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Background
A supply chain consists in a series of processes involved in the transformation of raw materials

up to the distribution of a final product that is purchased by customers (Simchi-Levi et al. 2005)

* Supply chains depend on the services provided by
supporting infrastructure

 However, the supporting infrastructure are vulnerable
to natural and anthropogenic hazards, and can
experience significant disruptions of their functionality

[Q Source K

% 9 Manufacturers .
s Q@ Hub
@ Destination

e Disruptions of the functionality of infrastructure can
then have significant cascading effects on supply chains

— For example, transportation segments might be
unavailable, requiring alternative routes, and limiting the
performance of hubs

— Typical route
Alternative
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Among different infrastructure, hubs play a major role in the movement of goods
connecting multiple sources to multiple destinations

Background

Transport logistics hubs are complex systems where the
transshipment of goods occurs, and they do not serve as
storage facilities

The destination of the goods from the transport logistics hubs
is defined before the shipment reaches the selected transport
logistics hub

Transport logistics hubs are typically irreplaceable in case they
are not able to provide the requested goods

In general, businesses cannot mitigate disruptions in transport
logistics hubs if not at very high costs

Distribution logistics hubs are facilities where businesses hold
their inventories and from which they receive the goods to sell

The destination of the goods from the distribution logistics
hubs depends on business economic considerations

Distribution logistics hubs are typically easier to replace in case
they are not able to provide the requested goods

Businesses can mitigate disruptions in distribution logistics
hubs by rerouting shipments to retailers from different
distribution logistics hubs

We can classify hubs into two main categories that are transport logistics hubs (like ports or freight stations) and distribution
logistics hubs (like warehouses)



Background

The performance of hubs affects the restocking ability of businesses and their profit

* Natural hazards may hamper the ability of transport
logistics hubs to provide the requested goods to distribution
logistics hubs
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* Similarly, reduced inventories in the distribution logistics
hubs would impede the restocking ability of retailers
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e Retailers would then experience a loss of profit and possibly

market share because of the lack of goods to sell to their
customers

B A L A

Inventory level (%)
T

® Reorder impossible

20 © Partial reorder

e Lastly, customers could experience higher prices and limited ‘
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Background
Much research has been devoted to the assessment of the performance of individual

infrastructure components...

... and individual infrastructure when facing natural hazards (e.g., Gardoni et al. 2002, Guidotti et al. 2017)
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 However, limited efforts have devoted to the modeling of the dependency of supply chains on the supporting infrastructure,
and the modeling of the disruptions of supply chains resulting from disruptions of the supporting infrastructure
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Gardoni, P., Der Kiureghian, A., and Mosalam, K. M. (2002). “Probabilistic capacity models and fragility estimates for reinforced concrete columns based on experimental observations,” Journal of
Engineering Mechanics, 128 1024-1038.
Guidotti, R., Gardoni, P., and Chen, Y. (2017). “Network reliability analysis with link and nodal weights and auxiliary nodes,” Structural Safety 65 12—-26.



Background
Not only the concern is whether there will be a disruption in a supply chain, but also, if so, for

how long

 The duration of a disruption is related to the resilience of the supply chain

e Past research has focused on a few aspects of supply chain resilience including
— Its definition (e.g., Chowdhury and Quaddus, 2017)
— The analysis of the impact of disruptions on supply chains (e.g., Sheffi and Rice 2005; Dolgui et al. 2018)

« Like infrastructure resilience, the resilience of supply chains encompasses the response and recovery of the supply chain after
the occurrence of disruptive events, and its ability to resist and absorb disruptions

e Like any other system, two characteristics are desirable for resilient supply chains
— Increased residual performance in the aftermath of a disruptive event (i.e., increased robustness) [1]

— Increased availability for operation together with reduced recovery duration [2]
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Chowdhury, M.M.H., and Quaddus, M. (2017). “Supply chain resilience: conceptualization and scale development using dynamic capability theory,” International Journal of Production Economics
188 185-204.
Dolgui, A., Ivanov, D., and Sokolov B. (2018). “Ripple effect in the supply chain: an analysis and recent literature,” International Journal of Production Research 56 414-430.
Sheffi, Y., and Rice Jr., J.B. (2005). “A supply chain view of the resilient enterprise,” MIT Sloan Management Review 47 41-48. 7



A mathematical formulation is needed to model and quantify the resilience of supply chains
subject to disruptions

Background

 The formulation should be able to capture
— The structure of the supply chains of interest

— The dependency of the supply chains on the supporting infrastructure and their recovery
 The formulation should be able to capture the propagation of disruptions across supply chains (e.g., Hosseini et al. 2019)
 While a few attempts have been made to take a network-level perspective to quantify the resilience of supply chains

— However, existing studies are mainly based on static approaches that focus on the robustness of supply chains, while they do not to
capture the dynamics of the propagation of disruptions (e.g., Zhao et al. 2019)

Hosseini, S., lvanov, D., and Dolgui, A. (2019). “Review of Quantitative Methods for Supply Chain Resilience Analysis,” Transportation Research Part E: Logistics and Transportation Review 125
285-307.

Zhao, K., Zuo, Z., and Blackhurst, J.V. (2019). “Modelling supply chain adaptation for disruptions: an empirically grounded complex adaptive systems approach,” Journal of Operations
Management 65 190-212.



Proposed formulation

We propose a mathematical formulation to model and quantify the impact of natural
hazards on supply chains...

...by explicitly modeling the dependency of supply chain operations on physical structures and infrastructure and their potential
damage

* Specifically, we focus on the direct effects of the hazard on
transport logistics hubs (e.g., ports and freight stations) and
the cascading effects on businesses
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Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 9



Proposed formulation

We propose to represent supply chains using graph theory

* Mathematically, a graph is written as a collection of nodesand ¢ In addition, in the proposed formulation, selected nodes

links, G = (V,E), where V = set of nodes, and E = set of links (e.g., the transport logistics hubs) are modeled as nested
—  Graphs have been widely used in several fields such as social science networks with their own capacity, demand, and supply
(Nik-Bakht and El-diraby 2016), and environmental engineering (e.g., Konar et measures

al. 2018; Lin et al. 2019) to name a few

* Networks are graphs in which the nodes and links have
additional attributes that go beyond the topological
information (Sharma and Gardoni 2019)

 We propose to model supply chains as a collection of
networks, where each network captures a specific
feature/function of the supply chain

* Each network is characterized by capacity, demand, and supply
measures

Konar, M., Lin, X., Ruddell, B., and Sivapalan, M. (2018). “Scaling properties of food flow networks,” PloS one, 13, e0199498.

Lin, X., Ruess, P. J., Marston, L., and Konar, M. (2019). “Food flows between counties in the United States,” Environmental Research Letters, 14, 084011.

Nik-Bakht, M., and El-diraby, T. E. (2016). “Communities of interest—interest of communities: Social and semantic analysis of communities in infrastructure discussion networks,” Computer-Aided
Civil and Infrastructure Engineering, 31, 34-49.

Sharma, N., and Gardoni, P. (2019). “Modeling the time-varying performance of electrical infrastructure during post disaster recovery using tensors,” in Gardoni P. (Ed.)., Routledge Handbook of
Sustainable and Resilient Infrastructure, Routledge. 10



Proposed formulation — Transport Logistic Hubs

The transport logistics hub is modeled as a collection of two networks

e Astructural network (G,El]) that describes the connectivity and physical damage to the components of the transport logistics hub

* A flow network (G,[lz]) that describes its functionality in terms of the transmission of goods

— The flow network depends on the integrity of the structural network

« Atatimet, the flow capacity, C}[lz], of G}[lz] can be written as

Capacity, demand and supply of the structural network

¢ = ¢ |e.x12 ), w2, ¢l @), Do), s} (1) 0|

Efficiency variables defining the efficiency of transport
logistics hub (e.g., number of working hours, number of
working cranes)

State variables (e.g., in the case of a port, x[?! (t)
defines length of the wharf, type of cranes, and
accessibility to transport goods outside of the
port)

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.

Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 11



Proposed formulation — Transport Logistic Hubs

The transport logistics hub is modeled as a collection of two networks

e Astructural network (G,El]) that describes the connectivity and physical damage to the components of the transport logistics hub

* A flow network (G,[lz]) that describes its functionality in terms of the transmission of goods

— The flow network depends on the integrity of the structural network

* Similarly, the flow demand, D,[lz], of G}[lz] can be written as

D) = D [6,0 ; 02

Demand of the retailers
on the logistic
distribution hubs

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
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Proposed formulation — Transport Logistic Hubs

The transport logistics hub is modeled as a collection of two networks

e Astructural network (G,El]) that describes the connectivity and physical damage to the components of the transport logistics hub

* A flow network (G,[lz]) that describes its functionality in terms of the transmission of goods

— The flow network depends on the integrity of the structural network

* Finally, the flow supply, S}[lz], of G}[lz] can be written as
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— The fundamental idea behind is that there is no need for rerouting when the transport logistics hub can meet the demand

— When the transport logistics hub can only partially meet the demand, we need to optimize the supply from the transport logistics hub to the
distribution logistics hubs

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.

Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 13



Proposed formulation — Transport Logistic Hubs

For example, let’s consider a port as an example of transport logistics hubs

* Looking at the flow capacity, C,EZ]

— State variables include the length of the wharf, type of cranes, /i(/\ ( I )

and depth of the channel

— Efficiency variables include the number of working hours, and

the number of working cranes J A ? |
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Proposed formulation — Transport Logistic Hubs

To model the flow demand on a port, we need to look at the remaining of the supply chain

* Imagine we have a network composed of a
port serving two distribution logistics hubs,
which in turn serve three retailers '

O
o

,_\‘

Port Distribution logistics Retailers
hubs

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 15



Proposed formulation — Transport Logistic Hubs

To model the flow demand on a port, we need to look at the remaining of the supply chain

* Imagine we have a network composed of a
port serving two distribution logistics hubs,

which in turn serve three retailers > 000
1,500
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* The demand on the port comes from the 5“8 |
distribution logistics hubs 1% 1015 20 25
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Proposed formulation — Transport Logistic Hubs

To model the flow demand on a port, we need to look at the remaining of the supply chain
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which in turn serve three retailers - _ ol
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distribution logistics hubs 15 10152025

*  While, the demands on the distribution
logistics hubs come from the retailers
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Proposed formulation — Transport Logistic Hubs

Finally, considering the flow supply of a port

* If there are no perturbations, the supply

equals the demand f‘zg
* The supply corresponds to the amount of 2,000 77 7 . : 198
goods that satisfies the demand on the 1,500 N~ OU AN
distribution logistics hubs (between two 1,000 15 101520 25
consecutive shipments) ‘)U(; A\l _
15 1015 20 25
200
. 150
* If there are perturbations, we need to solve 100
an optimization problem with restricted 50 ” H
capacity (more in the next few slides) 1510152025
200
150
100
50
1 51015 20 25 1 5 101520 25
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Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
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Proposed formulation — Distribution Logistic Hubs

The distribution logistic hubs-retailers segment of the supply chain
is also modeled as a collection of two networks: a structural network and a flow network

* Asfor the transport logistics hub, we have a capacity, demand, and supply for the flow network of each distribution logistics hub

[2] Measures the level of inventory in the distribution logistics hubs, i.e., the number of goods a distribution logistics
cZy . ventory
hub can provide to retailers at time t
D7[721] (t) Demand of the retailers on the distribution logistics hub, i.e., the amount of the requested goods from retailers at time t
[2]
Sm (t) The number of goods supplied to the retailers, i.e., the number of goods supplied to all retailers from all distribution logistics hubs

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 17



Proposed formulation — Retailers

The distribution logistic hubs-retailers segment of the supply chain
is also modeled as a collection of two networks: a structural network and a flow network

* Similarly, we have a capacity, demand, and supply for the flow network of each retailer

C[Z] ) Measures the level of inventory in the retailers, i.e., the
r maximum number of goods a retailer can sell at time t Rep|en"5hmen\f
1004 .
D[Z] (t) Demand of the community on the retailers, i.e., the amount of o
r the requested goods from the customers at time t =
’_:/ 60—
Sy
()

S[Z] (t) The number of goods supplied to the community, i.e., the
T number of goods a retailer sells to customers at time t

Goods provided, i.e.,
SLZ](t) = DLZ](t) if no
hazards/perturbations

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &

Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 17



In case of a disruption to the supply chain, we estimate the supply to

retailers S (t) by solving an optimization problem

Proposed formulation — Disruptions

We model the flow of goods from the source (transport logistic hub) to the destination (retailers) by solving an optimization
problem that maximizes the profit of the entire supply chain subject to three constrains

Number of distribution logistics

Number of
retailers £+T (N, ) hub
ot N
maxz Z Z pij(1)s;(7)
T=t i=1 j=1
Profit of a unitary good s;;(7) supplied from the jth
distribution logistics hub to the it" retailer at time T
NT
z Sij(T) < Cnf] (t7) + 5 (t) Vi=1,.. Ny, VT =t .., t+T Constraint on the flow capacity of each
e J distribution logistics hub
i=
Nm
Z sij(1) < DTE’Zl-] (1) — C['Zi] (t7),vVi=1,..N; Vt=t¢t,..,.t+T Constraint on the flow demand of each retailer

j=1

Nm

Zs[z ® < c?©

j=1

Constraint on the flow capacity of the transport logistics hub
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Proposed formulation — Disruptions

In case of a disruption to the supply chain, we estimate the supply to
retailers S (t) by solving an optimization problem

The first constrains says that the amount of goods leaving the distribution logistics hub is less than or equal to the sum of
the amount of goods in the distribution logistics hub and the amount of goods arriving from the transport logistics hubs

NT

z Sij (t) < Cnf]] (t7) + S (t) Vi=1,..,Npy; VT =¢t,..,t+T C_ons_trair_mt on the'flow capacity of each
= distribution logistics hub

=

18



Proposed formulation — Disruptions

In case of a disruption to the supply chain, we estimate the supply to
retailers S,[,ﬁ] (t) by solving an optimization problem

The second constrains says that each distribution logistics hub does not ship to
the retailers more than the requested goods

Nm
Z Sij (1) < p! () — C,E,Zi] (t7),Vvi=1,..N; Vt=t,..,t +T Constraint on the flow demand of each retailer

—"ri
Jj=1
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Proposed formulation — Disruptions

In case of a disruption to the supply chain, we estimate the supply to
retailers S,[,ﬁ] (t) by solving an optimization problem

The third constrains says that the amount of goods leaving the transport logistics hub cannot be
greater than its capacity, which depends on the performance of structures and infrastructure

N
Z S,[j-] (t) < C,[lz] () Constraint on the flow capacity of the transport logistics hub
=t

18



Proposed formulation — Disruptions

In case of a disruption to the supply chain, we estimate the supply to
retailers S,[,,i] (t) by solving an optimization problem

Damage (and disruptions) to structures and infrastructure can alter the flow capacity of the transport logistic hub, C,[lz](t)
As a cascading effects, changes in C,[lz](t) can result in changes in the supply of the distribution logistics hub SLZL] (t)

Finally, reduced values of SL,ZL] (t) can result in a reduction in the capacity and supply of the retails CLZ](t) and SLZ] (t)

The third constrains says that the amount of goods leaving the transport logistics hub cannot be
greater than its capacity, which depends on the performance of structures and infrastructure

N
Z S,[j-] (t) < C,[lz] () Constraint on the flow capacity of the transport logistics hub
=t
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Example

As an application, we show the proposed formulation considering a nationwide retailer in the US

* The considered supply chain includes transport and distribution logistics hubs, and individual retailers

Region served by

=% - one distribution * Distribution logistics hubs serve the
‘fé logistics hub retailers within their region

* Transport logistics hubs receive the \
goods and transfer them to regional
distribution centers (i.e., distribution

Retaficr logistics hub)

* Transport logistics hubs are only in

O Transport logistics hub <00 charge of transferring goods, and they

@ Distribution logistics hub [ 1Miles K do not serve as storage facilities

Legend

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.

Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 19



Example

Given the disruptive event (introduce next), we only modeled the portion of the supply chain in
the Southeast of the United States

* We aggregated the retailers into several clusters based on their geographic location and the distribution logistics hub that
typically serves them under normal operations

* In case of a disruption, if the distribution logistics hub that typically serves the retailers cannot satisfy the demand, distribution
logistics hubs from neighboring areas may also serve the retailers

Region served by

one distribution
_ logistics hub

Retailer

Legend

D Transport logistics hub
@ Distribution logistics hub

* For the demand of each retailer, we used historical (publicly available) time-histories of sales data and assign a time-history to
each retailer in the supply chain

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.

Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 20



Example

As a disrupting event, we considered hurricane Wilma that occurred in 2005

e Hurricane Wilma was the most intense tropical cyclone ever recorded

in the Atlantic basin with the highest winds of 185 mph (295 km/h) and Ra‘”:;";]mm’

a total estimated cost of $22.4 billion (2550

(50,75]
 The functionality of the transport logistics hub is compromised :201?2]5]
because of the storm surge or wind = (125,150)
(150,175]
— The storm surge impedes the ability to move goods from the transport B 75200

logistics hub to the distribution logistics hub

— The wind forces the transport logistics hub to preventively close to
incoming vessels

— Similarly, the wind hazard can damage structural elements and limit the

ability to unload goods from vessels
wind speed (m/ s)
[0,15]
(15,20]
(20,25]
(25.30]
B 30.35]

B «o4s

* Inthis example, we only consider cranes as structural elements

— However, a comprehensive analysis should also include other elements and
their services (e.g., power availability)

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation). 21



Example

We estimate the time-varying capacity, C,[lz](t), of the transport logistics hub considering
the closure of the hub and the damage to the cranes

* The period of closure of the hub, i.e., when C,EZ](t) = (0, is estimated

. . . . Rainfall (mm)
using inundation maps and the wind speed records 025
(25,50]
- C,[lz] (t) = 0,Vt: w, > W, i.e., when the transport logistics hub is preventively ::S:in
closed to incoming vessels due to the sustained wind speed that is above the (100,125
security threshold w B (125,150
B (150175
B (75200

— C,[lz] (t) = 0,Vt € [ty+, tinal, where ty+ and t;,,4 are the initial and final days
of the inundation

 The damage to the cranes is estimated using fragility functions (Gur and
Ray-Chaudhuri, 2014)

— Fragility functions give the conditional probability of exceeding a specified

performance level for given measure of the hurricane intensity at the site Wind speed (m / s)

0,15
— The fragility functions are expressed in terms of wind speed and yaw angle, i.e., Em]o]
the angle between the principal axis of the crane and the tangent of the Ej‘:zi
hurricane's track B cos
B «o4s

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &
Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.
Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation).
Gur, S. and Ray-Chaudhuri, S. (2014). “Vulnerability assessment of container cranes under stochastic wind loading,” Structure and Infrastructure Engineering, 10 1511-1530. 22



We use the estimated time-varying capacity, C,[lz](t), of the transport logistics hub
to estimate the amount of goods actually supplied to the retailers

Example

 We then use the estimated amount of goods supplied to the retailers to quantify the loss of profit of the retailers

« We summarize the results in terms of the loss exceedance probability curve (EPC)

— EPCis an intuitive tool to communicate and increase risk awareness

0.6 - -

0.4 -

0.2 - ‘
0,
| I | 1 | 1 | L

0 1-10% 2-10° 3-105% 4-10° 5-10°

Losses, $

Probability of exceedance

Nocera, F., Contento, A., and Gardoni, P. (2022). “Modeling the resilience of supply chains subject to hubs disruptions,” In Proceedings of 13t International Conference on Structural Safety &

Reliability (ICOSSAR 2021-2022), 20-24 June 2022, Shanghai, China.

Nocera, F., Contento, A., and Gardoni, P. (2022). “The role of hubs in modeling the resilience of multimodal supply chains,” Reliability Engineering & System Safety (in preparation).
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The results can help decision-makers determine
the acceptable level of risk, and decide if
mitigation actions should be implemented to
reduce the risk

~
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Concluding remarks

* We proposed a mathematical formulation to model and quantify the impact of natural and anthropogenic hazards on
supply chains

« The mathematical formulation captures the dependency of supply chains on physical infrastructure and their potential
damage

 We illustrated the proposed formulation by quantifying the impact of a hurricane on the performance of a port, and then
estimating the resulting cascading effects on the performance of the supply chain of a nationwide retailer

 The results from the proposed formulation can help decision-makers decide if mitigation actions should be implemented to
reduce the risks from natural and anthropogenic hazards
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