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Probabilistic Assessment of Storage Tanks Subjected
to Waterborne Debris Impacts during Storm Events

Carl Bernier, A.M.ASCE"; and Jamie E. Padgett, A.M.ASCE?

Abstract: Probabilistic models to evaluate the vulnerability of aboveground storage tanks (ASTs) subjected to waterborne debris impacts
during storm surge events are currently lacking, despite evidence of debris-induced damage during past severe storms. This paper addresses a
gap in understanding the vulnerability of ASTs subjected to waterborne debris, such as shipping containers, by deriving simulation-based
fragility models and an associated risk assessment framework for probabilistic performance assessment. First, finite-element models of
ASTs and a shipping container are developed to perform debris impact analyses and assess the potential for damage; the shipping container
model is also validated against experimental results. Parametrized fragility models are derived using a statistical sampling method, results of
debris impact analyses, and logistic regression. Fragility models are derived for two damage mechanisms: inelastic damage of the tank shell
and sliding. Next, this study presents a risk assessment framework to evaluate the probability of an AST being impacted by debris and to
demonstrate how the derived fragility models can be employed to evaluate and mitigate the vulnerability of ASTs located in industrial
areas. The framework is illustrated for a case study storage tank terminal. Insights obtained from the fragility and risk assessments
reveal that large ASTs are less vulnerable than are small ASTs to debris impacts, and that neglecting debris impacts for ASTs located
near potential debris sources can significantly underestimate the vulnerability of ASTs during storm surge events. DOI: 10.1061/(ASCE)

WW.1943-5460.0000559. © 2020 American Society of Civil Engineers.
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Introduction

Severe hydrodynamic events, such as hurricane storm surge and
floods, can generate a massive amount of waterborne debris in
coastal regions. Mobile and buoyant objects, such as shipping con-
tainers, vehicles, vessels, trees, and wood poles, can become pro-
jectiles that impact surrounding structures (Naito et al. 2014;
Robertson et al. 2007). Waterborne debris impacts can generate sig-
nificant loads and thereby cause severe damage to transportation in-
frastructure and buildings, as well as port and industrial structures
(Piran Aghl et al. 2015a). Aboveground storage tanks (ASTs) are
one of the commonly damaged industrial structures due to debris
impacts. ASTs are typically used in coastal and industrial areas
to store large quantities of bulk chemicals, such as oil and gas,
and are constructed of thin welded steel plates forming a vertical
cylinder. This thin-walled geometry leaves them vulnerable to ex-
ternal loads, such as debris impacts. In fact, following Hurricane
Katrina in 2005, the Environmental Protection Agency (EPA) iden-
tified waterborne debris impacts as one of the three main causes of
AST failures (EPA 2016); AST failures during Katrina caused the
spillage of more than 26 million liters of oil products (Godoy
2007). Additional surveys of AST failures during past storm,
flood, and tsunami events have also highlighted the potential for
damage due to debris impacts (Cozzani et al. 2010; Naito et al.
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2013). Debris impacts can typically result in localized damage of
the tank shell, potentially rupturing it, as well as sliding of the
AST from its foundation, with potential rupture of connected pipes.

AST failures can result in severe environmental and economic
impacts due to the spillage of hazardous materials in the environ-
ment and social impacts to residential populations living in close
proximity to ASTs (Bernier et al. 2017). Consequently, it is critical
to assess the structural vulnerability of ASTs during extreme hydro-
dynamic events. In recent years, several studies (e.g., Kameshwar
and Padgett 2018; Landucci et al. 2012) have proposed tools to
evaluate the vulnerability of ASTs during storm events. However,
these studies have mainly focused on storm surge and wind loads,
while neglecting the effects of waterborne debris impacts. Even for
other structures than ASTs, few studies have considered the effects
of waterborne debris impacts on the vulnerability of coastal struc-
tures. The existing literature on waterborne debris has mainly fo-
cused on assessing impact loads and debris motion, rather than
assessing the behavior and vulnerability of structures subjected to
debris impacts (Nistor et al. 2017b; Stolle et al. 2018b). Only a
few examples of deterministic debris impact analyses (Como and
Mahmoud 2013; Madurapperuma and Wijeyewickrema 2013;
Stolle et al. 2019) and empirical fragility curves considering the ef-
fects of debris (Charvet et al. 2015; Hatzikyriakou et al. 2016) are
currently available in the literature.

This study aims to develop an efficient methodology to evaluate
the structural vulnerability of ASTs exposed to waterborne debris
during storm events—a method that could also be adapted to
other coastal structures exposed to debris. To achieve this objec-
tive, this study first derives fragility models for ASTs subjected
to waterborne debris impacts by using a simulation-based ap-
proach. Fragility models express the probability of damage given
a set of structural and hazard parameters and are well-suited tools
to address the stochastic nature of debris impact conditions. Fragil-
ity models are derived for two potential damage mechanisms under
debris impacts: (1) damage to the tank shell; and (2) sliding.
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Then, this study adapts a windborne-debris risk assessment frame-
work to address problems of waterborne debris in industrial and
coastal regions, leveraging recent experimental and empirical
results for waterborne debris along with the newly derived debris
fragility models. As a proof of concept, a scenario-based risk as-
sessment is performed for a case study storage tank terminal located
in the Houston, Texas, region. The effectiveness of simple mitiga-
tion strategies is also evaluated using this framework.

The fragility models are developed for hydrodynamic condi-
tions representative of tropical storms or hurricanes, given the
large concentration of industrial and petrochemical facilities lo-
cated in hurricane-prone areas along the United States (US) Atlan-
tic and Gulf Coasts and since storm surge has historically been
responsible for the most severe AST failures in the US (Sengul
et al. 2012). This study focuses on one type of debris: 6.0-m
(20-ft) ISO shipping containers. Shipping containers are considered
since they are one of the most common type of debris in industrial
regions, where ASTs are also located, and given the availability of
experimental and empirical results to characterize motions and im-
pact conditions for this type of debris (e.g., Derschum et al. 2018;
Naito et al. 2014; Piran Aghl et al. 2014; Riggs et al. 2014; Stolle
et al. 2018b), providing useful insights for this study.

The next sections of this paper detail the approach to develop fra-
gility models and assess the risks posed to ASTs by waterborne debris
during storms. First, this study presents the development and valida-
tion of finite-element (FE) models of ASTs and shipping containers to
perform debris impact analysis and assess the potential for damage.
Then, the ranges of modeling parameters, storm surge conditions,
and debris impacts conditions considered for the fragility analysis
are defined. Next, the fragility assessment methodology is presented,
and parametrized fragility models are derived using the FE models, a
statistical sampling method, and logistic regression. The risk assess-
ment framework is then presented and illustrated for a case study re-
gion; the viability of procedural mitigation strategies to reduce risks is
also discussed. Finally, a discussion on the limitations of the present
study and future research opportunities is presented.

Finite-Element Modeling of Debris Impacts

The development of fragility models requires an adequate estima-
tion of the demand imposed by waterborne debris and the perfor-
mance of ASTs under debris impacts. Due to a lack of empirical
data regarding the performance of ASTs during storms, this study
relies on numerical methods to evaluate both the debris impact
loads and the structural behavior of ASTs; two FE models, one
for ASTs and one for 20-ft (6.0-m) ISO shipping containers, are de-
veloped and then coupled to perform debris impact simulations.

Aboveground Storage Tanks

This study only focuses on ASTs with a fixed conical roof sup-
ported by rafters and columns as they are one of the most common
types of ASTs along the US Atlantic and Gulf Coasts (Bernier
2019); however, the methodology presented here can be adapted
for any type of AST or roof. Fig. 1 presents an example, a schema,
and the details of a conical roof AST. First, for an AST with a given
geometry [i.e., diameter (D) and height ()] and design stress (S;)
value, the number of shell courses, the thickness of each course, the
presence of stiffening rings, and the roof properties are determined
in accordance with the American Petroleum Institute (API) Stan-
dard 650 (API 2013). Then, the AST is modeled in LS-Dyna, a
commercial finite-element software; Fig. 1(d) presents an overview
of the FE model. In LS-Dyna, the shell courses are modeled with
fully integrated quadrilateral shell elements, the roof with reduced
integration triangular shell elements, and the stiffening ring and
roof rafters with beam elements. At the base of the AST, the trans-
lational degrees of freedom (DOFs) are fixed, while the rotational
DOFs are free. The mesh size of the shell course is fixed at approx-
imately 0.25 m, based on conducting mesh convergence studies of
ASTs with various geometries and using the debris impact analysis
methodology detailed later. Beyond the mesh sensitivity study, no
other validation of the FE model is performed, given the lack of
empirical or experimental data regarding the structural behavior
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Fig. 1. (a) Example of a conical roof AST in the Houston region (D =45 m; H= 16 m; image by Carl Bernier); (b) schema of a typical conical roof
AST; (c) details of a conical roof; and (d) finite-element representation of a conical roof AST.
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of ASTs during storm events. A bilinear elastoplastic material
model with kinematic hardening and the physical properties of
steel is assigned to all components. The steel density is fixed at
7,900 kg/m3 , the elastic modulus at 200 GPa, the Poisson’s ratio
at 0.3, and the tangent modulus after yielding at 2 GPa, while the
yield strength is a function of S; (API 2013). Strain rate effects
are considered using the Cowper-Symonds model with the param-
eters proposed by Cowper and Symonds (1957), which are repre-
sentative of steel grades like the ones used for ASTs. A damping
ratio of 2%, representative of undamaged welded steel (Paultre
2011) is assigned to all components. Finally, geometric imperfec-
tions of the tank shell are considered as they can significantly affect
the structural behavior. Using the imperfection model proposed by
Kameshwar and Padgett (2016), the imperfections are modeled
using a two-dimensional Fourier series with random coefficients
derived from empirical measurements of imperfections on ASTs
and silos.

Shipping Container

An adequate estimation of the loads imposed by shipping contain-
ers is required in order to perform debris impact analysis with the
above FE model of ASTs. In recent years, several studies have pro-
posed analytical models to estimate waterborne debris impact
loads. However, while these existing debris load models might
be adequate for design purposes, they are not appropriate for fragil-
ity or performance assessments, since typically they use major as-
sumptions that can introduce significant uncertainties and result in
overly conservative load estimates (Madurapperuma and Wijeye-
wickrema 2013; Stolle et al. 2018a); these assumptions relate to
the debris properties and behavior, the effects of debris orientation
and eccentricity, the impact duration, and the contact area of the de-
bris impact. Therefore, to adequately evaluate the demand imposed
on ASTs, this study develops and validates a high-fidelity FE
model of a 20-ft ISO shipping container.

Fig. 2 presents an overview of the 20-ft shipping container FE
model. The model is developed in LS-Dyna and comprises all the
main structural components. The shipping container has a length
of 6.1 m, a width of 2.4 m, a height of 2.6 m, and a tare mass of
2,100 kg. The exact dimensions and specifications of each of the
components were obtained from a shipping container manufacturer
(Containex 2013). All components are modeled using reduced in-
tegration quadrilateral shell elements; a maximum mesh size of
0.05 m is adopted. With the exception of the plywood floor, all
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components are assigned with an elastoplastic material model
with kinematic hardening and the steel properties proposed by
Piran Aghl et al. (2015a), which are based on coupon tests from
an actual 20-ft shipping container. The steel density is fixed at
7,800 kg/m3 , the elastic modulus at 207 GPa, the Poison ratio at
0.3, the tangent modulus after yielding at 0.5 GPa, and the yield
strength at 381 MPa. Strain rate effects are considered using the
same model and parameters as for the AST (Madurapperuma and
Wijeyewickrema 2013). The plywood floor is modeled using an
elastic material with a density of 750 kg/m®, elastic modulus of
5 GPa, and Poisson’s ratio of 0.3. A general surface-to-surface con-
tact is defined to model the internal contact between the different
components of the container when large deformation occurs. Fi-
nally, the nonstructural mass (m,) of the container (i.e., the mass
of the contents) is modeled as lumped masses that are rigidly tied
to the plywood floor. While rigidly attaching the nonstructural
mass might result in conservative impact forces (Piran Aghl et al.
2015b), this assumption is employed given the large uncertainties
regarding the actual connectivity between the nonstructural mass
and the shipping containers.

To ensure an adequate response of the shipping container, the
FE model is validated against a series a full-scale in-air shipping
container impact tests performed at Lehigh University by Piran
Aghl et al. (2014). During their experiments, impacts were gener-
ated by attaching a shipping container to a pendulum system and
the impact forces were recorded using load cells. Different config-
urations of load cells and impact velocities were employed to
evaluate elastic and inelastic impacts of a single corner and mul-
tiple corners of a shipping container. More details on the experi-
ments can be found in Piran Aghl et al. (2014). To perform the
validation, the load cells used during the experiments are modeled
in LS-Dyna using the recommendations presented in Piran Aghl
et al. (2015a). A surface-to-surface contact between the load
cells and the shipping container is then defined; a Coulomb fric-
tion coefficient of 0.21 is used for the contact. Finally, an initial
velocity equal to the impact velocity measured during the exper-
iments is assigned to the shipping container and the impact force
time history between the container and the load cell is recorded.
Fig. 3 presents the comparison between the FE model and the ex-
periment for eight different impact cases. Fig. 3(a) presents the
three and four corners impacts, Fig. 3(b) the one and two bottom
corners impacts, and Fig. 3(c) the one and two top corners im-
pacts. Impacts with a velocity of 1.5 m/s result in elastic impacts,
while those with a velocity of 3.8 m/s in inelastic impacts; in all
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Fig. 2. Shipping container finite-element model: (a) general overview; and (b) details of structural frame.
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Fig. 3. Comparison between the LS-Dyna FE model and experimental results for different impact cases: (a) three or four corners impacts; (b) bottom
corners impacts; and (c) top corners impacts. (Experimental data from Piran Aghl et al. 2014.)

cases the shipping container is empty (i.e., m,;= 0 kg). Overall,
the results presented in Fig. 3 indicate a good agreement between
the FE model and the experiments. For the impact forces (F), the
FE model overestimates the experimental results by 4%—12%,
while for the impact duration (z,), the FE model underestimates
the experimental results by 0%—13%. This comparison indicates
that the shipping container FE model can be confidently employed
to perform the debris impact analysis detailed in the next
subsection.

Debris Impact Analysis

With the two FE models presented previously, it is now possible to
evaluate the structural behavior of ASTs subjected to shipping con-
tainer impacts. Fig. 4 summarizes the different parameters defining
the debris impact analysis. The impact conditions are defined by the
surge height (S), the debris nonstructural mass (m,), the debris ori-
entation in the horizontal (@) and vertical () planes, the debris ec-
centricity with respect to the AST center (),), and the debris
velocity (U,). As explained below, the debris velocity is considered
independent from the water velocity (U,,) for more flexibility, al-
though their correlation could be considered in subsequent risk
analyses. To perform the impact analysis, the shipping container
FE model is imported in the AST FE model. The shipping container
is then oriented and located appropriately based on ¢, §, x;, y4, and
z4, as show in Fig. 4; z, is obtained from buoyancy calculations
given S and m,, while x, is defined such that the impact occurs at
approximately 1 s during the analysis. As for the validation analy-
ses, a surface-to-surface contact is defined between the shipping
container and the AST, and an initial velocity equal to U, is as-
signed to the shipping container. The impact analysis is performed
using the explicit solver in LS-Dyna, and the resultant reaction
force at the base of the AST as well as the tank shell displacement
(A) time histories at the impact location are recorded. As detailed in
the next section, the resultant reaction forces are used to assess slid-
ing, while the tank shell displacements are used to assess damage to
the tank shell.

When performing the impact analysis, the gravity loads, internal
pressures from the AST contents, and external pressures from the
storm surge are also applied on the AST tank shell. Both the hydro-
static pressure of the surge, defined by S and the sea water density
(o), and the AST internal liquid pressure, defined by the internal
liquid height (L) and the internal liquid density (p;), are modeled
using triangular pressure distributions. The hydrodynamic pressure
of the surge (i.e., current and wave loads) is applied on the AST
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Top view:

Fig. 4. Definition of debris impact parameters.

using the load model presented in Bernier and Padgett (2019).
This load model was derived from experimentally validated com-
putational fluid dynamic analyses and provides the hydrodynamic
pressure distributions around ASTs as a function of the diameter
(D), surge height (S), current velocity (U,), wave height (H,,),
and wave period (7,,). While the effects of hydrodynamic loads
on the AST are considered, the effects of these hydrodynamic
loads on the debris (i.e., added mass) are not considered here. It
is acknowledged that neglecting these effects might significantly
affect impact loads on ASTs (Shafiei et al. 2016). However, the es-
timation and modeling of added mass effects pose significant chal-
lenges, requiring further research, given the complexity and
uncertainties associated with these effects (Nistor et al. 2017b;
Stolle et al. 2018a).

Fig. 5 presents an example of debris impact time histories and-
displacement contours for D=15m, H=10m, L=5m, S=3.0 m,
pr=750kg/m*, m,=10,000kg, U;=U,=15m/s, a==0°,
va=3.5m,and H,,=T,,=0. In this figure, Node A is at the impact
location, which corresponds to the bottom-left corner of the ship-
ping container, while Node B is located 2 m away from the impact
location. As observed in this figure, the AST suffers inelastic dam-
age since there is a 20 mm residual displacement following the im-
pact. It is also possible to observe that the deformations and
inelastic behavior of the tank shell are highly localized at the impact
location, displacements at Node B being significantly smaller than
the ones at Node A.
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Fig. 6. Displacement contours at impact for: (a) D=20m, H=10m, S=2.0m, L=5m, p; =750 kg/m3, my=14,000 kg, U,;=2.0 m/s, a=—-20°,
B=-5° and y,=8.0m; and (b) D=40m, H=15m, S=7.0m, L=7m, p; =750 kg/m3, my=14,000 kg, U;=2.0 m/s, a=20°, f=5° and

yd=20 m.

Damage Mechanisms

With the results of a debris impact analysis for a given AST and a
given set of surge and debris impact conditions, the potential for
damage can be assessed. Damage to the AST tank shell is one of
the two damage mechanisms considered here. Severe inelastic
damage can lead to the rupture of the tank shell and the release
of the internal liquid (i.e., loss of containment). As previously ob-
served in Fig. 5, severe displacements and inelastic damage almost
always occur at the impact location. Additional impact cases shown
in Fig. 6 further confirm this damage pattern. Thus, by adopting an
approach similar to the one proposed by Herbin and Barbato
(2012), the potential for damage to the tank shell is determined
from the residual inelastic displacement (A,,) at the impact location.
The condition of tank shell damage is assessed using the limit state
function shown in the following equation; damage occurs if the
limit state function is below zero:

Zdamage = Apl - Cpl (1)

where {,;=a residual displacement threshold. Since there is cur-
rently limited information regarding the displacement thresholds
that should be adopted for ASTs, two thresholds of increasing mag-
nitude are assumed here. The first threshold corresponds to the
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initiation of inelastic behavior (i.e., {,;; =0 mm), while the second
one corresponds to a residual displacement of £, =25 mm (1 in.).
It is acknowledged that these thresholds do not indicate the actual
failure (i.e., rupture or perforation) of the tank shell or the loss of
containment, and that future research is required to define more
comprehensive thresholds. Nonetheless, the two damage levels
adopted here can provide useful insights regarding the severity of
an impact and the magnitude of inelastic damage.

The second damage mechanism investigated is sliding, which
can potentially lead to the rupture of connected pipes and valves.
The potential for sliding is assessed by evaluating the two follow-
ing limit state functions. Sliding occurs if either of the following is
below zero:

Gslidingt = (Wi + W —Fp) -9 — R (2)

Gslidingz = (Wi + Wy = Fp) - @) - D/2 —R-(D/2+yr) (3)

where W, =the tank weight, which can be estimated once the tank
thickness and roof design is determined per the API 650 Standard;
W, =nrgp,LD*/4 =the internal liquid weight; F),=7gp, SD*/4=
the buoyant force from the surge; ¢ =the friction coefficient at
the AST foundation; R =the maximum resultant reaction force at
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the base of the AST recorded during the debris impact analysis; and
yr =the location of the resultant reaction with respect to the AST
center. Eq. (2) considers the case where sliding occurs in the x di-
rection, whereas Eq. (3) considers the case where rotation around
the z axis occurs due to the debris eccentricity. Again, Egs. (2)
and (3) only indicate whether sliding occurs or not and do not pro-
vide any information regarding the potential for a loss of contain-
ment. Both equations are derived from sums of forces and
moments and assume that the AST bottom plate behaves rigidly
during a debris impact. This assumption was validated by perform-
ing preliminary analyses with the model presented in Fig. 1, for
which the contact between the bottom plate and the foundation is
modeled using a surface-to-surface contact with a Coulomb friction
coefficient equal to ¢ rather than fixing the translational DOFs. The
impact force time history was then applied at the impact location.
Given the localized nature of debris impacts, no significant uplift
or deformations of the tank bottom plate were observed, allowing
the simple use of Egs. (2) and (3) instead of more-complex FE anal-
ysis to evaluate sliding. For anchored ASTs, the shear strength of
the anchors (Eligehausen et al. 2006) should be included in Eqgs.
(2) and (3). However, only unanchored ASTs are considered here
since sliding is not a critical failure mode for anchored ASTs and
the ranges of debris impact and hydrodynamic conditions consid-
ered in the next section. The shear strength provided by anchors
would be well in excess of the reaction force at the base of
ASTs. Moreover, it is not a common design practice to anchor
ASTs in typical storm surge-prone regions in the US, such as the
Gulf Coast (Bernier et al. 2017). Nonetheless, under more severe
hydrodynamic conditions, such as tsunamis, sliding might become
critical for anchored ASTs, and future research looking at regions
with anchored ASTs should consider this possibility.

Storm and Debris Impact Conditions

To conduct the fragility assessment, the performance of ASTs must
be evaluated for numerous combinations of hydrodynamic condi-
tions, debris impact conditions, and AST modeling parameters.
Thus, a careful definition of the ranges of storm, debris, and mod-
eling parameters is required. Table 1 presents the range of storm
conditions considered in the fragility analysis. Due to a lack of em-
pirical data for industrial locations, these ranges are obtained from
numerical simulations of hurricanes in and around the Houston re-
gion in Texas. The Computational Hydraulics Group at the Univer-
sity of Texas at Austin performed the simulations using ADCIRC +
SWAN by for Hurricane Tke, which made landfall in the Houston re-
gion in 2008, and for two synthetic storms developed by FEMA,
which correspond to approximately 100- and 500-year storm
surge events in the Houston region (Ebersole et al. 2016); the
synthetic storms are commonly referred to as storm FEMAO033 and
FEMAO36, respectively. Hydrodynamic conditions (i.e., S, U,
H,, and T,) were extracted at several industrial sites in the Houston
region to obtain the ranges shown Table 1. Even though ADCIRC +
SWAN has not been extensively validated for onshore locations, es-
pecially for current and wave conditions, ADCIRC + SWAN results
are employed here given the lack of other models to estimate

hydrodynamic conditions at AST locations during severe storm
events. Nonetheless, as a sanity check, the extracted surge conditions
were compared against empirical relations found in USACE (2008).
Lastly, the lower limit of S is adjusted to 1.0 m, since it is unlikely
that ASTs would be subjected to lower water levels due to the pres-
ence of containment berms; by regulations, ASTs are protected by
berms and the height of these berms is typically higher than 1.0 m
(Bernier et al. 2017). This limit also corresponds to the one proposed
by Naito et al. (2014) to determine if debris would be grounded or
not. Furthermore, the AST hydrodynamic load model employed in
this study is not valid for surge heights lower than 1.0 m. The use
of this load model also requires that the ratio H,,/S is lower than
0.65 (Bernier and Padgett 2019).

Table 2 summarized the ranges of debris impact conditions con-
sidered in the fragility analysis. The upper bound for m,, is defined by
subtracting the tare weight (2,100 kg) of the shipping container from
the maximum gross weight (30,400 kg). As shown in Table 2, the
upper bound of the nonstructural mass is also limited to ensure
that the debris would be buoyant given S; m,, is the maximum allow-
able nonstructural mass for which a shipping container can be buoy-
ant for a given surge height. As explained in the previous section, U,
is assumed to be independent from U, for the statistical sampling of
parameters for fragility development, and a wider range of velocity is
considered for the debris. The upper bound of y, is limited by the
AST geometry. Lastly, a and f are limited to +45° and +10° in
order to consider impacts in the longitudinal axis of the container
since (1) the validation of container FE model is limited to longitu-
dinal impacts; and (2) preliminary analyses indicated that impacts
with |o <45° induced significantly more severe deformations of
the tank shell than impacts with |o| >45°.

Finally, Table 3 details the ranges of AST modeling parameters
considered in the fragility analysis. The ranges of geometry (i.e.,
D and H) and internal liquid properties (i.e., L and p;) are obtained
from the comprehensive database of ASTs developed in Bernier
et al. (2017). The lower bound of the internal liquid height is ad-
justed such that damage due to storm surge loads alone is avoided
(i.e., flotation and storm surge buckling) and that damage occurs
uniquely due to debris impacts or interactions between surge

Table 2. Ranges of debris impact conditions considered in the fragility
analysis

Lower
Parameter bound Upper bound Units
Nonstructural mass (1,) 0 max(28,300; my) kg
Debris velocity (U,) 0.2 2.5 m/s
Debris eccentricity with respect 0.0 0.5D m
to the AST center (y,)
Angle between debris axis and —45 45 °

velocity direction (o)
Angle between debris axis and water —10
surface (5)

10 °

Table 3. Ranges of AST modeling parameters considered in the fragility
analysis

Parameter Lower bound Upper bound Units
Table 1. Ranges of storm conditions considered in the fragility analysis Diameter (D) 5.0 60.0 m
Parameter Lower bound Upper bound Units Relative helght (H/P) exp(1=2InD)/4)  exp(3 - 0.95InD) ~ —

Internal liquid relative 0.5 1.0 —
Surge height (S) 1.0 7.0 m density (p;)
Current velocity (U,,) 0.2 1.5 m/s Internal liquid height (L) Sipr 0.9H m
Wave height (#,,) 0.2 max(2.0; 0.655) m Design stress (Sy) 137 196 MPa
Wave period (7,,) 3.0 6.0 s Coefficient of friction (¢) 0.3 0.7 —
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loads and debris impacts; the minimum value for L is estimated as
S/p; based on the fragility analysis of Bernier (2019) for ASTs sub-
jected to storm surge only. Thus, the fragility models developed in
the next section do not consider the potential for damage mecha-
nisms other than the ones related to debris impacts. This assump-
tion is adequate since debris impacts are commonly considered
as the last possible cause of damage for ASTs not already damaged
by surge or flood loads (Krausmann and Mushtaq 2008). Finally,
for S;, which defines the AST thickness and yield strength, the
range is obtained from the API 650 Standard (API 2013), while
for ¢, the range is obtained from Leonards (1965) and Rabbat
and Russell (1985) and covers foundation materials such as con-
crete, grout, sand, and gravel.

Fragility Assessment

With FE models, knowledge of the damage mechanisms and the
ranges of load and modeling parameters, the fragility assessment
is subsequently performed. This study develops simulation-based
and parameterized fragility models, which provide the probability
of damage as a function of the set of surge parameters (IMg= {S,
U,, H,, T,}), the set of debris parameters (IMp = {my, Uy, y4, @,
B}), and the set of AST parameters (X={D, H, L, p;, S4, ¢}).
Such parametrized fragility models are useful tools to propagate
sources of uncertainty when evaluating the vulnerability of an AST.

To derive the fragility models, Latin Hypercube Sampling
(LHS) (Mckay et al. 1979) is first employed to generate simulation
samples that efficiently span the space of storm, debris, and AST
parameters presented in Tables 1-3. For each sample, which corre-
sponds to a different combination of parameters, a debris impact
analysis is performed and the maximum residual displacement
(A,;) and resultant reaction force (R) are extracted. Then, for each
sample, the limit state functions—Eq. (1) for damage to the tank
shell and Egs. (2) and (3) for sliding—are evaluated to determine
if the AST survived (0) or failed (1). Next, the samples are divided
in a training set (90%) and a test set (10%), and, using the binary
output of the training samples, the fragility models are derived
using logistic regression, as

1

P(Damage|IMg, IMp, X) = I+ oxp (—I(IMs, IMp, X)) 4)

Separate fragility models are derived for damage to the tank
shell and sliding. In the above equation, /[(IMg, IMp, X) is a logit
function that expresses the log-odds of damage. The logit function
is obtained through stepwise regression such that only the most in-
fluential storm, debris, and AST parameters or polynomial combi-
nations of parameters are considered. The logit functions for the
different fragility models derived in the next subsections can be
found in the Supplemental Materials; Table S1 presents an over-
view of the variables of the logit functions. Finally, the accuracy
of the logistic classifier is assessed using the test samples. Since
the fragility models are both developed and tested using numerical
simulations, the models might be affected by large epistemic uncer-
tainties associated with the modeling assumptions and the limited
validation of the numerical models. The accuracy, as computed
here, does not capture the effects of such uncertainties on the
performance and adequacy of the fragility models.

Damage to the Tank Shell

The first fragility models developed here are for damage to the tank
shell. A total of 1,000 samples were generated to derive the fragility
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model, 900 for training and 100 for testing. Debris impact analyses
were performed for the 1,000 samples to determine A,,;, and Eq. (1)
was then used to assess if damage occurs or not. Separate fragility
models are developed for the two displacement thresholds (i.e.,
& =0 and {,;, =25 mm). The logit functions obtained with the
training samples are presented in Tables S2 and S3 in the Supple-
mental Materials for £,;; = 0 and {,;, = 25 mm, respectively. On the
test samples, the accuracy of the fragility models is of 92.0% and
94.0%, respectively, indicating a good fit of the models against
the numerical simulations. The use of the fragility models requires
knowledge of all the parameters listed in Tables 1-3. However, if
some parameters are uncertain, it is possible to convolve Eq. (4)
over the probability density functions (PDFs) of the uncertain pa-
rameters using numerical integration in order to condition the fra-
gility models on a smaller set of parameters. This approach was
employed to obtain the fragility curves shown in Fig. 7 for two
case study ASTs; Tank A (D=15m and H=10m) is a small
size AST, while Tank B (D=40 m and H=15m) is a large size
AST according to the AST database in Bernier et al. (2017). In
this figure, the fragility models are only conditioned on U,; D, H,
and m, are fixed to the value shown in the figure, while S,=
160 MPa, S=6m, L=4m, p, =750 kg/m*, U,,=0.75 m/s, H,,=
1.0 m, and 7, =4.0 s; and o, 3, and y, are assumed to be uniformly
distributed with the bounds in Table 2.

Fragility curves such as the ones presented in Fig. 7 provide use-
ful insights regarding the structural vulnerability of ASTs subjected
to waterborne debris impacts. Fig. 7 indicates that small ASTs are
more vulnerable to debris impacts than are large ASTs. For an im-
pact velocity of 2.5 m/s, the probability of suffering damage due to
an empty container (my= 0 kg) is less than 0.15 for Tank B, and is
higher than 0.8 for Tank A. The same trend is also observed for a
full container (m,= 28,300 kg) impact and is due to the fact that the
tank shell thickness increases as the tank diameter increases. As ex-
pected, Fig. 7 also highlights the large influence of the debris non-
structural mass on the probability of damage. For both ASTs, the
likelihood of inelastic damage is significantly higher when a full
shipping container impact is considered. Also, for an empty con-
tainer, the probability of having a residual displacement larger
than 25 mm is null for the range of velocity considered here for
both ASTs. However, for a full container impact, the probability
of A,;>25 mm quickly approaches 1.0 for Tank A, while it can
reach a value up to 0.8 for Tank B. To better understand the influ-
ence of the debris impact conditions on the likelihood of damage, a
series of additional debris impact analyses were performed; the re-
sults are presented in Fig. 8. This figure illustrates how varying one
impact parameter at a time, from their lower to upper level in
Tables 1 and 2, affects the magnitude of the inelastic damage for
Tanks A and B; when varying a parameter, all others are kept at
their median values. Results indicate that across the parameter
ranges considered, m; and U, have the largest influence on the po-
tential for damage. Increasing S reduces the likelihood of damage
as the tank shell is more flexible at the impact location. Impacts
with y, values close to 0 are more likely to induce damage. For
ya close to 0.5D, the debris bounces off the tank shell with limited
damage. For large ASTs, an impact with y, close to 0.5D will not
induce any damage, explaining why the probability of damage of
Tank B never reaches 1.0 in Fig 7(b). As shown in Fig. 8, the ori-
entation of the shipping container also plays a significant role. The
value of a determines how the shipping container bounces off; im-
pacts with @ > 0° reduce the likelihood of damage, compared with
cases with @<0°, which increase it. Finally, the value of § deter-
mines if a top or bottom corner of the shipping container will
impact first. Since bottom corners have a larger stiffness, values
of > 0° yield are more likely to induce damage.
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Fig. 7. Tank shell damage fragility curves for: (a) Tank A; and (b) Tank B.
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Fig. 8. Effects of varying debris impact parameters on inelastic damage for: (a) Tank A; and (b) Tank B.
Sliding of the AST shipping container impacts, given the small impact force in such

A third fragility model is also developed for the sliding of ASTs
due to debris impacts. The sliding fragility model was derived
using the same 1,000 samples generated for the tank shell damage
fragility models. For each sample, the maximum resultant reaction
force at the base of the AST (R) was extracted from the debris im-
pact analysis, and Egs. (2) and (3) were then evaluated to assess
whether sliding occurs or not. Table S4 in the Supplemental Mate-
rials presents the logit function obtained with the training samples.
The accuracy of the sliding fragility model on the test samples is
98.0%, which indicates again a good fit of the classifier against
the numerical simulations. Fig. 9 illustrates the probability of slid-
ing of Tanks A and B. This figure was generated using the same
methodology as Fig. 7; all parameter values are identical, with
the addition of ¢ =0.5. Fig. 9 indicates that the probability of slid-
ing is null for Tank B, given the large surface between the AST bot-
tom and the foundation to resist sliding, as well as for empty
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case. However, for Tank A and a full shipping container, the prob-
ability of sliding can reach a value of almost 0.95. By comparing
Figs. 7 and 9, it appears that damage to the tank shell is the most
critical and likely damage mechanism for ASTs subjected to water-
borne debris. In most cases, the probability of damage to the tank
shell is always higher than the probability of sliding. The probabil-
ity of sliding is only higher when small ASTs (D <10 m) with a low
friction coefficient are subjected to shipping containers with a large
nonstructural mass. Lastly, the trends observed regarding the influ-
ence of the debris impact conditions (i.e., S, y4, @, and §) on the
probability of sliding are similar to the ones observed for tank
shell damage.

Overall, the results presented in Figs. 7 and 9 indicate that for
practical ranges of debris velocity and mass, shipping container im-
pacts can result in AST damage. Depending on the impact condi-
tions, significantly high probabilities of damage to the tank shell
or of sliding are observed. Given the serious consequences of
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Fig. 9. Sliding fragility curves for Tanks A and B.

AST failure, such results highlight the fact that waterborne debris
impacts should be considered when assessing the structural vulner-
ability of ASTs during storm surge events. The parameterization of
the derived models also enables the estimation of the potential for
damage for any reasonable AST geometry, internal liquid proper-
ties, storm surge conditions, and debris impact conditions, facilitat-
ing risk assessments as detailed in the next section.

Risk Assessment

Even though these fragility models are useful tools to evaluate the
structural vulnerability of ASTs subjected to waterborne debris im-
pacts, they only provide the probability of damage if a debris im-
pact occurs. To perform comprehensive vulnerability and risk
assessments, the probability of an AST being hit by waterborne
shipping containers must also be evaluated. Thus, this section pre-
sents a risk assessment framework to evaluate the probability of
being hit by debris and then the potential for AST damage during
a storm surge event. As a proof of concept, the framework is illus-
trated for a case study area. To provide further insights, the frame-
work is also employed to evaluate the viability of mitigation
strategies.

Probability of Debris Impacts and Damage

To evaluate the probability of being hit by debris during a storm
surge event, this study adapts the risk assessment framework for
windborne debris proposed by Lin and Vanmarcke (2010) for
use in coastal regions with waterborne debris, incorporating in-
sights from recent experimental and empirical results for water-
borne debris presented in Naito et al. (2014) and Stolle et al.
(2018b, c¢) along with the fragilities derived in this paper. Even
though the studies of Naito et al. (2014) and Stolle et al. (2018b)
focus on waterborne debris during tsunami events, given the lack
of data for debris during storm surge events, their results on debris
motion and spreading are employed here. Moreover, since these
studies tend to focus on idealized flow conditions, the proposed
framework might not capture all the complexities associated with
debris motions and impacts during an actual storm event.

Fig. 10 illustrates the method to estimate the probability of a sin-
gle debris impacting an AST. Based on this figure, the probability
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Fig. 10. Estimation of the probability of a debris impact.

that an already buoyant shipping container from debris source i im-
pacts a given AST is expressed as

P(Debris;|Buoyant) = j S, (o) dx; %)

A;
where 4; =the exposed area of the AST; x; =the lateral spreading of
the debris; and fy;(x;) = the PDF of the lateral spreading. As a conser-
vative assumption, the potential shielding effects of obstacles are ne-
glected when evaluating Eq. (5) given the significant challenges
associated with the determination of such effects. Stolle et al.
(2018b) determined that the lateral spreading of shipping containers
can be modeled as a normal distribution with a mean of 0 and a stan-
dard deviation o, which is a function of the debris spreading angle (6)
and the longitudinal displacement of the debris (d;). As shown in
Fig. 10, @ defines a circular sector where most debris would be trans-
ported from their source. Both Naito et al. (2014) and Nistor et al.
(2017a) proposed definitions for 8; however, this study adopts the
value proposed by Naito et al. (2014) (6==+22.5°), as it is obtained
from empirical field observations rather than controlled experimental
conditions. By adapting the approach of Stolle et al. (2018b), the
standard deviation is defined as o=tan(6/1.96)d;; 0 is divided by
1.96 to ensure that 95% of the debris are within the spreading
angle adopted here. It is acknowledged that the presence of obstacles
and topographic features might affect the validity of the normal as-
sumptions proposed by Stolle et al. (2018b). However, given the lim-
ited data available on debris motions, the consideration of this aspect
is outside the scope of this study. By assuming that the nonstructural
mass (my) of a shipping container is uniformly distributed with
lower and upper bounds of 0 and m,,,, the probability that a ship-
ping container from source i becomes buoyant and then impacts a
given AST is

P(Debris;) = P(Debris;|Buoyant) - P(Buoyant)
1 b
= j j Jx.(x;))dmg dx; (6)
4;J0

m max
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The number of shipping containers from all debris sources impact-
ing an AST (C) can be expressed as

1
C:

Ni
Z 1[Debris;] @)
=1

1

where /=the number of debris sources; N;=the number of ship-
ping containers in debris source 7 and should be modeled as a ran-
dom variable; and 1[Debris;] =a Bernoulli trial with probability of
success p; = P(Debris;) obtained from Eq. (6). The probability that
at least one debris hits an AST is expressed as

P(C>1)=1-P(C=0) ®)

Using the total probability theorem and the definition of a bino-
mial distribution, the probability of having exactly zero debris
impact is

1
PC=0)=]] > A -p)'-PWNi=n) ©)

i=1 n €eN;

where 7 is summed over the domain of the discrete probability dis-
tribution of N;. The number of shipping containers in a debris
source is modeled here as discrete uniform distributions with
lower bound ¢; and upper bound 7;. In this case, Eq. (9) reduces to

1 1 ¥i
P(C=0)=Hm2(l—p,~)n (10)
i=1 V! ! n=gq;

Thus, to evaluate the probability of an AST being hit by ship-
ping containers during a storm surge event [i.e., Eq. (8)] with
above noted assumptions, P(Debris;) is the only unknown and
can be estimated by evaluating Eq. (6) using numerical integration
or Monte Carlo simulations (MCS). While this approach considers
the potential for multiple debris impacts, Egs. (7)—(10) assume that
each debris impact is independent. It is acknowledged that this as-
sumption might not be fully realistic, as shipping containers can
move as an agglomeration (Nistor et al. 2017a); given a lack of
data to characterize debris motions, this potential correlation be-
tween debris impacts is not considered here.

To consider the potential for damage due to debris impacts, the
derived fragility models should be introduced in Eq. (6). Thus, the
probability that a shipping container from debris source i impacts
and damages an AST is expressed as

P(Damage;|®,) =

max

mp
j j j P(Damage;|0y, 02, y(x;), my)
0,

X fx,(xi) fo,(02)dmg - dx; - d6y )

where P(Damage;|®1, 6,, y4(x;), m;)=one of the three fragility
models derived above, where the conditioning parameters (i.e.,
IMg, IMp, and X) are regrouped differently for clarity; @, =the
set of known conditioning parameters; ©, = the set of uncertain pa-
rameters other than y,; and m; and fe,(62) =the joint probability
distribution of the parameters in ©,. As shown in Eq. (11), the
value of y, is determined directly from the lateral spreading. For il-
lustration, only the tank shell damage fragility model with {,;; =0
is employed for the risk assessment performed next. The geometry
and design of ASTs are typically known before a storm and the
surge conditions are assumed to be deterministic, leading to @, =
{D,H,S,; S, U,, H,, T,,}. However, the exact contents and internal
liquid levels of ASTs are usually unknown prior to a storm. Also,
the debris impact conditions are uncertain, given the stochastic
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nature of debris motions, leading to @, = {L, p;, a, B, U;}. The un-
certain parameters L, p;, @, and § are modeled as uniform random
variables with the lower and upper bounds shown in Tables 2 and 3.
Based on Lin and Vanmarcke (2010), the nondimensional debris
velocity (i.e., U;=Uy,/ U,) is modeled as a beta distribution with
shape parameters a=Uyand b=(1-U d)n, where U, 4 and 7
are, respectively, the mean and dispersion of U,. For waterborne
debris, U, 4 and 7 can be expressed as (Stolle et al. 2018c¢)

_ . Cup,,A -

U, = —( AP dth+1) (12)
2md
1 1

n=max|\_—=, ——=| +7 (13)
v, 1-0,

where C, = the drag coefficient of the shipping container and taken
as 1.05 (Stolle et al. 2017), 4,;=the submerged area of the shipping
container projected toward the surge, ¢ =the travel time of the ship-
ping container, and y = a free parameter that should be determined
from empirical data and is assumed equal to 3 here (Lin and
Vanmarcke 2010). Finally, with these assumptions, Eq. (11) can
be evaluated using numerical integration or MCS, and the probabil-
ity that at least one debris hits and damages an AST using Egs. (8)
and (10) with p; = P(Damage;|®,) instead of p;= P(Debris;).

Since the fragility models derived in this study do not consider
the potential damage mechanisms related to storm surge loads
alone, the framework presented above only indicate the probability
of suffering damage following debris impacts, given that ASTs
were not already damaged by surge loads alone (i.e., flotation
and storm surge buckling). To obtain a comprehensive assessment
of AST vulnerability, the above framework should be coupled with
fragility models for storm surge failure, such as the one proposed
by Bernier (2019). By assuming a series system (i.e., damage
may occur due to storm surge alone or following debris impacts,
whichever occurs first), the overall probability of damage is ex-
pressed as

P(Damagesyrge U Damagepepris) = P(Damagesurge) + P(Damagepepris)
— P(Damagegurge)P(Damagepebris)
(14)

where P(Damageg,,.) =the probability of damage due to storm
surge loads alone, which can be computed according to Bernier
(2019); and P(Damagepepris) = the probability of damage following
debris impacts, which can be evaluated using Eqgs. (8) and (11).
This equation relies on the fact that damage due to storm surge
loads alone and damage following debris impacts are independent
events. Since the debris impacts fragility models were derived for
conditions that excluded the potential for damage mechanisms re-
lated to storm surge loads alone, these two events are independent.

Case Study Application

To illustrate its application, the risk assessment framework is ap-
plied to a case study area located in the Houston region, in
Texas, and for a deterministic storm surge scenario. Fig. 11
shows the case study area, which consists of a storage tank terminal
located north of a shipping yard. This area is selected since a large
concentration of shipping containers are located at a close distance
to ASTs. Also, debris impacts are likely, given that the topography
is almost flat and no major obstacle is present between the shipping
containers and the ASTs. A total of seven debris sources are defined
in the case study area [i.e., /=7 in Eq. (7)]. Based on recent aerial
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Fig. 11. Case study shipping yard and hydrodynamic conditions. (Base map from Esri, HERE, DeLorme, MapmyIndia, © OpenStreetMap contrib-
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Table 4. Number of shipping containers per debris source in the case study
area

Debris source (#) Lower bound (g¢;) Upper bound (r;)
1,2,3,and 4 5 20
5,6,and 7 0 10

imagery (Houston-Galveston Area Council 2014), Table 4 presents
the lower and upper bounds (i.e., ¢; and 7;) for the number of ship-
ping containers found at each location. Table 5 also presents the ge-
ometries of the eleven ASTs in the terminal, obtained from Bernier
et al. (2017). To define the storm surge conditions in the area, the
500-year return period synthetic storm (i.e., Storm FEMA036) pre-
viously discussed is employed. This storm was developed by
FEMA as part of its Flood Insurance Study of the Texas Coast
and represents one of the most severe storm events that could hit
the Houston region (Ebersole et al. 2016). Fig. 11 also shows the
hydrodynamic conditions in the case study area, obtained from
the ADCIRC + SWAN simulation previously discussed. At peak
surge, the surge depth is 1.43 m and the current velocity is
0.67 m/s; due to the flat topography, these conditions are almost
uniform across the area. The current direction at peak surge is
also illustrated in Fig. 11. The ADCIRC + SWAN simulation also
provides the values of H,,, and T,, at the AST locations.

Figs. 12 and 13 present results of the risk assessment framework
outlined for the case study area. Fig. 12(a) shows the probability of
debris impacts for the eleven ASTs in the area using Egs. (6) and (8),
and Fig. 12(b) shows the probability of suffering damage due to de-
bris impacts using Egs. (8) and (11). The probabilities shown in
Fig. 12 were computed using the peak surge and water velocity con-
ditions shown in Fig. 11 and a m,,,,, value 0f 28,300 kg, as in Table 2;
for the surge conditions in the case study area, m, = 18,000 kg. As
mentioned earlier, shielding effects of obstacles are not taken into ac-
count when evaluating Eqs. (6) and (11). Fig. 12(a) indicates that
all ASTs in the case study area have a probability of impacts of at
least 50%. ASTs 1 and 2 have the highest probability of impacts
(96% and 99%, respectively), given their larger size and larger
A; when evaluating Eq. (6). Also, ASTs 1-7 have higher probability
of impacts than do ASTs 8-11, given their alignment with
debris sources containing a larger number of shipping containers
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Table 5. Dimensions of aboveground storage tanks in the case study area

Storage tank (#) Diameter (m) Height (m)
1 and 2 39.0 21.0
3 26.6 16.1
4 18.9 21.2
5,6,and 7 15.2 15.8
8,9, 10, and 11 139 11.5

(i.e., debris sources 1-4). Fig. 12(b) reinforces the findings observed
in Fig. 7 regarding the effects of the diameter on the likelihood of
damage. Despite having high probability of impacts, ASTs 1 and
2 have probability of damage less than 5%, given their large diame-
ter. To a lesser extent, a similar behavior is observed for AST 3. All
small ASTs (i.e., ASTs 4-11) have a probability of damage of at
least 25%, and ASTs 7 and 10 have the highest probability of suffer-
ing damage (37% and 30%, respectively), given their direct align-
ment with debris sources 3 and 4.

Fig. 13 presents the overall probability of damage using Eq. (14)
of the eleven ASTs in the case study area. To emphasize the relative
importance of debris impacts, this figure also presents the probability
of damage due to storm surge loads alone [i.e., P(Damagegyrg)]- The
probability of damage due to storm surge loads alone varies between
10% and 18%; taller ASTs have a smaller probability of damage due
to the larger range of internal liquid level. As previously observed, the
effects of debris are limited for large ASTs (i.e., ASTs 1 and 2); the
vulnerability of these ASTs is driven by the storm surge effects.
However, for small ASTs, debris impacts can have a significant influ-
ence on the overall probability of damage. In such cases, neglecting
the potential for debris impacts can underestimate the probability of
damage by 10% to 30% compared with the case where only storm
surge loads are considered. Also, for ASTs 411, the contribution
of debris impacts to the overall probability of damage is larger than
the contribution of storm surge loads alone. Thus, ASTs that have
a relatively small vulnerability to storm surge loads can become
significantly more vulnerable due to the presence of and their expo-
sure to waterborne debris. These results again highlight the impor-
tance of considering the effects of waterborne debris impacts,
especially for ASTs located close to shipping yards or other debris
sources.
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Mitigation Strategies

The fragility models and risk assessment framework proposed in
this study are also useful tools to evaluate the viability of miti-
gation strategies. One of the preferred strategies to reduce the
vulnerability of ASTs consists of filling them to increase their
self-weight and resistance against lateral loads. Storm prepara-
tion guides recommend completely filling ASTs or, if not possi-
ble, filling them with liquid at least 0.9-1.8 m above the
expected surge level (EPA 2016). While the viability of such
measures has been confirmed for ASTs subjected to storm
surge loads alone (Bernier et al. 2018), their effectiveness for
ASTs subjected to waterborne debris impact is investigated
here for the first time.

Fig. 14 shows the effects of varying the internal liquid level on
the vulnerability of the ASTs in the case study area. Fig. 14(a) pre-
sents fragility curves obtained from Eq. (4) for AST 7, and
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Fig. 14(b) presents the overall probability of damage obtained
from Eq. (14) for all ASTs in the case study area. The fragility
curves in Fig. 14(a) are for tank shell damage with {,;; =0, are con-
ditioned on m,, and are obtained for the hydrodynamic conditions
in the case study area (i.e., S=1.43 m and U,, = U;=0.67 m/s); all
other parameters are uniformly distributed with the bounds shown
in Tables 2 and 3. As a reminder, the fragility curves in Fig. 14(a)
only consider the potential for damage due to debris impacts, con-
trary to Fig. 14(b) which also accounts for storm surge-related dam-
age mechanisms (i.e., flotation and buckling). Results in Fig. 14(a)
indicate that an internal liquid 1.8 m above the surge level has a
limited effect on the fragility of AST 7, whereas completely filling
this AST can reduce the probability of tank shell damage due to de-
bris impacts by up to 30%. However, even if the AST is completely
filled, high probabilities of damage can still be observed in case of
impacts with debris having a large nonstructural mass. Fig. 14(b)
shows that filling ASTs in the case study area 1.8 m above the
surge height can significantly reduce the overall probability of dam-
age of the ASTs, since this measure eliminates the potential for flo-
tation or storm surge buckling; the ASTs are now only vulnerable
to debris impacts. Anchoring the ASTs to the ground, another po-
tential mitigation strategy, would result in almost identical vulner-
ability levels. Again, completely filling the ASTs can further reduce
the overall probability of damage due to a larger internal pressure
resisting the impact loads, but some ASTs in the case study area
still exhibit relatively large probability of damage. In the case of
sliding, additional analyses not shown in Fig. 14 indicate that
completely filling the ASTs provide a sufficient self-weight to elim-
inate the potential for sliding. Overall, these results indicate that
while filling ASTs prior to a storm can significantly reduce the like-
lihood of storm surge-related failures and sliding, the effects are
limited to protect ASTs against tank shell damage following debris
impacts. Moreover, in the case of severe damage to the tank shell
that leads to a rupture, the consequences would be significantly
higher, given the larger volume of liquid to spill. Thus, filling
ASTs might not be an optimal strategy to reduce the vulnerability
of ASTs located near debris sources, and additional mitigation
strategy, such as modifying the tank stiffness, should be
investigated.
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Discussion and Future Work

This study offers the first fragility models and risk assessment
framework for ASTs exposed to waterborne debris during storm
events. However, the development of these tools relied on several
assumptions, and future work is required to address the limitations
posed by these assumptions. First, the fragility models were devel-
oped using numerical simulations, and several modeling assump-
tions were not comprehensively validated. This limited validation
results in FE models with potentially large uncertainties and mod-
eling errors, which, in turn, can affect the performance of the fragil-
ity models. One major assumption potentially affecting the
performance of the developed models is the added mass of the de-
bris, which was not considered here. While the comparison pre-
sented in Riggs et al. (2014) between in-air and in-water impact
tests of a scaled 20-ft shipping container indicates that hydrody-
namic effects do not significantly affect impact loads, other exper-
iments performed by Shafiei et al. (2016) show that they can
substantially amplify impact loads, depending on the debris draft,
orientation, and flow conditions. Moreover, recent experiments in-
dicate that hydrodynamic conditions around a structure can also af-
fect the debris velocity, eccentricity, and orientation right before
impact (Derschum et al. 2018). Thus, future investigations are re-
quired to better understand the importance of interactions between
the debris, fluid, and structure on the behavior and vulnerability of
ASTs. It is worth mentioning that the parametrization of the fragil-
ity models derived here offers some flexibility to consider hydrody-
namic and added mass effects by modifying m,, Uy, a, §, and y,
accordingly; however, such an approach would still require
validation.

Another modeling assumption that requires further investigation
is the nonstructural mass of the shipping container. Numerical work
presented by Piran Aghl et al. (2015b) indicates that rigidly attach-
ing the nonstructural mass, as in this study, can overestimate the
impact loads, compared with cases where the nonstructural mass
is allowed to slide or is attached to the container using linear
springs and dampers. While Piran Aghl et al. (2015b) proposed
some values to define the springs, dampers, or friction between
the mass and container floor based on experiments, these values
were obtained from idealized systems. Given the large variety of
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content in shipping containers and systems to secure this content,
additional work is required to adequately model and define the un-
certainties associated with the connectivity between the nonstruc-
tural mass and the shipping container.

Furthermore, while the fragility models developed here provide
the likelihood of damage of an AST, they do not necessarily indi-
cate the likelihood of a loss of containment (i.e., release of the in-
ternal liquid). Since the major consequences of an AST failure are
related to the loss of containment, comprehensive risk assessment
should also quantify the likelihood of such an event (Caputo
et al. 2018), and future research is required to define limit states
and damage levels that can actually predict loss of containment
rather than only the occurrence of inelastic damage or sliding.

The risk assessment framework developed in the previous sec-
tion also relied on major assumptions obtained from limited field
investigations as well as idealized and small-scale experiments.
Therefore, as additional experimental and empirical data and mod-
eling tools become available, several assumptions should be vali-
dated or improved. This includes the: (1) adequacy of employing
results obtained from tsunami hydrodynamic conditions for storm
surge conditions; (2) validity, at full scale, of results derived
from relatively small-scale experiments (Stolle et al. 2018b); (3) va-
lidity of the spreading normal distribution and velocity beta distri-
bution for debris traveling over complex landscapes, such as
industrial complexes; (4) need to model the potential correlation
between multiple debris impacts; and (5) need to consider the
shielding and flow velocity amplification caused by obstacles
(Hatzikyriakou and Lin 2017; Nouri et al. 2010) when evaluating
risks. Lastly, the failure of ASTs during storm events can also result
in cascading impacts (or domino effects) since a floating or sliding
AST can become a debris and impact other surrounding ASTs.
Moreover, within an industrial complex, waterborne debris could
damage infrastructures other than ASTs, potentially generating ad-
ditional debris. Since capturing such cascading effects can be es-
sential to obtain adequate measure of risk and vulnerability in
coastal regions (Hatzikyriakou and Lin 2017), future studies
could further adapt the framework developed here to consider cas-
cading impacts.

Despite the limitations listed here, the tools, models, and meth-
ods developed as part of this study represent a major advancement
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to better understand, evaluate, and mitigate the vulnerability of
ASTs during storms events, and also open the path for future re-
search across fields of coastal engineering.

Conclusions

This paper aimed to develop a methodology to explore the struc-
tural behavior and vulnerability of ASTs subjected to waterborne
debris impacts during storm surge events. First, FE models of
ASTs and of a shipping container were developed to perform debris
impact analysis. The shipping container model was also validated
against experimental results available in the literature. Simulation-
based fragility models were then derived for two damage mecha-
nisms: (1) damage to the tank shell and (2) sliding of the ASTs.
To facilitate their future adoption or implementation, the fragility
models were parametrized on modeling and load parameters so
that they can be used to readily assess the vulnerability of ASTs
subjected to a range of realistic surge and debris impact conditions.
Since the derived fragility models were conditioned on the occur-
rence of debris impacts, this study also presented a framework to
assess the probability of shipping containers impacting ASTs and
then use the fragility models to evaluate and mitigate the risks
posed to ASTs by waterborne debris during storm events. The
risk assessment framework was applied to a case study storage ter-
minal in the Houston, Texas, region. Results of the fragility and risk
assessments provided the following insights:

® Debris impacts can be of paramount importance to assess the
structural vulnerability of ASTs located near debris sources dur-
ing storm surge events. Neglecting debris impacts can signifi-
cantly underestimate the probability of damage.

* Large-diameter ASTs are less likely to suffer damage following
a debris impact than are small-diameter ASTs. Damage mecha-
nisms related to storm surge loads alone (i.e., flotation and storm
surge buckling) are more critical for large ASTs.

¢ The debris velocity and nonstructural mass have the largest in-
fluence on the likelihood of damage. Debris orientation and ec-
centricity also have a nonnegligible effect on the likelihood of
damage, as these parameters determine how the debris bounces
off the AST.

* Damage to the tank shell is the dominant damage mechanism,
compared with sliding.

¢ Filling ASTs with liquid prior to a storm has a limited effect in
reducing the vulnerability of ASTs subjected to debris impact
and might not be an optimal mitigation measure.

Overall, this study represents a first step to better understanding
the vulnerability of ASTs during severe storm events and offers
useful tools and methods to perform basic screening studies of vul-
nerable ASTs in port and industrial regions. Furthermore, as long as
sufficient information is available, the tools and methods developed
here can be adapted to other infrastructure beyond ASTs, other de-
bris types besides shipping containers, and other hydrodynamic
conditions than storm surge. Nonetheless, while this study offers
a good starting point to assess the risks posed by waterborne debris,
future improvements are still required to better capture the com-
plexities associated with debris motions and impacts in coastal
regions.
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