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Abstract. This study presents a methodology for derive multi-parameter fragilities for coastal 

structures subjected to multi-hazard tropical cyclone loads. The proposed analytical model 

generates multi-point stochastic time histories leveraging power spectrum informed by existing 

single hazard experimental data. A time dependent reliability analysis is performed in a quasi-

static fashion to assess the extent of damage, progressive damage, cascading consequences and 

modification of the transferred loads from the envelope and structural systems.  Surrogate 

models of multi-dimensional regression are used to derive close form fragilities. The proposed 

framework fills the gap between simplified and code-based multi-hazard load assessment and 

complex and expensive computational fluid dynamic multi-phase and multi-physics models. The 

portal frame structures typically found in industrial facilities located in coastal settings are 

used as a case study. 
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1 INTRODUCTION 

Multiple infrastructures, buildings and specialty structures are heavily exposed to the action 

of seasonal tropical cyclones in coastal settings around the world. This major natural disaster 

phenomenon is a multi-hazard event that combines extreme wind, waves, storm surge and 

rainfall. Extensive damage and losses have been experienced by the built environment during 

past TC events [1]. The industrial infrastructure has proven to be very vulnerable to these multi-

hazard events reporting multi-million losses due to damage and loss of functionality (i.e., 

business interruption) [1], [2]. For example, industrial structures, such as the single-bay portal 

frame structures, sustain heavy damages to the envelope system (e.g., cladding panels, windows 

and doors), failure of secondary structural elements and collapse of entire bays. The combined 

action of wind, surge and wave derived in major damage to the envelope walls, extreme wind 

uplift produced multiple roof panels to fail, the water ingress due to surge and wave or rain lead 

to interior equipment damages [3], [4]. The repair and replacement costs must be added to the 

idle time and the business interruption losses. Therefore, the multi-hazard reliability assessment 

is necessary to account for the damage extent and failure probability of structures when 

subjected to multiple TC hazard stressors.  

The reliability analysis of coastal structures subjected to these stressors represents a 

challenge due to the lack of multi-hazard data from past events, very limited experimental tests 

and scarcity of multi-hazard methodologies among other limitations [5], [6]. Additionally, high 

fidelity computational fluid dynamics (CFD) simulations for multi-phase multi-physics are very 

intensive on computational resources and difficult to validate. Therefore, combined single-

hazard analysis is often preferred for regional risk assessment [1], [2], [3]. However, it results 

in an additional challenge to account for non-simultaneous peak pressures, spatial 

correlation/coherence determination [2], [4]. To overcome these issues heuristics such as the 

Sub-assembly approach [5] are used to determine lower and upper bounds for the independent 

and joint behavior [3], [6]. Additionally, simplify design-oriented methodologies such as the 

ones provided by standards (e.g., ASCE 7) are used to estimate conservative extreme value 

predictions [7]. Nevertheless, this led to overestimation of the loads and made it a challenge to 

measure uncertainty in the pressure patterns.  

To overcome these limitations and fill the gap between existing analytical frameworks and 

complex CFD simulation, the present study proposes a new multi-hazard methodology to 

evaluate the reliability of envelope and structural systems in a time-dependent fashion by 

generating stochastic multi-point time history analysis. The multi-hazard time series are 

generated leveraging a spectral representation method that uses experimentally informed power 

spectrums to generate stochastic non-gaussian processes. The spatio-temporal analysis of multi-

hazard stressors allows to account for spatially distributed pressures, progressive damage, 

loading path modifications, cascading effects such as internal pressurization and water ingress. 

Additionally, multiple geometries and properties can be incorporated into the analysis to 

represent heterogenous structural classes and heterogenous portfolio of structures. A smart 

Monte Carlo stopping rule is implemented to maximize the information of limited number of 

simulations while meeting a target level of confidence in the results. 
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2 METHODOLOGY FOR MULTI-HAZARD TC FRAGILITY 

The proposed methodology is presented in Figure 1 and explained in detail in the following 

sections. The portal frame structures are used as a case study; however, the presented 

framework can be adapted to coastal building-like structures. 

 

Figure 1: Proposed methodology for multi-hazard stochastic time dependent fragility assessment 

2.1 Time dependent pressure generation 

The multi-point time histories for the wind and wave pressure as well as the temporal 

evolution of the surge level are generated analytically. For wind and waves, experimental tests 

are used to inform power spectrums. The wind tunnel database for low-rise structures conducted 

by the Tokio Polythetic University was used for wind pressures [8]. For wave loads, the 

experimental tests on the wave funnel of Oregon University conducted by [9] were leveraged 

the was used to inform non-breaking and breaking waves pressures. Both databases contain 

time series of surface pressure at different points (pressure taps). The surge elevation was 

treated as a linear ramp from zero to 𝐻𝑠 in time 𝑇𝑠. 

The wind and waves power spectrums were used to generate multi-point stochastic time 

histories by means of a spectral representation method. The proper orthogonal decomposition 

(POD) was used considering its efficient algorithm implementation [10]. POD generates 

stochastic gaussian processes as presented in Eq.1. The eigenvalues and eigenvectors are 

calculated from the cross-spectral density matrix that contains the spatio-temporal correlation 

of the phenomena for the 𝑛 points in the frequency domain. Another advantage of POD is the 

possibility of reconstructing a stochastic set of time histories using a few modal frequencies. 

Finally, POD can be used to generate time records beyond the experimental time window. 

Hence, multiple TC event durations 𝑇𝑒 can be addressed. The stochastic representation 

propagates uncertainty in the wind and wave hazards records allowing the explicit evaluation 

of the performance of structures under TC loads. Thus, the same intensity measure (i.e., wind 

speed and wave height) is represented by multiple records. 
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𝑆𝑝
𝒢𝒫 𝑡  ∑ ∑2|𝚿𝑝 ω𝑛 |√𝚲𝑛 ω Δω

𝑁ω

𝑗=1

cos(ω𝑛𝑡 + θ𝑝 ω𝑛 + ϕ𝑝𝑛)

𝑁𝑚

𝑛=1

 (1) 

where 𝑆𝑝
𝒢𝒫 𝑡   Gaussian, zero mean time series at pressure tap 𝑝, the term |𝚿𝑝 ω𝑛 |√𝚲𝑛 ω Δω 

accounts for the modal decomposition with Δω   frequency increment with a cut-off frequency 

equals to 𝑁ωΔ. θ𝑝 ω𝑛  tan−1(Im[𝚿𝑝 ω𝑛 ]/Re[𝚿𝑝 ω𝑛 ]) is the phase angle and ϕ𝑝𝑛  [0 − 2π] is a 

random value that introduces stochasticity. 

The generated stochastic gaussian process can be then translated into a non-gaussian process 

by leveraging a direct translation approach or another method. Both the wind and waves display 

non-gaussian behavior. The direct transformation [11] is an efficient method to translate the 

process by using an arbitrary cumulative distribution function (cdf) as a mapping function from 

the standard normal cdf as shown in Eq.2. 

𝑆𝑝 𝑡  𝐹𝑆𝑝
−1

[
 
 
 

Φ

(

 
𝑆𝑝

𝒢𝒫 𝑡 − E[𝑆𝑝
𝒢𝒫 𝑡 ]

√Var[𝑆𝑝
𝒢𝒫 𝑡 ]

)

 

]
 
 
 

 (2) 

where 𝑆𝑝 𝑡   non-Gaussian vector at pressure tap 𝑝, 𝐹𝑆𝑝
−1[∙]   inverse cumulative distribution 

function (cdf) of an appropriate arbitrary continuous distribution, Φ ∙   standard Gaussian cdf 

corresponding to the standardization of the Gaussian process 𝑆𝑝
𝒢𝒫 𝑡  with expected value 

E[𝑆𝑝
𝒢𝒫 𝑡 ] and variance Var[𝑆𝑝

𝒢𝒫 𝑡 ].  

2.2 TC multi-hazard demands 

For TC winds, the non-gaussian process stochastically generated is the external pressure 

coefficient that is measured in wind tunnel tests at pressure taps locations (i.e., 𝑆𝑝
𝑤𝑖𝑛𝑑 𝑡  𝐶𝑒 𝑡 ). 

Therefore, the wind velocity is treated as a deterministic intensity measure and the spatio-

temporal variation is captured by the pressure coefficient. This way the wind pressure at any 

given point in the surface of the building can be computed as the velocity pressure shown in 

Eq.3. 

𝑄𝑈
 𝑘  𝑡 𝐈𝐌 𝚯 𝐗  

 

2
𝜌𝑎[𝑈𝑧 𝐈𝐌 𝐗 ]2[𝐶𝑒

 𝑘  𝑡 𝚯 𝐗 + 𝐶𝑖
 𝑘  𝑡 𝚯 𝐗 ] (3) 

where 𝜌𝑎   air density, 𝑈𝑧 𝐈𝐌 𝐗   projected wind speed at mid-roof level for the corresponding 

3-s peak gust wind velocity 𝑈 contained in 𝐈𝐌 and building parameters 𝐗. 𝐶𝑒
 𝑘  𝑡 𝚯 𝐗   dynamic 

external pressure coefficient acting on the 𝑘-th point in the structure's envelope generated 

considering the hazard parameters 𝚯. The aerodynamic wind forces 𝐹𝑈 𝑡 𝐼𝑀 𝚯 𝐗  correspond to 

the integration of all the pressures points within a determined tributary area. Error! Reference 

source not found. presents an external pressure coefficient time histories for multiple points in 

the envelope and the spatial pressure distribution at an instant. 

For reliability applications, the wind is often treated probabilistically but time invariant. 

Therefore, it is necessary to evaluate the pressures for the envelope and structural system 

separately to account for joint peak pressures. Similarly, the existing design methodologies such 

as the one found in the ASCE 7, assume building zones with homogenous or very similar 

extreme pressures. Therefore it is not intended for analysis of spatio-temporal progression of 



Andres F. Calvo, Jamie E. Padgett 

5 

 

wind pressure loading. Another common application is using extreme theory to sample from 

the wind tunnel results those accounts for spatial distribution and aerodynamic interactions. 

However, the resulting pressure patterns lack a correlation structure and would be challenging 

to study the evolution of damage in a time dependent fashion. Thus, the present framework 

aims to evaluate the performance of the envelope and structural systems as the TC event 

unfolds. 

 
Figure 2: Proposed methodology for multi-hazard stochastic time dependent fragility assessment 

Contrary to wind pressure, there is no analytical formulation to widely known wave pressure 

formulation for buildings as a function of the sea state at shoreline (i.e., wave height, period 

and fluid velocity) [1], [7], [12]. Therefore, the pressure profile cannot be analytically estimated 

from the existing wave power spectrums for shallow waters at shoreline in hurricane conditions 

such as the TMA, from which stochastic waves were generated [9]. For cylindrical offshore 

structures, the Morrison equations can be used to map the sea state to multi-point pressure at 

building surface [13]. Instead, for the rectangular geometries typically found at coastal settings, 

we propose to leverage the wave pressure directly that corresponds to the experimental pressure 

measurements for different characteristic waves (i.e., wave height, period and surge elevation). 

Thus, the stochastic process corresponds to the pressure tap measurements at different heights 

(i.e., 𝑆𝑝
𝑤𝑎𝑣𝑒 𝑡  𝑄𝑤 𝑡 ). This limits the range of intensity measures for waves to the tested 

conditions. However, similar challenges are faced during CFD modeling considering the 

limited simulated sea states restricted by computational resources. Error! Reference source 

not found. illustrates a wave pressure profile, histogram and time history for breaking waves. 

Existing analytical frameworks for determining wave pressures for inland structures such as 

wave walls are aimed at predicting extreme wave pressure profiles mainly for design purposes 

rather than for reliability assessments. The renowned Goda equations and the successive 

modifications are models to estimate peak wave pressure that often overestimate the pressure 

for conservative purposes. Alternatively, the ASCE 7 also provides guidance for estimating 

design loads from breaking wave pressure. [7] found that the ASCE was very conservative in 

its predictions. However, the presented analytical models lack the time dependent evolution of 
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the phenomena which makes a bigger challenge when analyzing winds and waves 

simultaneously. Therefore, the proposed method can be used to evaluate simultaneous 

occurrence of wind and waves and evaluate the performance of the building and components in 

a time-dependent fashion accounting for progressive damages. 

 
Figure 3: Wave pressure profile, pressure frequency distribution and time histories for breaking waves 

The loads considered from the surge correspond to the hydrostatic pressure that results from 

the water elevation and the hydrodynamic pressure resulting from the water velocity. The 

hydrostatic linear pressure profile is calculated from Eq.4 and is applied to all the building sides 

equally. Vertical hydrostatic flotation pressure is neglected. 

𝑄𝐻
 𝑘  𝑡 𝐈𝐌 𝐗  𝜌𝑤𝑔ℎ 𝑘  𝑡 𝐈𝐌 𝐗  (4) 

where 𝑄𝐻
 𝑘  𝑡 𝐈𝐌 𝐗   hydrostatic pressure at point 𝑘 for the surge elevation 𝐻𝑆 contained in 𝐈𝐌 

and parameters 𝐗. 𝜌𝑤   water density, 𝑔   gravity constant and ℎ 𝑘  𝑡 𝐈𝐌 𝐗   water elevation 

at point 𝑘. 

The hydrodynamic surge pressure derived from the current velocity is treated as a 

deterministic process considering that this pressure has minimal time-dependent variation and 

its secondary to the wave loads [14]. Therefore, the surge velocity pressure is derived as shown 

in Eq.5. The pressure coefficient 𝐶𝑉 and the current velocity are treated deterministically based 

on the recommendations from FEMA P-259. The 𝐶𝑉 was determined based on the         ’  

width/length ratio. 

𝑄𝑉
 𝑘 

 𝑡 𝐈𝐌 𝐗  
 

2
𝜌𝑤𝐶𝑉𝑉 𝐈𝐌 2 

(5) 

where 𝑄𝑉   hydrodynamic pressure at point 𝑘 estimated for surge elevation 𝐻𝑆 contained in 𝐈𝐌 

and parameters 𝐗. 𝐶𝑉   dynamic pressure coefficient and 𝑉   surge fluid velocity.  
The progressive damage of the roof and walls is used to inform rainfall ingress and interior 

damage. State-of-the-art CFD models have been explored to determine the amount of water 

ingress, however, in the present study we propose only to consider the potential damage from 

rainfall as a function of the amount of damage of the roof panels. Further work can focus on 

determining the amount of water ingress and damage estimation of the interior.  
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The progressive damage of the roof and walls is used to inform rainfall ingress and interior 

damage. State-of-the-art CFD models have been explored to determine the amount of water 

ingress, however, in the present study we propose only to consider the potential damage from 

rainfall as a function of the amount of damage of the roof panels. Further work can focus on 

determining the amount of water ingress and damage estimation of the interior. 

2.3 Intensity measure vector 

The multi-hazard intensity measure vector considers wind, waves, storm surges, and rainfall. 

The wind measure is the 3-s peak gust wind velocity 𝑈 that is aligned with ASCE 7 and multiple 

catastrophe modeling approaches. When informed by wind tunnel test, the reference wind 

velocity is usually taken at mid-roof level, therefore an exposure-dependent wind velocity 

profile is needed to relate the velocities. TC wind velocities at coastal shores are explored in 

the 0 to 150 m/s velocity range, that is, up to category V in the Saffir-Simpson scale. The waves 

considered in the analysis are determined by the available experimental data from the wave 

flume test [9]. Therefore, the intensities considered to characterize the waves are the wave 

height 𝐻𝑊 and wave period 𝑇𝑊. The significant wave height 𝐻1 3⁄  and peak period 𝑇𝑝 for irregular 

waves and mean wave height 𝐻 and mean period 𝑇̅𝑤 for regular waves. For both wave heights, 

the 𝐼𝑀 varied from 1 to 5 m and the periods vary from 2.52-s to 5.04-s.  

The surge elevation 𝐻𝑠 for the large wave flume tests was set in 4 m at the location of the 

building structure (i.e., water sea level WSL). However, we used a variable surge elevation for 

this 𝐼𝑀 by assuming different elevations for the building base. Hence the relative flood elevation 

changes. This assumption neglects the behavior change of wave pressure for lower or higher 

water elevations. However, it is a conservative assumption for lower than 4 m surge heights. 

Similarly, for most model geometries, the height of the building exposed to waves is very 

limited for elevations higher than 4 m. The 𝐻𝑆 range was set between 0 and 8 m based on 

ACIRC+SWAN simulations for the industrial corridor of the Houston Ship Channel 

considering FEMA033 and FEMA036 synthetic storms [15]. The hydrostatic and 

hydrodynamic pressures were calculated using 𝐻𝑆. For the latter pressure, the ranges for current 

velocities were set from 0 to 5 m/s to account for low and high flow velocities. 

2.4 Multi-hazard loading 

The loads are applied in the following order: first the surge elevation for the time 𝑡 is 

recorded and the hydrostatic and hydrodynamic forces are estimated. Then the wave pressure 

profile for that time step added and applied to the structure’                                    

surge elevation. The instantaneous wind pressure is applied last for all the surface above surge 

elevation where the wave pressure is negligible. This proposed loading method does not account 

for wave-wind interactions and ignores the local changes in wind pressure due to the presence 

of the wave. However, it does account for the explicit occurrence of all the hazards spatially 

and temporarily. Hence, it is unnecessary to use a joint probability density function that is 

challenging to characterize. Similarly, there is no need to calibrate or determine factors to 

account for joint peak pressures. Error! Reference source not found. illustrates the proposed 

multi-hazard loading. 
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Figure 4: Schematic multi-hazard model loads at time instant 𝑡 

2.5 Time dependent reliability assessment 

The envelope components, structural elements and system-level reliability assessment are 

performed in a time dependent yet quasi-static fashion. The dominant frequencies for wind and 

waves excitations are not resonant to natural frequencies of portal frames that are light and stiff 

structures. Therefore, a small dynamic fluid-structure interaction is expected as evidenced by 

[9] in the wave tests. Similarly, experimental analysis suggests that the wind dynamic response 

is not relevant for envelope components such as cladding panels and fasteners. Additionally, 

time dependent responses such as low-cycle fatigue can be propagated by modifying the 

capacity of the components. 

The time dependent analysis allows for account for damage accumulation, progressive 

damage sequences such as flood ingress and internal wind pressurization and modifying the 

transferred loads along the load path. The total damage informs the fragility for the envelope 

and structural systems within a Monte Carlo simulation framework. Water ingress and internal 

wind pressurization modifies the loads and damage states of the structure. The contents that are 

vulnerable to water are expected to be heavily damage is surge ingresses the building. Similarly, 

internal wind pressure leads to extreme uplift pressure that results in extensive roof covering 

damage and secondary structure failure (e.g., purlin buckling). Finally, the failure of 

components along the loading path modifies the transferred loads between systems. For 

instance, the failure of wall cladding makes it incapable to carry the wave or wind pressures, 

therefore such loads are not transmitted (or partially transmitted) to the supporting structure 

(e.g. girt or purlin). This process accounts for realistic damage progression that better informs 

component-level and system-level fragilities. 

2.6 Multi-fidelity models 

Multiple analysis models can be chained together to perform the quasi-static time dependent 

reliability analysis. For the envelope, wall and roof panels are proposed to be modeled to 

accommodate spatially varying pressure, therefore, a FEM model was used to estimate the 

demands on the panel and its connections. However for components such as overhead doors, 

windows and other fenestrations with limited data, probabilistic models for the pressure 

capacity can be used instead to evaluate the time-step performance. Similarly, for supporting 

structures such as purlins and girts, 1D linear analysis can be used to estimate the demand and 
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evaluate the occurrence of different failure modes. In contrast, for the main frames (end- or 

middle) that determine the system level performance (e.g., bay collapse), a fiber-based 

nonlinear OpenSees [16] model was leveraged to analyzed the response.  

2.6 Design of experiments 

A design of experiments (DoE) is assemble to represent multiple prototypes of the portal frame 

structures and propagate uncertainty. The geometry layout (i.e., width, length, height and roof 

slope) is informed by the wind tunnel databases to avoid extrapolation and maximize the 

experimental information. Multiple design levels are considered for the cross-sectional 

properties of frame and supporting structures. The material properties are treated as 

deterministic considering the low uncertainty in the steel construction. The envelope 

components (i.e., cladding panels) considered are R-panels with deterministic materiality and 

geometry. The uncertainty in the pressure capacity is considered in the fasteners that are 

subjected to extreme wind uplift pressure and can be affected by time dependent deterioration 

such as corrosion and low cycle fatigue. A smart sampling strategy is used to meet a certain 

variability in the resulting fragilities within a Monte Carlo simulation framework (i.e., Monte 

Carlo stopping rule). First, Latin hypercube sampling is used to define a large sample space for 

the DoE. Then, samples are simulated while monitoring for the coefficient of variation in the 

fragility at a certain intensity measure vector 𝐢𝐦 threshold. Eq. 6 shows the fragility estimator 

and Eq.7. the stopping rule based on Bernoulli trials. 

𝑃̂ 𝐷𝑆  𝑑𝑠|𝐢𝐦 𝚯 𝐗  
 

𝑁𝑀𝐶
 𝑖 

∑ 𝕝𝑑𝑠  𝐢𝐦 𝚯 𝐗 𝑗 
𝑁𝑀𝐶

 𝑖 

𝑗=1
 

(6) 

𝑁𝑀𝐶
 𝑖+1 

 
 − 𝑃̂ 𝐷𝑆  𝑑𝑠|𝐢𝐦 𝚯 𝐗 

𝛿2𝑃̂ 𝐷𝑆  𝑑𝑠|𝐢𝐦 𝚯 𝐗 
 

(7) 

 

where 𝑃̂ 𝐷𝑆  𝑑𝑠|𝐢𝐦 𝚯 𝐗   estimator for the damage state probability conditioned on a given 

realization of the intensity measure 𝑖𝑚, hazard and structure properties 𝚯 and 𝐗 respectively. 

𝑁𝑀𝐶
 𝑖  and 𝑁𝑀𝐶

 𝑖+1  are the number of Monte Carlo simulations at moment 𝑖 and 𝑖 +  , respectively. 

𝕝𝑑𝑠  𝐢𝐦 𝚯 𝐗 𝑗   indicator function for the damage state 𝑑𝑠 and the 𝑗-th sample. 𝛿   coefficient 

of variation as target confidence level. 

2.7 Fragility analysis and surrogate model 

The results of the time-dependent reliability analysis are used to inform failure and damage 

extent probabilities conditioned on the intensity measures vector IM and key parameters that 

help to characterize the portal frame structures as a class. The parametrization is performed for 

geometric characteristics (e.g., height, roof slope or area) and design levels. To account for 

damage extent, damage states are proposed to classify the simulation outcome. The damage 

states are highly related to the functionality loss and recovery processes. Surrogate modeling is 

used to generalize the input-output information informed by the DoE and Monte Carlo 

simulations, respectively. Multi-dimensional machine learning regression techniques are 

leveraged as surrogates to derive close form fragility functions as shown in Eq.8. 
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𝑃 𝐷𝑆 ≥ 𝑑𝑠|𝐈𝐌 𝚯 𝐗  𝑓 (∑ 𝛽𝑖

𝑁𝑖𝑚

𝑖=1
𝐈𝐌 𝑖 + 𝛽𝜃𝚯 + 𝛽𝑥𝐗 + 𝛽𝑜) (8) 

where 𝑃 𝐷𝑆 ≥ 𝑑𝑠|𝐈𝐌 𝚯 𝐗   the multi-parametric fragility model and 𝑓 ∙  is the surrogate model. 

𝑁𝑖𝑚   number of intensity measures, 𝜷   𝜷𝐼𝑀 𝛽𝜃  𝛽𝑥  𝛽𝑜  are the regression model coefficients. 

3 CASE STUDY 

3.1 Portal frame structures 

The portal frame structures typically found in industrial settings such as petrochemical, 

manufacturing and power plants facilities are used as case studies. A multiple of these structures 

can be found in a single facility for storage (e.g., warehouses) and production uses. The main 

structure supporting gravitational and in-plane lateral loads are the single-bay moment resistant 

frames often found in tapered cross-sections. Bracing is used for supporting frames out-of-plane 

lateral loads and diaphragm loads at roof level. Secondary structures such as purlins and girts 

are used to support the envelope system consisting of wall and roof cladding. Metal cladding is 

often used in industrial settings for its longevity. One typology widely used is the fastener-

exposed rib metal cladding, the R-Panel for both roofs and walls. However, there is a large 

variety of cladding systems. Additional components include windows, doors and overhead 

access doors. The foundation consists of anchored columns based on metal plates connected to 

concrete pedestals or slabs. 

Cladding components are expected to fail due to fastener failure (pull-out), panel fracture at 

fastener zones (uplift pressure) and bending under positive pressure. Secondary cold-formed 

steel C or Z profile structure can experience buckling and bending failure. The moment frames 

failure modes are flexural and base connection failure. However, end bay frames are more likely 

to fail due to limited out-of-plane support but most importantly for their different structural 

layout that allows accommodating fenestrations and add flexibility to expansion projects in the 

future. The fenestrations, especially the overhead doors, can fail and lead to important internal 

pressure. 

3.2 Heterogenous portfolios 

The portal frame structures of the Houston Ship Channel (HSC) in the Texas US Gulf coast 

are used as a testbed to assess the fragility of large and heterogenous portfolios. The HSC is a 

house of multiple industrial facilities including major refineries and petrochemical facilities. A 

survey was conducted to determine the number of portal frame structures in the industrial 

corridor. A total of 1500 industrial warehouses and industrial buildings were identified that are 

likely to have a portal frame structural system. 

4 CONCLUSIONS 

The proposed framework contributes to the estimation of multi-hazard tropical cyclone 

fragilities. The major contribution corresponds to the explicit multi-physics time dependent 

simulation of wind, waves, surges and rainfall. Different to the existing methodologies, this 

analytical framework allows us to accommodate surge, wave and wind loads simultaneously 

while representing the spatio-temporal variation of the acting pressures. By representing the 
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pressure stochastically, the uncertainty of the intensity measures is captured directly in the 

analysis. Therefore, no assumptions on the occurrence of peak loads, spatial distribution, 

correlation structure must take place. Additionally, the framework allows progressive damage 

and damage sequences such as internal pressurization, internal flooding and rainwater ingress. 

Furthermore, it permits to simulate the transferred load from an envelope system to the 

structural system accounting for the performance of individual components. 

Different to CFD simulation that uses a well-established power spectrum to generate TC 

hazard intensity measures, the proposed analytical method leverages existing experimental data 

to inform structure-specific power spectrums of the response. A spectral representation method 

can then be used to generate the time histories of the intensity measures while preserving multi-

point coherence and correlation. The framework uses a case study of a portal frame structure 

typically found in industrial settings to estimate multiple damage estate fragilities. Additionally, 

it also uses a large portfolio of these structures as a testbed to demonstrate the capacity of the 

method to account for heterogenous structures. 

Further work is intended to compare the present framework against other existing analytical 

methods and also with CFD simulations. Further efforts should focus on understanding the 

particular physical interaction between stressors in a time dependent fashion to incorporate into 

the analysis. It is expected that the present study can help find an intermediate fidelity between 

code-based reliability analysis and complex CFD simulations while leveraging and assimilating 

existing and new experimental data. 
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