this paper, a hybrid theoretical procedure for developing an artificial downburst wind velocity field proposed 

by Chen and Letchford (2004) is adopted, which consists of three main steps: (1) generate random fluctuating 

velocity time series based on spectral representation (Priestley, 1965) using evolutionary power spectral 

density function and the detailed simulation process of the reduced turbulent fluctuation are presented by 

Deodatis (1996); (2) build the slowly varying mean velocity based on the vertical shape profile of horizontal 

wind proposed by Wood et al. (2001) and time function suggested by Holmes and Oliver (2000); (3) construct 

the total velocity time history of downburst outflow detailed at Chen and Letchford (2004), i.e. 𝑈(𝑧, 𝑡) =
�̅�(𝑧, 𝑡) + 𝑢′(𝑧, 𝑡) = �̅�(𝑧, 𝑡) + 𝜎𝑢(𝑧, 𝑡)�̃�′(𝑧, 𝑡) = �̅�(𝑧, 𝑡) + 𝐼𝑢(𝑧)�̅�(𝑧, 𝑡)�̃�′(𝑧, 𝑡), where 𝑧 is the height above 

the ground, 𝑡 is the time, �̅� is the slowly varying mean velocity, 𝑢′ is the fluctuating wind velocity, 𝜎𝑢 is the 

slowly varying standard deviation, dealt with as a modulation function, �̃�′ is the reduced turbulent fluctuation, 

dealt with as a rapid varying stationary Gaussian random field and 𝐼𝑢 is the turbulence intensity. The power 

spectral density function proposed by Solari et al. (2015) is adopted in this study, as shown in Eq. 4.  

𝑛𝑆
�̃�′(𝑧,𝑛)

𝜎𝑢
2(𝑧)

=
18(

𝑛𝑧

�̅�𝑚𝑎𝑥(𝑧)
)

[1+27(
𝜔𝑧

2𝜋�̅�𝑚𝑎𝑥(𝑧)
)]

5/3  (4) 

In Eq. (4), 𝑛 is the frequency of gust wind, 𝜔 is the circular frequency and �̅�𝑚𝑎𝑥  is the maximum slowly 

varying mean velocity. Furthermore, due to the lack of data on effective vertical profiles of the turbulence 

intensity along with the height under thunderstorm downburst events, the profiles of turbulence intensity which 

is generally used for synoptic winds from the ASCE7 (2013) is used here. The cut-off circular frequency is 

assumed as 4 rad/s, and the number of circular frequency steps, N, is equal to 2048. It is reasonable to assume 



a sampling frequency of the simulated fluctuation equal to 2.56 Hz. It should be noted that the reference 

velocity and reference height are taken from the peak value (36.5 m/s) of the slowly varying mean velocity at 

13 m height with a 50-year return period (Solari et al., 2015; Solari et al., 2013). Accordingly, 20 velocity time 

histories are generated for each wind field, ranging from 4.75 m to 74.11 m with 3.66 m height increment (i.e. 

storey height) that correspond to each storey level of the building. The cross-spectral density of the turbulent 

fluctuating is considered in the simulation of the wind field; therefore, the wind effects on the enclosures of 

the building frame have been integrated to the concentrated load acting on the bearing elements of the 

structures.  

The 3-second peak velocity time histories at the height of maximum velocity, i.e. 𝑧𝑈𝑚𝑎𝑥
= 30 m, 50 m and 70 

m above the ground, are demonstrated in Figure 2 (a). The maximum velocities, 𝑈𝑚𝑎𝑥, are 59 m/s, 63 m/s and 

68 m/s for 𝑧𝑈𝑚𝑎𝑥
=30 m, 50 m 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 transient wind loads are then calculated by 𝑓 = 𝐶𝑑 × 0.5𝜌𝑈(𝑡)2𝐴 for 

each storey, imposed as concentrated load on each storey of the building frame. In this profile, 𝐶𝑑 is assumed 

to equal to 1.2 (Melbourne, 1980), 𝜌 is equal to 1.225 kg/m3 and 𝐴 is the storey area exposed to wind. The 

vertical velocity profiles of the horizontal wind are illustrated in Figure 2 (b) where the dash lines are the 

trendlines for each profile.  

 

Figure 2. Horizontal and vertical profiles of outflow velocity, (a) Horizontal velocity time history at the 

height of maximum velocity; (b) Peak velocity at each storey.  

 

3.4 Results and discussions 

 

3.4.1 Transient non-stationary wind 

Initially, the transient wind loads (i.e. profile 1-𝑧𝑈𝑚𝑎𝑥
= 30 m, profile 2-𝑧𝑈𝑚𝑎𝑥

= 50 m and profile 3-𝑧𝑈𝑚𝑎𝑥
= 70 

m) are applied on the building model alone and the results are shown in Figure 3 (a1) - (a3). The deformations 

of the building are within the elastic range under downburst profile 1 and profile 3 since the ductility factor is 

less than 1, i.e. 0.91 and 0.95 (see Table 1). The corresponding distribution of stresses when the maximum 

displacement ductility occurs are shown in Figure 4 (a1) and Figure 4 (a3), which indicate that high stresses 

are concentrated on the 1st to 10th storeys of the building. A higher ductility demand can be observed under 

downburst profile 2, as shown in Figure 3 (a2). The structural deformation has entered to the plastic range and 

the maximum ductility demand is 1.57. The corresponding distribution of stresses when the maximum 

displacement ductility occurs is shown in Figure 4 (a2). Higher stresses are observed than those under profiles 

1 and 3, which are concentrated on the 4th to 8th storeys and base of ground columns.  

 



 

Figure 3. Pushover curves under three profiles of downburst outflows, (a) Downburst; (b) DL1-Downburst; 

(c) DL2-Downburst; (d) DL3-Downburst; (e) DL4-Downburst (Red dash line represents the maximum 

displacement after the primary and secondary hazards separately). 

 

 

 

 

 



a1. DL0 Profile 1 a2. DL0 Profile 2 a3. DL0 Profile 3 

   
   
   

b1. DL1 Profile 1 b2. DL1 Profile 2 b3. DL1 Profile 3 
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d1. DL3 Profile 1 d2. DL3 Profile 2 d3. DL3 Profile 3 

   
 

 

 

 

 

 

 

 

 



e1. DL4 Profile 1  e2. DL4 Profile 2 e3. DL4 Profile 3 

   

Figure 4. Global Stress distribution at maximum displacement, (a) Downburst; (b) DL1-Downburst; (c) 

DL2-Downburst; (d) DL3-Downburst; (e) DL4-Downburst  

 

Table 1. Ductility demand for different profiles. 

𝑍𝑈𝑚𝑎𝑥
 (m) 30 50 70 

DL0 0.91 1.57 0.95 

DL1 1.00 1.62 1.01 

DL2 2.00 3.05 2.17 

DL3 2.98 11.52 3.34 

DL4 3.98 12.07 4.60 

 

3.4.2 Sequential multi-hazard analysis 

The base shear - roof drift relationship for the sequential-hazard analysis is illustrated in Figure 3 (b) - (e). The 

three simulated downburst scenarios are applied to the damaged building which has already reached a target 

ductility level (i.e. DL1, DL2, DL3 and DL4). The maximum ductility demands of the sequential analysis are 

summarised in Table 1. In general, it can be seen from this table that as the initial target ductility level increases, 

the ductility demands of the sequential wind event tend to increase (see red dash line in Figure 3).  

Under the sequential analysis of downburst profile 1, the structure responded within the elastic range (Figure 

3 (b1) - (e1)). There might be some accumulation of fatigue damage, but this has not resulted in an increase of 

the roof displacement. The high-stress area is observed between 1st and 10th storey for the DL1 initial damage 

state and turns to be concentrated between 5th and 8th storey for the DL 2-4 initial damage states (see Figure 4 

(b1) -(e1)). Under the sequential analysis of downburst profile 2, the structure responded inelastically and 

higher plastic deformations were observed than those during the initial pushover analysis. The maximum 

ductility was found to be 1.62 and 3.05 when the downburst event follows the DL1 and DL2 initial damage 

state, respectively. The high-stress area is located between the 4th and 8th storey of the building (See Figure 4 

(b2) and (c2)). The ductility demands increase significantly when the downburst event follows the DL3 and 

DL4 initial damage state resulting in four- and three-times higher ductility demands than that of the primary 

event, i.e. 11.52 and 12.07, respectively (Figure 3 (d2) and Figure 3 (e2)). Excessive yielding areas have been 

formed and steel beams have reached their maximum tensile strength. Under these ductility levels, a collapse 

mechanism has been formed that involves the 2nd and 5th storey of the building, as shown in Figure 3 (d2) and 

Figure 3 (e2).  

Under the sequential analysis of downburst profile 3, the structure responded inelastically but reached lower 

ductility levels than in the sequential analysis of downburst profile 2. The ductility demands increase to 1.01, 

2.17, 3.34 and 4.60 when the downburst event follows the DL1, DL2, DL3 and DL4 ductility level of the 

primary event. The high-stress locations for profile 3 are similar as the profile 1. 

The results of these three analysis profiles demonstrate that although the maximum velocity of the downburst 

occurs in profile 3 (70 m/s), the downburst wind profile 2 imposed 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. The proposed analysis method can 

successfully identify the capacity margins and collapse mechanism of structures under sequential hazard events 

and can be implemented to quantify the increased ductility demands within a multi-hazard assessment 

framework.   

 

4. CONCLUSIONS   

 

In this paper, a new algorithm has been proposed for the nonlinear analysis of the buildings under sequential 

hazard loads. The merit of this procedure is that the primary hazard analysis can stop at any pre-defined 

ductility level (i.e. single-hazard design) and the secondary hazard event can be applied as sequential event. 

This allows for a direct quantification of the additional ductility demands due to the secondary hazard event. 

This method is validated on a 20-storey steel building which consists of one exterior moment resisting frame 

and one interior equivalent gravity frame designed based on the 1994 Uniform Building Code. Three 

downburst synthetic records were applied as secondary hazard events having different vertical wind profiles 

and maximum wind velocity. The main conclusions of this study are as follows: 

• The input energy from the sequential downburst event may drive the structure to plasticity thus exceeding 

the single-hazard ductility demands. The level of damage exhibited by the structure during the secondary 

hazard event increases with the ductility demands of the primary event. 

• The multi-hazard analysis results demonstrated the importance of the height at which the maximum wind 

velocity occurs and that of the shape of the vertical wind profile. Both parameters control the input wind 

energy and determine the storeys in a structure that are prone to excessive plastic deformations. 

• Under the sequential analysis of downburst profile 2, ductility demands increased significantly when the 

downburst event followed the DL3 and DL4 initial damage state resulting in four- and three-times higher 

ductility demands than that of the primary event, i.e. 11.52 and 12.07, respectively. Under these ductility 

levels, a collapse mechanism was formed that involved the 2nd and 5th storey of the building. 

• The proposed analysis method can successfully identify the capacity margins and collapse mechanism of 

the structures under multi-hazards and can effectively quantify the increased ductility demands due to the 

sequential hazard event. 

 

The limitation of this study is that the pressure coefficient used for calculating the wind load is independent of 

the height above the ground due to the insufficient recorded data for this parameter caused by downburst 

outflows on buildings. Real recorded thunderstorm downburst events are needed for further investigation.  
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