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ABSTRACT: Supply chain (SC) networks have become more
prominent, complex, and challenging to manage, especially
considering the multitude of risks and uncertainty that may
manifest. Studies have shown two basic approaches to hedge
against the negative impact of SC disruptions: proactive and
reactive. While the former methods suggest different approaches to
generating robust and resilient structures, the latter approach
ensures that the SC recovers effectively. A general shortcoming of
existing work is not considering SC dynamics. Consequently,
disruptions are considered static events without including the
durations and recovery policies. In this work, we develop a SC
model that aids decision-making in addressing disruptions by
considering proactive and reactive strategies. We adopted a discrete time-expanded model to solve the SC problem and consider the
disruption dynamics using the rolling horizon framework. In the proposed SC model, a graph network represents the SC, where the
nodes consisting of suppliers, manufacturing sites, warehouses, and customers interact using the arcs. The arcs determine the flow of
materials between nodes. Independent disruptions can occur at the nodes and/or arcs, and the time of disruption is quantified using
the geometric distribution. In the advent of disruption, we have adopted adjusting routing plans, inventory levels, capacity flexibility,
and other tactical and operational decisions to hedge against disruption. To illustrate the proposed approach, we used a small
problem to illustrate the effect of arcs and node disruption in decision-making and a realistic case study to demonstrate the proposed
framework’s computational complexity. The results suggested that the effect of node disruption is more predominant because the
initial network configuration limits the flexibility at the nodes. Furthermore, it was shown that the SC operated efficiently, as the
solution offers a balance between the service level and the total cost of operating the SC.

1. INTRODUCTION
In today’s competitive and uncertain business environment,
companies are increasingly exposed to various uncertainties in
the supply chain (SC), including disruptions. As such,
disruption consideration is a call for concern within the SC
community.1,2 In April 2021, a combination of weather and
underestimated fluid dynamic forces caused a giant supercargo
to wedged sideways in the Suez Canal, bottling up a critical
global trade route; a month later, a cyberattack shut down the
operations of a major gas pipeline along the east coast of the
United States, and earlier in February, a rare deep freeze and
power outage in Texas disrupted some petrochemical plants,
creating a shortage of key plastics and resins for a range of
industries. To mention a few, these events indicate the
importance of considering disruptions while making SC
decisions. Amidst these disruptions, the enterprise’s survival
hinges on achieving a strategic fit. A strategic fit ensures a
balance between the different enterprises’ objectives. Broadly
speaking, these objectives are classified under three broad
classes: cost minimization, service level maximization, and
inventory policy optimization. Thus maintaining a strategic fit

is exploiting the interdependencies between these objectives.3,4

The strategic fit requires an understanding of SC mitigation
and contingency options to handle the disruption in the event
of its occurrence and integrate these options into SC drivers
within the enterprise to support a more responsive SC.4

The nature of the global market has been forcing the
enterprise to expand its SC network, consequently making the
structure more complex. The higher complexity of the SC
network makes it more vulnerable than ever to various threats
in the form of risks and uncertainties. These threats are
disruptive or operational events. Works of literature have
addressed operational uncertainties;5−8 such uncertainties are
due to supply−demand coordination events and may result
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from inadequate coordination between SC entities, thus
leading to imperfect information and failed processes.
Disruption uncertainties result from man-made/natural dis-
asters, pandemics, or strikes. Such disruptions are external to
the SC network and deform an existing SC topology.9,10 To
ensure that the SC achieves a strategic fit, a new SC network
should be designed to be resilient or fortify an existing network
to make it more reliable.11 Many authors have proposed
practical approaches to achieve a strategic fit in case of
disruptions.9−14 The overall goal is to adapt to evolving
supply/demand at the tactical and operational levels and
manage uncertainty by boosting flexibility and capacity.15

Some of the strategies to achieve the strategic fits are (i)
making the SC more flexible by expanding capacities and
increasing supplier options; (ii) enhancing collaborations
between SC entities by sharing information to improve
forecasts and using clients’ locations to store extra inventory;
and (iii) improving the network’s agility by introducing
product commonality and adding holding reserve inventory.
To achieve the aims above, studies have explored different
options. Some include ensuring resilient supplier selection,
reliable facility (manufacturing sites and warehouse) locations;
flexible facility options; and refined predictions of the
exogenous parameters (such as raw material price, quality,
product price, and demand forecasts) that affect the SC
network.
Additionally, studies have explored interactions between

strategic fit enhancers. They have noted that SC flexibility
represents internally focused manufacturers’ capabilities and
responsiveness in a firm’s internal functions, while SC agility
represents externally focused manufacturers’ competencies that
emphasize speed at the organizational level.16,17 Combining
flexibility and agility ensures better SC responsiveness.
Moreover, collaborations between the SC entities reduce
uncertainties, which results in more accurate decision-making,
and the redundancy strategy adds to the robustness of
decisions improving the available options of the entire
network.18 To achieve a high customer service level at a low
cost, a variety of complex, interconnected decision-making
problems needs to be solved. The decision-making problems
are strictly associated with the control and optimization of
materials (as well as financial and information flows) in the SC
network, in particular, the optimization of disrupted flows.
Going forward, disruption in this work is defined as the
breakdown of a SC entity. Entities include suppliers,
manufacturers, warehouses, customers, and the transportation
modes connecting them. The suppliers, manufacturers, ware-
houses, and customers are generally referred to as nodes, and
the connection between the nodes (or the transportation
modes) is referred to as the arcs. Despite several useful studies
and insights into SC adaptation in the presence of disruption, a
general shortcoming of existing work, as stated by Ivanov,10 is
that SC dynamics are not considered while solving disruption
problems. Consequently, the disruption models are solved as
static events without considering the duration of disruption
and recovery policies. To illuminate this uncharted area, in this
work, we develop a SC model that aids decision-making during
a disruption by considering strategies to hedge against
disruptions and solve the problem dynamically using a
discrete-time approach and the rolling horizon framework. In
particular, the developed model addresses disruptions at the
tactical SC scale by focusing on the following issues:

• Including alternative sourcing options in the model to
improve the supplier flexibility

• Improving logistics robustness by adding multimodal
transportation modes

• Capacity utilization and outsourcing are included in the
model to improve the facility flexibility options

• Making available the option to use the customers’
locations as backup warehouses to ensure that demands
are met

• Approaching the SC disruption problem in a dynamic
fashion by using the rolling horizon

The remaining of this article is organized as follows. Section
2 discusses the existing approaches to tackle the SC disruptions
and identify the knowledge gap, and section 3 provides the
problem statement and the proposed model and solution
framework. Case studies in section 4 demonstrate the
performance of the proposed framework. Finally, section 5
presents the conclusion.

2. LITERATURE REVIEW
Several studies have proposed strategies to build SC resiliency
to hedge against or manage disruption. The strategies to
manage disruptions can be categorized into three main groups:
mitigation strategies, recovery strategies, and passive accept-
ance.19 Mitigation strategies, such as multiple sourcing,
alternative transportation modes, and increasing safety stock,
act in advance of the occurrence of disruption, irrespective of
whether disruptions actually occur.20 Recovery strategies
generally take action after the occurrence of a disruption.
Examples of actions taken include alternative sourcing,
rerouting of transport systems, and production rescheduling
for future time points.21 This method generally gives a good
idea of when the SC becomes stable. Passive acceptance
accepts the risk of disruptions without any action. This may be
appropriate when mitigation or recovery strategies outweigh
their potential advantages.19

The summary of literature reviews based on the type of
disruptions, modeling approach, and decisions is presented in
Table 1, alongside remarks on performance measures. It is
observed that most works in the literature can be categorized
as mathematical models (deterministic approach or stochastic)
and simulation models. Furthermore, only a few papers
consider multiple source disruptions. Also, decisions from
most models focus on coordinating the flow of supply and
demand to minimize total cost and maximize the profit or
service level. Thus, decisions are tactical and operational.
However, some papers, particularly those with facility
disruptions, also consider location/relocation decisions along
with operational decisions. The review of the disruption
approach framework is discussed under two main categories:
simulation approaches and mathematical programming meth-
ods.
Simulation models have been used to study how different

SC entities interact, and they have been proved to be an
efficient and reliable tool for the analysis of SC design over a
given time.2,22 Some known simulation approaches used for
the SC model including system dynamics (SD), discrete event
simulation (DES), agent-based modeling, Monte-Carlo simu-
lation, and Bayesian belief network have been used to describe
the SC as a system. Wu et al.23 applied a Petri net (PN) to a
four-tier SC. The PN is a discrete event graphical and
mathematical modeling tool. It modeled the propagation of
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disruptions, where the production process was modeled at an
operative level, and considered the cost and lead time increase
of a disruption. This network analyzed different policies and
designs for lead time and cost effects by considering a three-
echelon SC with safety stock. Kano et al.24 used a PN to
dynamically model the recovery of the SC after a disruption
occurs. On the supply side, backup suppliers were used to
hedge against disruption.
Using SD, Wang et al.35 and Schuh et al.36 built a

multiechelon SC where the effect of different mitigation
strategies when disruptions occur were evaluated. The
performance measure was the inventory level, unmet demands,
and total profits. Guetter and Spinler37 built a SD model to
capture the internal dynamics of operational risks of an
enterprise under the influence of supply risks. The model was
designed for disruptive shocks but also incorporates a degree of
self-stabilization. DES models generally consider a system as a
discrete sequence of events in time. Ivanov2,38 used the DES to
model a four-level SC to quantify the effect of two disruptive
scenarios and the corresponding recovery process. Another
DES model was used to predict the impacts of the pandemic
on SC performance, defining performance based on the lead
time, service level, and fulfillment rate. Singh et al.39 developed
a simulation model to analyze the responsiveness level of the
food SC in India in the era of the Covid-19 pandemic. The
outcome of both studies was the observation that SC
operations and performance undergo drastic degradation
under the pandemic conditions, thus suggesting the need for
adaptation strategies. Schmitt and Singh40 implemented a four-
echelon SC into a DES model to test the impact of 20 days of
disruption on the demand fulfillment rate and total SC
inventory. A downstream disruption is shown to be more
severe than an upstream disruption. Schmitt and Singh40,41

studied DES to analyze the performance of a three-tier SC with
two products (low-volume and high-volume), two raw material
suppliers, three distribution centers, and predefined mitigation
strategies. The agent-based approach has also been used to
address SC dynamics. In the agent-based modeling approach, a
multiagent system is used to represent stakeholders (social,
economic, and ecological). Each stakeholder consists of agents,
a set of relationships, and the agents’ environments within the
boundaries of an overarching system. Moreover, an agent is an
autonomous, self-directed, individual entity that functions
independently from other agents.22,42,43 Using agent-based
modeling, Otto et al.44 assessed the propagation of losses in the
global SC network because of natural disasters of different
sizes, using the Japanese automotive manufacturing industry as
a case study. Behdani et al.45 applied an agent-based simulation
framework for SC disruption management of a lube oil SC.
This simulation framework provides a flexible modeling and
simulation environment for decision-makers to experiment
with different disruptions and management strategies. The
application of the simulation model to support decision-
making in different steps of the pre and postdisruption
management processes is illustrated using a lube oil SC case
study. Ledwoch et al.46 used the agent-based method to
quantitatively compare the consequence of different disruption
frequencies and duration on the demand fulfillment, backlog,
and inventory cost. In general, the simulation approaches are
good approaches to studying the effect of disruptions and
proposing mitigation approaches. Readers are directed to
Bugert and Lasch47 for a comprehensive review of simulation
approaches.T
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Mathematical programming approaches have been used to
study the effect of disruptions on SC designs and operations.
At a high level, there are two approaches to incorporate
disruptions into mathematical models when the entities (nodes
or connecting arcs) are disrupted. One approach removes the
entity from the network topology during the disrupted times,
that is, the entities are not considered while solving the
optimization problem, and the other approach treats the
entity’s capacity as a random variable leading to a stochastic
formulation.14,48 In both approaches, mathematical formula-
tion leads to mixed-integer programming (MIP) models. The
difference between the mathematical modeling approaches is
in the redundancies used to hedge against disruption. Major
studies in the area of the SC include the MIP models that
incorporate a reliable backup supplier, which can be used if a
primary supplier is disrupted, and the recovery costs are
incorporated into objective functions.11,14 Also, some studies
have considered a joint inventory-location model under the
risk of stochastic facility disruptions.49−51 It is interesting to
note the studies by Sawik,52−54 who used a stochastic MIP
approach to integrate supplier selection, demand allocation,
and customer order scheduling in a multiechelon SC under
disruption and further improved the model to jointly optimize
supplier, production, and distributions.55,56 Furthermore,
Jahani et al.57 used a two-stage MIP model to study the
impact of capacity/inventory disruption on a supplier’s cost
when the supplier has different service agreements with
customers. The model can assist suppliers in determining
their capacity level and location, allocating capacity to
customers, and negotiating service level terms. Özçelik et
al.58 analyzed the impact of the ripple effect on the
performance of a reverse SC using robust optimization. They
concluded that including reverse logistics in the ripple effect
analysis is useful in a closed-loop SC for ripple effect
mitigation. Hasani and Khosrojerdi59 used an MIP model to
investigate resilience in light of correlated disruptions. The
solution is implemented as a Taguchi-based memetic algorithm
that incorporates a customized hybrid parallel adaptive large
neighborhood search. The memetic algorithm incorporates the
Taguchi method to evaluate the search space. Lim et al.60

considered a facility location problem in the presence of
random disruption; they investigated the impact of misestimat-
ing the disruption probability and misestimating the
correlation degree. Results indicate that the impact of
disruption is much significant. Gholami-Zanjani et al.49 applied
stochastic programming/robust optimization to study the

resilient SC design and inventory decisions, considering food
product-specific characteristics and potential disruptions. Such
a model allows the analysis of three resilience strategies to
hedge against ripple effects caused by food disruptions.
Rezapour et al.61 proposed a SC network design problem
under competition and disruption. The model is designed to
find the most profitable network and risk mitigation policies.
Sadeghi et al.62 developed a multiobjective model for designing
a SC network, considering resilience and sustainability and
used a robust scenario-based stochastic programming approach
for potential disruption scenarios. This approach allows the
average performance of the SC in each objective to improve.
Azad et al.63 studied the design of a SC network in the
presence of random disruption in the capacity of distribution
centers and transportation modes. Conditional value at risk
(CVaR) was used to control the risk of the decisions made in
the presence of disruptions. Baghalian et al.64 developed a
stochastic mathematical formulation for designing a network of
multiproduct SCs. The model simultaneously considers
demand and supply uncertainties and investigates the impact
of strategic facility location decisions on the SC’s operational
inventory and shipment decisions. The central theme of the
mathematical programming approaches and simulations
methods used in the literature has been used to address the
disruptions in a proactive or reactive manner. In the proactive
approach, disruptions are anticipated, and the decisions are
made to mitigate the disruption before occurrence, while the
reactive approach makes decisions when disruptions happen. It
is interesting to note that both strategies have its pros and
cons. Interested readers are directed to the review articles by
Kamalahmadi and Parast,65,66 Shekarian et al.,9 and Ivanov et
al.10,67

Many real-world optimization problems contain coupled
decisions over a large timespan which typically cannot be
solved in an integrated fashion. For such problems, the full
optimization problem often contains an enormous number of
variables and constraints and typically cannot be solved within
a reasonable time. The rolling horizon has proved effective in
such cases. This approach aims to exploit the underlying time
structure of the problem such that only time points that have
effects on the initial decisions are considered. The rolling
horizon has been applied to a variety of problems, including
energy storage problems,68 scheduling,69−71 and deterministic
and stochastic SC problems,5,72−77 and has proved to be
effective in providing feasible solutions to large multiperiod
problems.

Figure 1. SC Topology.
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In the literature covered, most studies considered disruption
in a single stage, and a limited number of studies covered
multiple disruptions in the SC on a real-time basis. Most
simulation studies offer recovery and passive strategies and are
hence used to study the interactions of events and their
possible outcomes, and mathematical models offer mitigation
strategies. However, these mathematical models consider
disruption as a static event; that is, the recovery time is not
included in the model. Moreover, few studies consider
transportation disruption. To cover some of the gaps found
in the literature, the major contribution of this paper is to
propose a framework that integrates multiple strategies into a
multiechelon SC network so as to improve decision-making
during disruption at the tactical and operational levels, that is,
in considering the disruption, we have incorporated multiple
buffers to ensure that the disruption effects are quelled. Also,
we have approached the solution in a dynamic fashion to
model more realistic situations by using the rolling horizon. In
what follows, we describe the problem statement and how we
have considered the modeling framework to address the SC
under disruptions.

3. PROBLEM STATEMENT AND THEORETICAL
FRAMEWORK

In this study, we consider a multiproduct, four-echelon
customer-driven SC network with a set of nodes representing
supplier (s ∈ S), manufacturing facilities ( f ∈ F), warehouses
(w ∈ W), and customer zones (c ∈ C), as shown in Figure 1.
Arcs connect adjacent nodes. The SC network topology is such
that there are strategies to ensure robust delivery for each
entity in a disruption. The strategies employed include
flexibility, redundancy, and collaboration between the nodes.
The arcs represent the connecting links between nodes, and
embedded in each arc are (m ∈ M) modes of transportation. It
should be noted that each mode is different in reliability, which
also affects the cost of the transportation modes. The horizon
is discretized into T planning periods which is denoted by t ∈ {
1, ..., | T | }. The supplier set S contains a set of main supplier s
∈ Sa ⊂ S and backup suppliers s ∈ Sb ⊂ S. Such a strategy
ensures that raw materials are delivered, irrespective of the
disruption. It should be noted that the main suppliers are
preferred for two major reasons, the cost of supply αs is lower
and the quality of the raw material supply θrs is better. The
quality and the cost are directly incorporated into the model.
Thus, the backups are only used when main suppliers are
disrupted. At the manufacturing facility, there are |F| facilities,
and each facility operates at a unit production cost αf

v. Also,
each facility has potential for expansion where extra units u ∈
U with capacity, Cu,are added to the main production unit.
This comes at a cost of αf

u. Furthermore, products that cannot
be met even after facility expansion can also be outsourced.
The warehouse w ∈ W consists of a set of main warehouse w ∈
Wa ⊂ W which are owned by the enterprise and backup
warehouse w ∈ Wb ⊂ W that are at the customer locations.
The main warehouses also employ the flexibility strategy where
the capacity is expandible at an extra cost. Following similar
logic to that of the facility, using those units comes at an extra
cost αw

u . It should be noted that the inventory cost at every
warehouse is given as αw

inv. Furthermore, it is worth noting that
inventory cost is higher at the customer’s location than at the
main warehouse. At every period t,each customer c ∈ C has a
demand, dpct, for product p ∈ P. The product demand is either
fully met by the supply from warehouses (main and backup),

or the order is outsourced. The outsourced demand is
transferred directly to the customer locations, and the cost of
transportation is included in the overall outsourcing source. If
the orders cannot be met, a penalty cost, αc

pen,is incurred.
Products p and raw materials r are transported between nodes
through the arcs, and each arc has a dimension m which is
equal to the number of available transportation modes. Also,
the variable unit cost associated with traversing from node i to j
using mode m in arcs is given by αij

m where i, j ∈ {S, F, W, C}.
Expanding more on the demands, dpct,for a given customer

order, the goal of the SC is to optimally select entities to satisfy
the demands. The nature of the demands is such that at some
periods,t ∈ tcertain , where tcertain are the time periods with
certain demands. It is assumed that the demand comes from a
given distribution for the forecasted periods. Furthermore, for
the forecasted period, demand scenarios (Dpct

s ) are obtained by
sampling the demand distributions, each scenario is assumed
equiprobable, and the forecasted demands are obtained by
taking the expectation over all scenarios. This is represented by
eq 1.

= >d P D P t p c t t1; 1 , ,pct
s

s
pct
s

s
s certain

l
moo
noo

|
}ooo
~oo

(1)

The network can encounter disruption at nodes and arcs,
and each of the nodes responds to the disruption in different
ways. There are subsets of main suppliers and backup suppliers
on the supplier side. The backup suppliers are invoked once
the main supplier is disrupted. Disruption is managed at the
manufacturing facility by increasing the production capacity of
undisrupted facilities and outsourcing a portion of the products
to maintain a high service level. The unsatisfied demands are
deemed to be lost sales. The warehouse follows the same
strategy as the manufacturing facility by increasing storage
capacity. Furthermore, inventory is consolidated with ware-
houses at customer locations for increased inventory cost. It
should be noted that the problem considered here takes the
design of the SC as fixed by a higher level (strategic level). This
design also includes buffers to hedge against disruptions. The
main purpose of the optimization is thus to adapt resource
supply, production levels, and storage levels to demands for
products, taking the capacity utilization, resource availability,
and disruption forecasts into account. The results obtained will
allow one to optimize inventory levels, improve coordination
between nodes, and remove redundant buffers between SC
entities. The main decisions are raw material quantities from
suppliers, production levels at manufacturing sites, capacity
utilizations at the warehouses and manufacturing sites, and
transportation modes and quantities for each link in the SC
network. The overall goal is to minimize the total cost and
maintain a high service level. Thus, we want to utilize nodes at
minimum cost in the network structure and find the flow path
that transfers commodities at the lowest cost. The assumptions
are explicitly stated below.

3.1. Model Formulation. This section introduces the
mathematical model for the SC under disruption. Applying the
notations as shown in the appendix, the proposed MILP model
for the SC under disruption is presented. First, we discuss the
constraints and then formulate the objective function.

3.2. Constraints. 3.2.1. Supplier Disruption. At the
supplier nodes, the main suppliers that are undisrupted, Sa, tn ,
are selected before considering backup suppliers. Eq 2a ensures
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this selection. Once the selection of suppliers is done, eq 2b
limits the capacity of these suppliers.
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3.2.2. Facility Disruption. At the facility nodes, eq 3a
restricts operations to only nondisrupted facilities, Fn, and
ensures that facilities that are nondisrupted operate in full
mode before expansion consideration. Eq 3a enforces feasible
integer selection, while eq 3b enforces that the amount
produced does not exceed the design capacities, and eq 3c sets
restrictions on the quantity of products that can be outsourced.
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3.2.3. Warehouse Disruptions. For the warehouses, there
are main warehouses, and retailer location sites are used as
backup warehouses. Only the main warehouse can be
disrupted and expanded. The capacity of the undisrupted
warehouses Wa

n can be increased. Eq 4a ensure the selection
and feasible expansion of undisrupted warehouses by fixing the
selection of disrupted warehouses Wa

d to zero. Following that,
eq 4b imply fixed capacity of the undisrupted warehouses is to
be used before considering the backup warehouse Wb located
at the retailer locations. Eqs 4c and 4d ensure that the
inventory is within the utilized capacity range, while eq 4e
enforces that materials stored at a customer location should
service only that customer.
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3.2.4. Transportation Capacity. The transportation links
are multimodal, and each mode can be disrupted; whenever
this happens, flow is redistributed between the available arc

modes. Each of the transportation modes is limited by capacity,
as shown in eqs 5a and 5c. For all the links.
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3.2.5. Flow Balances. The flow balance ensures continuity
between the nodes through arcs. These balances are written for
all nodes and are described by eqs 6a6b6c, respectively.
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3.2.6. Objective Function. The objective function consists
of the summation of all costs incurred and can be decomposed
into three components, the cost of producing materials at the
nodes, the cost of material flow across the arcs, and the
penalties incurred for not meeting the retailer’s demands.
Quantitatively, this is captured in eq 7a
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The breakdown of the cost components is shown in eqs
7b7c7d7e7f
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After every optimization step, three metrics are used to
quantify the efficiency of the solution, as shown in eqs 8a8b8c.
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Eq 8a represents the cost of supplying one unit of product to
the customer, which determines the profit an enterprise makes
if the selling price is fixed or determines the main price to
deliver to customers if there is a limit on profit margin. Thus, a
lower unit cost indicates that the SC achieves a service level at
a low cost, and a higher unit cost indicates that the SC achieves
a service level at a higher cost; the latter happens when most
demands are outsourced; disruption also increases unit costs.
Eq 8b quantifies the service level, which is the fraction of the
demand that the SC meets. Finally, eq 8c shows the SC
efficiency, which reflects the amount of products the SC meets
without outsourcing.
3.3. Modeling Assumptions. Disruption is any event that

affects the SC topology. To capture the nature of disruptions,
we have made some modeling assumptions. The following
assumptions are used in the proposed approach:

1. All SC entities can exist in two states: a normal state and
a disrupted state. The entity is fully functional in the
normal state, while the entities cannot function in the
disrupted state.

2. Disruption can occur to both nodes (suppliers, facilities,
and warehouses) and arcs (transportation routes
between nodes), and in each disruption case, a subset
of nodes and/or arcs are disrupted; once this happens,
total capacity is lost. In the advent of disruption, the
actions that can be taken are in these orders:

a. Backup suppliers are only selected if there is no
option to select the main suppliers. This is either
due to disruptions or limited supplier capacity.

b. Capacity expansion for manufacturing facilities
and warehouses comes at a fixed cost.

c. Outsourced demands are transferred to the
customer directly.

d. Once there is a disruption at the nodes or arcs, it
takes time for the entity to recover.

3. Disruption of each node occurs independently; the
interval is determined by the geometric distribution,
which is the discrete counterpart of the exponential
distribution.

4. In the event of disruptions, available measures provide
alternatives, which come at extra costs to operations.
Some of them are discussed below:

a. When a manufacturing facility node is disrupted,
product manufacturing can be outsourced, and
recovery is amortized until the facility gets back to
normal operation

b. When transport arcs are disrupted, the trans-
portation is redistributed, but the recovery fee is
still present until the arc comes back to normal
operation.

c. When the warehouse nodes are disrupted,
products are stored in the customer location for
a specified cost.

d. When supplier nodes are disrupted, alternate
suppliers/backup suppliers are used to hedge
against raw material demands.

5. A recovering facility cannot be disrupted until after full
recovery. For this problem, it is assumed that the
recovery time for disruption is two-unit time and comes
at a cost. The cost is equally distributed within the
periods. The incorporation of recovery time for SC
entities using mathematical programming is nontrivial
and, in principle, can be obtained via simulations by
running the SC until stability is achieved.10,12 The
choice of two-unit time is considered here randomly to
make sure that some recovery time is integrated into the
model.

6. The model does not consider lead times between SC
entities. The effect of lead time on a SC is important and
should be considered at the operational level for higher
accuracy. In this problem, we envisage that the inventory
optimization approaches (storing products at customer
locations and having safety stock to ensure no stock out)
will reduce the effect of lead time. For more information,
the reader is directed to the study by Brunaud et al.,78

Cosma et al.,79 and Spitter et al.80

To quantify the time the disruption happens, we have
further assumed that the amount of time before the disruption
happens is random, and the interval duration between
disruptions follows a geometric distribution.14 It should be
noted that the choice of geometric distribution is because we
have used a discrete-time model. The geometric distribution is
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a discrete probability distribution that represents the
probability of the number of successive failures before success
is obtained in the Bernoulli trial.81,82 The underlying
assumption in using this distribution is that the average time
between events is known, but the events’ disruptions
themselves are spaced at random. It is possible to have back-
to-back disruptions, but we can also go weeks between
disruptions due to randomness. Thus, we assume that the
waiting time until the disruption is geometrically distributed
with a parameter p (the average rate of occurrence), and the
waiting times between each disruption are independent and
geometrically distributed. The discretization of the time
horizon considered is done according to the time interval for
a possible disruption event. At each period, Bernoulli trial is
performed, and if the trial leads to a success, then we have a
disruption, otherwise there is no disruption. It should be noted
that this procedure is done independently for all SC entities
(nodes and arcs).

3.4. Rolling Horizon Framework. Owing to the uncertain
nature of the demands at the future time periods, solving for
optimal decisions for periods where the demands are uncertain
will be suboptimal at the time of demand realization because of
the differences between forecasted and realized demands. The
SC model must be solved recursively when new demands are
certain to mitigate performance degradation. This procedure
can be realized within a rolling horizon approach. The idea, as
explained in Figure 2, is as follows. For a given state of the SC
model, prediction horizon (N) consists of period t with certain
parameters and periods t + 1 to N where parameters are
forecasted; the SC problem is solved over the entire prediction
period N. As shown in Figure 3, for a given set of parameters
P,the solution, returns the optimal decisions (θ1*, θ2*) . It
should be noted that the set of parameters includes demands,
the future state of entities, and operational costs. The optimal
decisions for the certain period t are implemented, and the
state of the SC network is updated based on the optimal
decisions. The state of a SC is defined by the active nodes and

Figure 2. Illustration of the rolling horizon framework adapted to SC under disruption.

Figure 3. Supply chain network for case study1.
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arcs, the inventory level in the undisrupted warehouses, and
the current capacities of the operating facilities. Subsequently,

the prediction horizon shifts by one time period ahead, and the
procedure is repeated. This way, we are able to reduce the

Figure 4. Disruption profile. (a) Node disruptions. (b) Arc disruptions. Dark squares indicate disruption times.

Figure 5. Breakdown of results obtained for response to disruption (a) Product demands from customers; (b) unmet demands; (c) raw materials
to facility; (d) inventory amount; (e) products to customers; (f) cost distribution.
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errors caused by the uncertain parameter by iteratively
replacing the forecasts with the actual values over time.

4. RESULTS
In this section, we solve two case studies. In case study one, we
analyzed the solution to a single disruption scenario problem,
and we conducted a computational study on multiple scenarios
for a given demand prediction. In this context, a single scenario
means that a sample of possible disruptions across the horizon
is considered. In case study two, a large SC problem is solved.
The goal of the second case study is to fully implement the
model for large-scale problems while considering the SC
dynamics using the rolling horizon approach. In what follows,
we describe the case studies in detail and show the solutions of
each of them.
4.1. Case Study 1. In this problem, we study a single

product setting, as shown in Figure 3, where a firm can source
from two sets of suppliers: main suppliers, two suppliers, and a
backup supplier. These suppliers differ in the quality of raw
material, which determines the yield, and suppliers with better
raw material quality are selected as the main supplier. The firm
operates four manufacturing facilities, owns two warehouses,
and supplies a single product to five retailers. In addition to the
main warehouses, retailers’ locations can be used as backup
warehouses. This brings the total number of warehouses to
seven. Within the SC network, there is the possibility of
disruption of nodes (manufacturing sites, suppliers, and
warehouses) and disruption in flow between the nodes. The
flow between the nodes is managed using multimodal arcs,
which can be translated into different transportation options
between SC entities. It should be noted that the mode of
transportation varies in capacity and reliability. The more
reliable modes are more expensive.
The problem is to optimize the flow of raw materials, the

flow of products, and the inventory of products to achieve a
high customer service level (satisfy the retailer’s demand) while
maintaining profitability. These decisions must be made while
considering disruption in the arcs and nodes. Moreover, the
problem considers a bi-weekly time horizon, and new
information is available every two days. Thus, the problem is
solved by considering seven time periods, where only the first
period is certain and the other six periods are forecasted. It
should be noted that there are predicted disruptions during
this forecasted period as well. Furthermore, the decisions made
include the choice of suppliers, a quantity of materials across
suppliers, choice of transportation modes from suppliers to
facilities, choice of facilities and production quantity, trans-
portation modes between facilities and choice of warehouses,
choice of warehouse to supply retailers, and finally to
outsource or not.
The model was formulated and solved in GAMS/CPLEX (v

38.2.1) on a PC with intel core i7-10510U, 2.30 GHz, and 16
GB of RAM. The model contains 6625 constraints, 3129
continuous, and 2740 binary variables. This study aims to
answer two major questions: how does the SC network hedge
against disruptions using the different strategies/options? What
is the effect of arcs and node disruption on the SC? In what
follows, the results show the answers to these questions.
4.1.1. Response to Disruptions. To answer this question,

we set up a model to solve a single disruption scenario with
demand for seven time periods, where only the first period is
certain. The scenario disruptions are shown for the nodes in
Figure 4a and arcs in Figure 4b, where the unavailable entities

are displayed in green squares. It should be noted that the
recovery time for all entities is equal to two time periods.
Furthermore, Figure 4b shows the disruption connection links
between supplier 1 and facility 1, facility 1 and warehouse 1,
and warehouse 1 and customer 1. The y-axis indicates the
transportation modes between each node. The model was
solved to optimality, and the solver reports 492,453 iterations
and 31,172 nodes with a computational time of 66 s.
The results obtained are shown in Figure 5, where Figure 5a,

b shows the distribution of demands from all customers and
the unmet demands at the customer nodes for all the periods
considered in the problem. The nature of the demand follows
what was described in section 3, and only the first period with
the deterministic demand is implemented. Figure 5c−e shows
how the SC entities are utilized, and the inventory policies
adopted for the implemented period, respectively. Finally, the
implemented cost profile is shown in Figure 5f where the pie
chart shows the distribution of all costs.
According to Figure 5a, b, the model’s response to demands,

we observe that the demand for the implemented period was
met, and the response to the demands for the forecasted period
indicates that for the worst-case situation, 75% of the demand
was met, and this is corroborated by Figure 5e the delivery to
customer. Figure 5c, d shows the manufacturing site and
warehouse utilization. Figure 5c shows the decision at the
manufacturing facilities. In the first two periods, only the
undisrupted facilities are used for production, and it should be
noted that the capacity at this point is above the nominal
capacity. At further periods where there is no disruption,
production is decentralized, that is, all facilities are used for
production and at the nominal capacity utilization. The
decision at the manufacturing facility shows the tradeoff
between the number of facilities in use and the available
transportation modes. The manufacturing facility capacity
utilization favors a decentralized approach. Such decentral-
ization ensures that the cheapest transportation modes are
used from each facility.
As seen in Figure 5d, the inventory amount for the first

period was higher than every other period, higher inventory
facilitates a reduction in production cost, but the choice
increases inventory cost. This is due to the envisaged
disruption for the first two facilities. The resultant of this is a
reduction in production cost and utilization of the undisrupted
facilities. According to the cost profile in Figure 5f, the largest
percentage of the cost is due to production, followed by the
cost of outsourcing part of the demand. A closer look at Figure
5c, d shows that in the selection of the SC entities, the model
selects only available facilities and tradeoffs between the
expansion of available facilities and outsourcing. Similarly, the
model first selects the arcs with lower costs.
Based on the solution obtained, the strategy for achieving

minimum cost is to maximize the utilization of the nodes with
the lowest cost first before exploring the ones with higher cost.
Furthermore, the utilization of the nodes is also linked to the
availability of transportation networks with lower cost
operating costs. It is worth mentioning that the multimodal
transportation options and the capacity are also important
because once the nodes are selected, the optimization problem
selects the flow path that minimizes the total cost of the SC.

4.1.2. Effect of Arcs and Nodes. To study the effect of
nodes and arcs disruptions, we set up a computational study
for three cases of the MILP model. These three cases are (i)
cases where all disruptions happen, (ii) cases where only nodes
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are disrupted, and (iii) cases where nodes and arcs are
disrupted. By node disruption, we mean the disruption is
considered for only suppliers, facilities, and warehouses, while
arc disruption implies that only the flow network modes are
disrupted.
Twenty disruption scenarios are solved for each case, and

the solutions are reported with confidence bounds. The
demand is kept constant for all disruption scenarios, and only
the disruption situation changes; each case is solved with the
same set of scenarios. Furthermore, the rolling horizon is used
to solve all eight periods for a given scenario. Thus, each
scenario consists of eight optimization problems. The average
computational time for each scenario is 67, 104.52, and 154.56
s for cases 1, 2, and 3, respectively.

Figure 6 shows the solutions in terms of the different cost
components. Solutions to each case are presented for every
cost with the confidence interval associated with the 20
scenarios. Each subfigure compares different components for
the three cases: all disruptions, node disruption, and arc
disruption. Figure 6a compares the cost per unit product (or
eq 8a) for all cases. Figure 6b compares the cost of operating
arcs, which is the total transportation cost, for all cases. Figure
6c shows the comparison of the total cost of operating nodes
which captures the cost of raw materials and the cost of
operating the facilities, Figure 6d indicates the outsourcing cost
for all cases, and Figure 6e compares the total incurred cost for
operating all SC entities. Figure 7 shows the average inventory

Figure 6. Computational results on effect of arcs and nodes: (a) Cost per unit products; (b) cost of operating arcs; (c) cost of operating nodes; (d)
outsourcing costs; (e) total SC cost. Solid blue line: normal operations, shaded regions: confidence interval, and solid red line: mean value.
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decisions made for each of the cases. It should be noted that all
results shown are solutions for the implemented time period.
It is important to note that for all conditions, the problem

was set such that the SC meets all customer demand (i.e.,
100% service level). This was done by setting the upper bound
of the outsourced capacity (eq 3c) to a high value. Comparing
the cost per unit products in Figure 6a, it is observed that the
unit cost is greater for the case when all disruptions are
considered, where it is the lowest when only arcs are disrupted.
It should be noted that this cost is a major profit indicator if
the service level is to be satisfied, and Figure 6a shows that the
arcs are less likely to increase the cost per unit product. This is
because the multimodal options offer a higher degree of
flexibility to mitigate disruption. The SC problem can mitigate
the effect at a minimal cost because there are many options. If
one mode is not available for an arc, there are options to use
other modes within the arc or explore other arcs where cheaper
modes are undisrupted. Another general observation is the
variability in response for all scenarios. Figure 6a−e shows that
the variability, as shown by the confidence intervals, is less for
disruptions in arcs. This implies that when arcs are disrupted,
the SC can adjust itself such that the cost incurred is not much.
Furthermore, observing the trends in total cost, the cost of
operating nodes is greater than the cost of operating arcs. For
each of the figures, the results are compared with the nominal
case where there is no disruption. It can be observed that the
cost per unit product and the arc costs are lower for the
nominal cases when compared with the scenarios. However,
when comparing the node costs, there is a variation in trend.

There are some points where the node cost for the nominal
cost is higher than that of the expected value, and this is
because disrupted manufacturing nodes are not in operation,
and most operations are outsourced. Thus, comparing Figure
6c and Figure 6d, it is observed that at time point where the
nominal node cost is greater than the expected value of
scenarios, the corresponding expected value of outsourcing
cost is high. Finally, the nominal case shows a lower total cost
at all time periods when compared with the disrupted
scenarios. It should be noted that in this case study, the
operating cost parameters for the nodes are greater than that of
the arcs. We envisage that this is the most common situation,
even when specialty freights are used. The scenario analysis
shown for the arc disruption indicates that the cost of
operating the arc does not deviate so much from that of the
nominal operation. This is because of the robustness of the
multimodal arcs. Moreover, the inventory policies, shown in
Figure 7, are higher for cases where all entities are disrupted
and lowest for the nominal cases. For node disruption, the
undisrupted warehouse nodes are expanded at an extra cost. In
this case, more products can be manufactured, and the excess
is stored as inventory. A close comparison between the
inventory decisions for the arc disruption, Figure 7c, and the
nominal case, Figure 7d, indicates that the inventory approach
is similar except at the last time point, that is, the backup
warehouses are not used. The actual warehouses can take care
of the disruptions at the arcs except at the last time point. It
should be noted that this inventory increases the current
incurred cost, holding down operating cash, and reduces the

Figure 7. Inventory Policies: (a) Nodes and arc disruption; (b) node disruptions; (c) arc disruptions; (d) nominal operation.
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cost of manufacturing in the next period. Also, when entities
are disrupted and inaccessible, the holding inventory
compensates for the shortages, thus reducing the backorders.
4.2. Case Study 2: Multiproduct Network. The problem

we address in this case study is a multiechelon, multiproduct
SC network with 6 suppliers, 10 production facilities, 20
distribution centers, and 15 customer locations. At the supplier
node, there are three main suppliers and three backup
suppliers. Each facility can manufacture 20 different products
at the facility level, with specific maximum capacity limits.
However, there is a possibility for expansion if demand is high
with an additional cost. Among the 20 warehouses, there are
f ive main warehouses, and the remaining 15 are at the customer
location. These backup warehouses service the particular
customer at a higher inventory cost. The problem is solved
considering a time horizon of 2.5 months and one-week
discretization. This leads to 10 discretization points, assuming
4 weeks make a month. Moreover, in the rolling horizon
implementation framework, only the first period is determin-
istic; hence, the solution is implemented for that period while
the inventory level is carried over to the next time point.
The proposed MILP model for case study 2 was formulated

and solved using GAMS/CPLEX (v 38.2.1) on a PC with intel
core i7-10510U/2.30 GHz and 16 GB of RAM. The relative
optimality gap tolerance was set to 0.02. The model solved
consists of 127,855 equations and 229,087 variables, where
16,156 are discrete variables, and the computational time
required to solve the problem was 4371.86 s. Because the
problem was solved using the rolling horizon framework, and
there are 10 planning periods, thus, on average, each problem
takes 440 s.
Figure 8a is a plot of the cost breakdown at each time

period. The y-axis shows the cost incurred in thousands of
dollars. Figure 8b shows the plot of service level and SC

efficiency and the cost per unit product against the time. Figure
9a,b shows the inventory policies adopted in the main
warehouses and backup warehouses, respectively. According
to Figure 8a, the total cost is dominated by the node costs for
most of the periods; also, as can be seen in the third time
period, it has the highest total cost and the lowest node cost.
This is because of the degree of disruption at the time point.
As shown in Figure 8b, at the third time point, the SC network
satisfies 70% of the total demand, and outsourcing can only
satisfy a maximum of 10% of the total demand. The bulk of the
cost is due to the penalty for unmet demands. The penalty cost
for the unmet demands caused the increase. For other time
periods where the service level is 100%, we noticed that the
lowest unit cost is achieved when the internal and external
service levels are equal. This suggests that outsourcing more
products increases unit cost; therefore, to reduce the cost per
unit of product, more redundancies can be added to ensure
that the difference between SC efficiency and the service level
is minimized. This points to improving the flexibility of the
entire SC network. This includes accruing more inventory
buffers and adopting modules that can be transported to sites
where disruptions occur. Thus, a SC network should be
designed for efficiency, which means to meet demand and
obtain supply, as well as resiliency to adapt to changes in the
event of disruption and maintain efficiency.

4.3. Discussions of Results. The two case studies
presented above confirm the efficacy of the model, its
applicability to large problems, and its ability to provide
insights regarding the state of the SC. In the first case study, we
observed that the solution selects only available facilities and
the tradeoff between expanding facilities and outsourcing
products. Similarly, the selection is made for the available arcs
with lower costs at the arcs. More importantly, probing deeper
into the solution space shows that the decisions hinge on some
of the equations. These are the available nodes, capacity
limitations of the suppliers, and inventory flow balance. To
curb the effect of suppliers on production in general, it is
essential to operate an optimal raw material inventory as well.
Although this comes at an additional cost, it will ensure that
buffer materials are available in the event of supplier-side
disruptions.
The second part of the first case study clearly shows that the

SC’s cost is dominated by the nodes in the absence of
backorder. Also, there is higher cost variability at the nodes. It
is important to reduce the cost variability at the nodes. To
reduce the cost variability at the nodes, it is important to
increase the degree of flexibility. One way to do this is to
consider using mobile modular units by adapting the
framework into studies by Allen et al.83 or Allman and
Zhang.84 Modules that can be transported through the robust
arcs can take advantage of the robustness of arcs to improve
robustness at the manufacturing sites and warehouse nodes.
Modules can be transported to node locations whenever a
node is disrupted or expand the node’s capacity when the
demand is high. The arcs are less affected by the disruption, as
indicated by the cost variability of all its components. This is
because the available multimodal options will distribute the
flow, avoiding disrupted arcs while maintaining minimal cost. It
is not enough to achieve minimum cost because the
transportation modes have reliability in terms of speed of
delivery. The transportation modes can be exploited so that
there is a tradeoff between the cost of the flow path and the
reliability of delivery. Finally, the second case studies show

Figure 8. Analysis of cost for a large case study: (a) Cost breakdown.
(b) Plot of service level and unit cost against time period.
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how the model can be applied to a big realistic problem, and
the solution emphasizes the need to strengthen the nodes or
increase their flexibility. This would optimize cost and keep the
network efficiency high. Representing the SC problem as a flow
network, which consists of nodes connected by arcs, will help
to design better strategies for resiliency and develop metrics
that will measure how much a network can maintain and adapt
its operational performance when facing disruptions.

5. CONCLUSIONS
This article discusses a novel approach to SC operations under
disruptions. A mixed-integer linear program was developed to
mitigate the effect of disruptions by adding redundancies to
provide a buffer against various sorts of disruptions, including
the cost of recovery, and considering the dynamics of a
disruption using the rolling horizon approach. The various
options considered are multisourcing, backup sourcing,
expansion at the manufacturing facilities and warehouses,
outsourcing, multimodal transportation options, and customer
locations as backup warehouses. Moreover, the disruptions are
random variables, and the outcome is determined before the
optimization problem is solved. The developed model was
applied to two case studies to measure the effects on the SC.
Results suggest that the nodes dominate the total cost of the
SC. Also, for similar product demands, the variability in cost
obtained at the nodes is higher than that of the arcs. This is
because of the multimodal options available for the arcs. A way
to reduce the cost variability at the nodes is to improve
flexibility by selecting transportable modules. This, however,
will make the optimization problem more complex.
In consideration of SC design or SC expansion, it is

important to design the SC for efficiency and resiliency. The
proposed approach considers both and can thus be used for SC
design problems. For this study, once a SC entity (link or
node) fails, it is removed from the network topology before the
optimization problem is solved, and the cost of bringing the
entities back to a normal state is considered. Future direction
would consider a stochastic approach where the capacities of
the entity (nodes or arcs) will be treated as random variables.
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■ NOTATIONS

Sets and Indices
Sa sets of main suppliers; indexed by s ∈ Sb
Sb sets of backup suppliers; indexed by s ∈ Sb
S sets of all suppliers; indexed by s ∈ S = Sa ∪ Sb
F sets of manufacturing facilities; indexed by f ∈ F
Wa sets of main warehouses; indexed by w ∈ Wa
Wb sets of backup warehouses; indexed by w ∈ Wb
W sets of all warehouses; indexed by w ∈ W ⊃ Wa ∪ Wb
C sets of customers; indexed by c ∈ C
P sets of products ; indexed by p ∈ P
u sets of units for capacity expansion; indexed by u ∈

U
T sets of discretized timepoint; indexed by t
Sa, tn , Sa, td set of main suppliers Sa that are either disrupted,d or

nondisrupted n at period t
Ftn , Fd set of facilities that are either disrupted,d or

nondisrupted n at period t
Wa

n, Wa
d set of main warehouses that are either disrupted,d or

nondisrupted n at period t
Parameters
dpct the demand of customers c for product p at a period t
αs cost of supplying material r from customer s
αw
u fixed cost for unit u in warehouse w

αw
inv inventory holding cost in warehouse w

αc
pen penalty cost for unmet demand of customer c

αf
op operating cost for facility f

αf
u fixed cost for unit u in facility f

αw
rec recovery cost for warehouse w

αf
rec recovery cost for facility f

αo cost of outsourcing
αm
i, j transportation costs for moving unit product from

node i ∈ { s, f, w} to j ∈ {f, w, c} using transportation
mode m

Figure 9. Inventory level for (a) actual warehouse and (b) backup warehouses.
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tCapmi, j transportation capacity of mode m for moving unit
products or raw materials from node i ∈ { s, f, w} to j
∈ {f, w, c}

Capi the capacity of node i ∈ { s, f, w}
θrp the conversion factor for raw material r to products p
Decision Variables (Non-negative Continuous Variables)
Ipwt inventory of product p in warehouse w at period t
Qpwcmt amount of product p transported from warehouse w to

customer c using mode m at time t
Qpfwmt amount of product p transported from facility f to

warehouse w using mode m at time t
Qrsfmt amount of raw material r from supplier to facility f by

mode m at period t
Qpct quantity of product p outsourced and transported to

customer c at time t
Bpct amount of product p from customer c that is unmet at

period t
Binary Variables
ys, t determines if supplier s is chosen at period t
yf, tu determines if unit is chosen at facility f and period t
yw, tu determines if unit u is chosen at warehouse w and period t
ym, tsf determines if mode m is selected between supplier s and

facility f at period t
ym, tfw determines if mode m is selected between facility f and

warehouse w at period t
ym, twc determines if mode m is selected between warehouse w

and customer c at period t
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