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ABSTRACT

Military logistics rely heavily on public infrastructure, such as highways and railways, to transport troops,
equipment, and supplies, linking critical installations through the Department of Defense’s Strategic Highway
Network and Strategic Rail Corridor Network. However, these networks are vulnerable to disruptions that can
jeopardize operational readiness, particularly in contested environments where adversaries employ non-
traditional threats to disrupt logistics, even within the homeland. This paper presents a contested logistics
model that utilizes network science and Geographic Information System (GIS) to evaluate the robustness and
resilience of strategic transportation networks under various disruption scenarios. By integrating GIS data to
model logistics networks, simulating disruptions, and quantifying their impacts, we identified vulnerabilities in
US power projection routes and assessed the resilience and robustness of highways and railways. Our findings
reveal that highways are more resilient than railways, with greater capacity to absorb targeted disruptions..
These findings underscore the importance of prioritizing investments in highway infrastructure and reinforcing
vulnerable road and rail segments, particularly in high-risk regions, to enhance the resilience of military logistics
and maintain operational effectiveness in contested conditions.

1. Introduction

The flow of goods in the global economy is critical to the effective
deployment of humanitarian aid and military resources. The global
supply chain, while increasingly intricate and interconnected, is simul-
taneously more vulnerable to system shocks. Recent events have starkly
demonstrated how even seemingly minor delays and disruptions can
trigger cascading failures, resulting in substantial economic losses,
supply shortages, and, in some cases, tragic consequences involving the
loss of life (Aratani, 2024; Baldwin et al., 2023; Li et al., 2024). The
COVID-19 pandemic (Chowdhury et al., 2021; Dirzka and Acciaro,
2022; Li et al., 2024) and the blockage of the Suez Canal (Qu et al., 2024;
Tran et al., 2025) serve as prime examples of how unforeseen events can
cripple critical supply lines. These largely unintentional events had large
cascading impacts that could have similarly, if not more disruptive, by
intentional sabotage by adversarial actors.

While competition is inherent, and often encouraged, within com-
mercial logistics sectors seeking market advantage through efficiency
gains in cost, speed, or quality, contested logistics environments intro-
duce a fundamentally different set of challenges. In these environments,
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adversaries deliberately engage in denial operations specifically
designed to degrade or disable logistics capabilities. Such actions may
include physical attacks, cyber warfare, and information operations
targeting key logistical infrastructure. Furthermore, adversaries can
exploit terrain, employ indirect fires, or deploy obstacles to upset,
disrupt, and destroy supply lines. This introduces a unique set of chal-
lenges, compounded by the limited real-world examples of peer or near-
peer contested logistics scenarios upon which to draw.

Recent conflicts have highlighted the difficulties of managing logis-
tics under contested conditions. The Russo-Ukrainian War of 2022, for
instance, has underscored the importance of understanding how logis-
tics systems respond to sustained conflict and persistent disruption.
Long-term strategic bombing campaigns have devastated Ukraine’s en-
ergy infrastructure, particularly its power transmission network. Key
supply chain issues and sustained attacks on logistical hubs have
hampered the movement of goods, demonstrating how chronic degra-
dation, rather than singular catastrophic events, can undermine logis-
tical resilience over time (Elliott, 2024; Loyd, 2024).

The definition of “contested logistics” itself is contested. What con-
stitutes the transition from conventional competition to a fully contested
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environment is not always clear. This ambiguity underscores the need
for a more nuanced and comprehensive understanding of the challenges
involved. As defined in 10 U.S. Code § 2926 (h), “contested logistics
environment” is an environment in which the armed forces engage in
conflict with an adversary that presents challenges in all domains and
directly targets logistics operation. Others offer a broader interpretation:
“logistics that occur under conditions wherein an adversary or
competitor deliberately seeks or has sought to deny, disrupt, destroy, or
defeat friendly force logistics operations, facilities, and activities across
any of the multiple domains.” (King, 2024). This expanded view rec-
ognizes that contested logistics can encompass a wide range of scenarios,
from conventional warfare to asymmetric conflicts and even cyber-
attacks on critical infrastructure.

Academic literature to characterize the contested logistics environ-
ment have largely focused on strategic studies through historical con-
tests. There have been efforts to develop a quantitative model of
contested logistics; however, progress remains limited. For instance,
(Cerny et al., 2024) developed a game-theoretic methodology to analyze
contested logistics with multiple modes of transport and goods, storage
nodes, and different demand profiles that could be solved with best-
response mixed-integer linear programming optimizations. (Dougherty
et al., 2020) performed an agent-based Monte Carlo simulation to un-
derstand optimal strategy in sea-based logistics missions where potential
adversaries could detect and eliminate vessels as they traversed
throughout the network. (Sorenson, 2020) used network models to un-
derstand the resilience of naval logistics in the South Pacific and used
the network model as a mixed integer linear optimization model to
maximize flow.

In quantitative modeling of contested logistics, network science of-
fers a powerful framework to model and assess the resilience of trans-
portation systems under disruptions (Abdulla et al., 2020; Dong et al.,
2020; Li et al., 2015, 2021). In this framework, logistics systems are
represented as graphs composed of nodes (representing facilities,
transportation hubs, and/or key infrastructure points) and edges (rep-
resenting transportation links, communication channels, and/or de-
pendencies). This abstraction allows for the application of various
topological tools, such as centrality measures (e.g., betweenness and
eigenvector centrality) to identify critical nodes and links whose
disruption would have the most significant impact on network perfor-
mance (Das et al., 2019; Duan and Lu, 2013; Haznagy et al., 2015; Reza
et al., 2024; Sohouenou et al., 2020; Xie and Levinson, 2007).

For instance, studies using network science highlighted notable
structural differences between road and airline networks. Road net-
works are typically planar (Peng et al., 2014; Xie and Levinson, 2007),
with a hierarchical, mesh-like design that ensures consistent connec-
tivity and high resilience to random disruptions (Rivera-Royero et al.,
2022; Rodrigue, 2024). In contrast, airline networks often follow a scale-
free topology characterized by centralized hubs and spokes. While this
structure provides robustness against random failures, it leaves the
network highly susceptible to targeted attacks (Barabasi et al., 2000;
Rodrigue, 2024; Verma et al., 2014). Understanding these structural
distinctions is essential for planning, maintaining, and improving
transportation infrastructure to enhance resilience and functionality.

While naval capabilities remain vital for global force projection,
domestic land-based transportation via rail and highway is no less
essential to military logistics. The Strategic Rail Corridor Network
(STRACNET) and the Strategic Highway Network (STRAHNET), main-
tained by the Military Surface Deployment and Distribution Command
Transportation Engineering Agency (SDDCTEA), form the backbone of
the U.S. defense transportation infrastructure (SDDCTEA, 2013, 2022,
2023a, 2023b). These networks serve as vital arteries for power pro-
jection, enabling the rapid deployment of power projection platforms
(PPPs), including tanks, armored vehicles, artillery, and other heavy
equipment, from military installations to ports for overseas transport
(FHWA, 2022). The resilience and security of STRACNET and STRAH-
NET are critical to ensuring the United States’ ability to project military
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power globally and respond effectively to emerging threats.
This paper aims to quantify the resilience of land-based logistics
networks by addressing the following research questions:

1. How does the vulnerability of STRACNET and STRAHNET differ
under randomized versus targeted disruption scenarios regarding U.
S. power projection platforms?

2. How well do the strategic transportation networks perform outside of
power project platforms? Specifically, how robust and resilient are
STRACNET and STRAHNET when tasked with transporting troops
and equipment from any military installation to any strategic
seaport?

3. What insight does the disruption modeling of transportation net-
works provide regarding their functional performance under large-
scale disruption scenarios?

The remainder of this paper is structured as follows. We first intro-
duce the data used to build our model, and the metrics used to charac-
terize robustness and resilience. Next, we describe how the disruptions
on the networks were modeled, firstly focusing on the specific case of the
US PPPs and then considering the movements between any installations
and seaports in general. Finally, we discuss key findings and limitations
of this methodology, and future directions for research that can enhance
network based analyses of contested logistics.

2. Critical concepts for contested logistics
2.1. Resilience vs robustness

A traditional risk-based approach systematically identifies, assesses,
and mitigates potential risks to protect and maintain critical infra-
structure (CISA, 2013; ISO, 2018). In addition to risk-based approaches,
two distinct concepts — resilience and robustness — are often discussed
with relation to contested logistics management. Resilience is defined as
the ability of a system to absorb shocks (absorptivity) and recover quickly
(rapidity) (Bruneau and Reinhorn, 2006). In contrast to traditional risk
management, which defines risk as the product of vulnerability and
consequence, resilience management assumes that systems will inevi-
tably fail and focuses on minimizing impact and improving recovery
time.

Robustness is a related concept that describes a system’s ability to
withstand disruptions while maintaining functionality (Bruneau et al.,
2004). While robustness focuses on preventing loss of functionality
during shocks, resilience emphasizes on absorbing the initial shock and
recovering rapidly afterward (Ganin et al., 2017; Omer et al., 2013;
RISC, 2018). Because of these differences in their focus, robustness and
resilience are both desired characteristics of critical infrastructures and
they need to complement each other. A system designed to be robust
against well-known and frequent disruptions may become overly
specialized, leading to catastrophic failure if the intensity of a disruption
exceeds expectations or if an unexpected disruption occurs. Conversely,
a system that aims to be overly resilient by accounting for all potential
disruptions, including frequent and predictable ones, can become inef-
ficient due to the excessive allocation of resources for preparedness and
redundancy.

2.2. Network science for contested logistics

A network science approach to resilience analysis further integrates
structural and functional characteristics to understand how systems
respond to disruptions and recover from them. This methodology often
employs percolation theory (Callaway et al., 2000; Deng et al., 2023;
Dong et al., 2020; Li et al., 2021), which examines how the connectivity
of a network evolves as nodes or links are removed due to failures or
attacks. Percolation analysis identifies critical thresholds at which a
network transitions from a connected state, where information or
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resources can flow freely, to a fragmented state, where such flow is
severely hindered. By modeling networks as graphs, researchers can
simulate various failure scenarios and assess their impact on overall
system performance. Metrics such as connectivity, robustness, and re-
covery time allow researchers to quantify resilience systematically
(Ganin et al., 2016; Linkov et al., 2013).

Two widely used approaches to evaluating network robustness and
resilience involve targeted disruptions and random disruptions. Targeted
disruptions simulate deliberate, strategic attacks on critical network
components to maximize damage, while random disruptions model
stochastic failures that occur unpredictably (Sohouenou et al., 2020).
Although specific case studies such as the impacts of flooding in New
York City (Zimmerman et al., 2023), Dayton Beach, Florida (Helderop
and Grubesic, 2019), Palermo, Italy (Salvo et al., 2025), or in Norman,
Oklahoma (Kays et al., 2024) provide valuable localized insights, they
often lack generalizability due to their context-specific nature. To
address this, many studies such as (Ahmed et al., 2023, 2022; Ganin
et al., 2017; Mahajan and Kim, 2020) adopt centrality-based disruption
models, combining both targeted and random disruption approaches.
These models offer a systematic way to evaluate network performance,
identify vulnerabilities, and draw broadly applicable conclusions.

3. Methodology

The method and data described here closely follow those presented
in (Chung et al., 2025). All network analyses were performed using
Python (ver. 3.9) (See Supplemental Information).

3.1. Data

3.1.1. Highway and rail data

The Strategic Highway Network (STRAHNET) data was sourced from
the US Department of Transportation Bureau of Transportation Statistics
as a collection of geographical lines representing interstates, non-
interstate highways, and connector paths all over the US (USDOT,
2024). Each road segment in the dataset included road shape and speed
limits, where missing speed limits were estimated to be 55 miles per
hour.

= STRAHNET
===s STRACNET
€ Installation

@ Seaport
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The Strategic Rail Corridor Network (STRACNET) data was sourced
from the Federal Railroad Administration (FRA, 2024) and is a collec-
tion of rails that cover the continental United States and Alaska. Each
rail segment in the dataset included rail geometry, but it is missing speed
limits. According to the Federal Code of Regulations 49 CFR § 236.0 (c),
a block signal system must be installed where freight trains are operated
at speed of 50 mph or more. Since our data does not describe the exis-
tence of block signals, we used a default value of 49 mph throughout the
whole STRACNET based on 49 CFR § 236.567 (c).

3.1.2. Military installations and strategic seaports data

We used the publicly described military installations data depicts the
locations of DoD installations (namely “forts™) (USDOT BTS, 2023a). Of
the 765 DoD sites across the Continental United States (CONUS), Alaska,
Hawaii, and Puerto Rico, we only considered the 450 specific sites
located within CONUS (Fig. 1). Each site was located with the
geographic profile of the base and its military component, but only the
sites located in CONUS were used in the analysis. For this analysis, no
weights were given to any one site over another, except in the pre-
liminary analysis for the U.S. power projection platforms (PPPs)
described below.

The strategic seaports data includes the locations of 23 strategic
seaports (namely “ports”) in CONUS, Alaska, and Guam, needed to
support force deployment during contingencies and other defense
emergencies across the US. Among the 23 strategic seaports, we
considered 21 seaports in CONUS where 17 commercial seaports were
compiled by the US Maritime Administration (USDOT BTS, 2023b) and
Federal Highway Administration (FHWA, 2022), and four military sea-
ports were identified by the US Government Accountability Office (GAO,
2013).

The U.S. power projection platforms (PPPs) are key military in-
stallations strategically positioned to facilitate the rapid deployment of
forces and equipment (FHWA, 2022). As of 2022, there are 17 listed
PPPs consisting of 15 US Army Installations (i.e. Forts) and two US
marine Corps installations (i.e. Camps) critical to US power projection
(Table 1, Fig. 2). Each Army and Marine Corps PPP is associated with a
designated seaport of embarkation (SPOE, hereinafter Seaport) and
aerial port of embarkation (APOE, hereinafter Airport) for overseas

Fig. 1. Map of the Strategic Highway Network and Strategic Rail Corridor Network. Military installations and ports are distributed throughout the United States with

a higher density of installations on the East and West Coasts of the United States.
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Table 1
Specifications of the US Power Projection Platforms.
PPP To Seaport To Airport
Installation Sea Port of Highway Railway Aerial Port of Highway Railway
Embarkation Length Travel Length Travel Embarkation Length Travel Length Travel
(km) Time (km) Time (km) Time (km) Time
(min) (min) (min) (min)
Ft. Drum, NY Port of NJ/NY, NJ 519 325 609 463  Wheeler-Sack AAF, NY on-site
Ft. Dix, NJ Port of NJ/NY, NJ 95 57 106 81 McGuire AFB, NJ on-site
Ft. McCoy, WI Port of Hampton 1832 1095 2052 1561 Volk Field, WI 43 25 39 30
Roads, VA
Ft. Eustis, VA Port of Hampton 41 26 285 217  Langley AFB, VA on-site
Roads, VA
Camp Lejeune, Port of Morehead 53 44 72 55 MCAS Cherry Point, NC 69 55 48 37
NC City, NC
Ft. Bragg, NC Port of Wilmington, 228 132 207 158  Pope AFB, NC on-site
NC
Ft. Stewart, GA Port of Savannah, 67 46 69 53  Hunter AAF, GA 54 37 64 49
GA
Ft. Benning, GA Port of Savannah, 387 250 465 354 Lawson AAF, GA on-site
GA
Ft. Campbell, Port of Jacksonville, 1073 667 1251 952 Campbell AAF, KY on-site
KY FL
Ft. Riley, KS Port of Corpus 1453 830 1994 1517  Forbes Field, KS 102 61 108 82
Christi, TX
Ft. Sill, OK Port of Corpus 921 503 1354 1030  Lawton/Ft. Sill Regional on-site
Christi, TX Airport, OK
Ft. Polk, LA Port of Corpus 666 386 660 502  Alexandria 79 54 891 678
Christi, TX International, LA
Ft. Hood, TX Port of Corpus 458 247 730 555 Robert Gray AAF, TX on-site
Christi, TX
Ft. Bliss, TX Port of Corpus 1123 547 1695 1290  Biggs AFB, TX on-site
Christi, TX
Ft. Carson, CO Port of Corpus 1902 992 2031 1545 Peterson AFB, CO 18 11 15 12
Christi, TX
Ft. Lewis, WA Port of Tacoma, WA 259 145 751 571 McChord AFB, WA on-site
Camp Port of San Diego, 66 39 70 54 March AFB, CA 191 109 143 109
Pendleton, CA CA
Average 655 372 847 645 Average 79 50 187 142
% Network Utilized 10.90 % 20.90 % % Network Utilized 0.50 % 1.90 %

Pt Tacomé Qv

Camp Pendletong

Pt. San Diego

=== STRAHNET
===xx STRACNET
‘ Installation
@ Airport
@ Seaport

R

o/

Ft. Benning éﬂ a

% Alexandria A
IrJtematlonaL 4
PSR

e

Camp Lejeune
Pt. Wilmington

Fig. 2. Map of the Strategic Transportation Networks within the Continental United States. The 17 Power Projection Platforms (PPP) installations and their asso-
ciated seaports of embarkation and airports of embarkation are labeled.
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deployment. While some installations have seaports in proximity, others
rely on highway and rail infrastructure as a primary mode of transport to
connect with more distant seaports. Note that some airports are co-
located with the main installations (E.g. Fort Lewis/McChord Air
Force Base).

3.2. Transportation graph

The backbone of military logistics is transportation networks. To
model and analyze the transportation networks, we represent the
physical network by a mathematical graph with well-defined nodes and
edges. In our graph representation of highway and railway networks, the
nodes represent road/rail intersections, and the edges represent road/
rail segments connecting the nodes. GIS based refinements as outlined in
(Chung et al., 2025) were implemented to align our model with the
actual topology and connectivity of the physical highway and rail net-
works. A detailed description of the data cleaning tasks can be found in
the Supplemental information.

The transportation networks were modeled as undirected graphs,
with each edge assigned a travel time calculated by dividing its length by
its speed limit. In this representation, all trips must begin and end at
nodes, and transitions between road segments, such as turning, can only
occur at nodes. To integrate military installations and seaports into the
transportation graph, each facility was mapped to the geometrically
closest point on the graph. If the closest point lies in the middle of an
edge, that edge was split into two segments, and a new node was
inserted at the split location.

3.3. Performance measures

3.3.1. Origin-Destination travel time

For each origin-destination pair (od pair), the shortest path can be
determined by the Dijkstra’s algorithm (Dijkstra, 1959) minimizing the
total sum of edge travel times. The travel time matrix T is a |O| x |D|
dimensional matrix representing travel times along the shortest paths
for all possible od paths. Each element t,4 of T represents the travel time
between an origin o € O and a destination d € D. Since the undisrupted
transportation network G is connected and o # d for any od pairs, the
travel time value t,4 is always positive and finite.

For the analysis of PPPs, only the routes between each installation to
its designated seaport and airport were considered. In the generalized all
forts to all ports scenario, we analyzed all combinatorial pairs for
accessible installations, where 9000 possible fort-to-port paths (450
forts, 20 ports) using the highways and 4675 paths (275 forts, 17 ports)
using the railways were possible.

3.3.2. Edge betweenness centrality

Edge betweenness centrality is a metric that measures shortest-path
centrality and has been widely adopted across various domains of
network science to analyze connectivity, flow, and system vulnerabil-
ities which quantifies the importance of an edge within a network
(Freeman, 1977). It is defined as the “number of shortest paths that pass
through an edge in a graph” (Lu and Zhang, 2013), capturing its role as a
critical link in maintaining network connectivity and flow. Mathemati-
cally, the betweenness centrality of an edge e is expressed as:

o(o,dle)

W= 2 o0

where O represents the set of origins, D denotes the set of destinations,
o(0,d) is the total number of shortest paths between nodes o and d, and
o(0,d|e) is the number of those paths that pass through edge e (Brandes,
2008).
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3.4. Disruptions

Disruptions are incidents that prevent systems from functioning
properly. In our case, disruption is represented by road or rail segment
removal from a transportation network and its impact on logistics is
quantified by the resulting time delay on fort-to-port paths. Many nat-
ural disasters such as floods or wildfires, and artificial disasters such as
car crashes or terrorism can disrupt transportation networks.

3.4.1. Disruptions for power projection platforms

Since there are only 17 fort-to-seaport paths and 7 fort-to-airport
paths in PPPs which utilizes only about 11 % of the highway network
and 23 % of the rail network (Table 1), we focus on disrupting individual
paths rather than the disruptions in the whole transportation network.
We analyzed the impact of instantaneous short disruptions which may
impact the ability for PPPs to quickly project power across the globe. For
each fort-to-port PPP path, we measured the impact of removal of each
edge along the path. Here, the road length of the removed edge is
considered as the cost of the disruption and the travel time delay caused
by the removal of an edge measures the importance of the edge.

3.4.2. Disruptions for general fort-to-port movements

In contrast to the PPP model which focuses only on 24 specific paths,
there are thousands of fort-to-port paths that need to be considered in
the general case which. To analyze the robustness and resilience of the
entire transportation network, we modeled two types of disruptions,
namely targeted and random, with varying degrees of intensity.

The intensity of a disruption is measured in the percentage of road or
rail lengths that were removed. For our simulations, disruption in-
tensities ranged from 1 % to 50 % with a 1 % increment. Quantifying
disruption intensities based on the total length of affected roads and rails
enables us to compare the effects of different disruptions across various
transportation modes.

The targeted disruption removes roads and rail segments based on
their importance, measured by their betweenness centrality. Under a
targeted disruption, roads and rails with the highest centrality values are
removed first, until the percentage of the total road and rail lengths
removed equals the desired intensity of the disruption. Because the
centrality of the roads was determined prior to the disruptions, the
targeted disruptions are deterministic.

On the other hand, under a random disruption, road and rail seg-
ments are removed at random such that the total percentage of lengths
removed equals the desired intensity. Since the random disruptions are
stochastic, we repeat random disruptions 100 times for each intensity to
observe their statistical behaviors. Examples of targeted and disrupted
target profiles can be seen in Supplemental Information.

3.4.3. Delay characterization

To measure the impact of disruptions, travel times before a disrup-
tion t,q and after a disruption ¢ ; were collected, for each od pair. These
values satisfy 0 < t,g < o and 0 <t ; < oo such that t,q <t ; where

’

t

.4 = o indicates disconnection from an origin o to a destination d.

By measuring the time increase due to a disruption, we can quantify
the impact of the disruption on each path. Here, we use the relative time
difference At,q:= ﬂ measured in percentage time increase with
respect to the undisrupted travel time. Using At,q, we classify the impact
of the disruption on each path into three categories where the path od is
unaffected if At,q = 0, delayed if 0 < At,y < oo, and disconnected if Aty =
0.

This trichotomy of paths satisfy the relation N = Nyngfected +
Nelayed + Nisconnected> Where N = |O|-|D| is the total number of paths, and
Nungffected> Ndelayeds @and Naisconnecrea T€Present the number of unaffected,
delayed, and disconnected paths, respectively.
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3.5. Impacts of disruptions

3.5.1. Disrupted U.S. power projection platforms

For the analysis on U.S. power projection platforms, we analyzed the
impact of single point disruptions which may impact the ability for PPPs
to quickly project power across the globe. Disruptions in the PPP model
were single point disruptions of disabling one edge e on the shortest path
between origin and destination pair od. The N edges on the shortest path
from origin o to destination d were ordered by their respective delay

Transportation Research Interdisciplinary Perspectives 32 (2025) 101507

values Aty, Aty, ---, Aty, each associated with an edge length 1, I, ---, Iy
representing the cost of disruption. The 50th percentile delay, calculated
as a length-weighted median, was defined as the k" delay where k sat-
isfies

where L = "N ; is the total length of the route. The 50th percentile

Table 2
Impact of Highway Disruptions on Shortest Paths between Installations and Ports of Embarkation in the US Power Projection Platforms.
PPP Port of Highway
Installation Embarkation travel 25th percentile 50th percentile 75th percentile maximum disruption
time time % time time % time time % time time % time length % length
(min) increase increase increase increase increase increase increase increase causing causing
(min) (min) (min) (min) maximum maximum
(km)
Seaport of Embarkation
Ft. Drum, NY  Port of NJ/NY, 325 36.3 11.2% 55.3 17.0 % 55.3 17.0 % inf inf 112.8 21.7 %
NJ
Ft. Dix, NJ Port of NJ/NY, 81 31.4 55.0 % 37.2 65.2 % 37.2 65.2 % inf inf 13.3 14.0 %
NJ
Ft. McCoy, Port of 1095 16.5 1.5% 32.4 3.0 % 38.2 35% 291.3 26.6 % 27.6 1.5%
WI Hampton
Roads, VA
Ft. Eustis, VA Port of 26 7.6 29.4 % 7.6 29.4 % 7.6 29.4 % inf inf 3.4 8.5%
Hampton
Roads, VA
Camp Port of 44 58.9 133.8 % 58.9 133.8 % 58.9 133.8 % inf inf 8.4 15.9 %
Lejeune, Morehead City,
NC NC
Ft. Bragg, NC Port of 132 3.3 25% 3.3 25% 10.6 8.1 % inf inf 1.3 0.6 %
Wilmington, NC
Ft. Stewart, Port of 46 6.2 13.6 % 6.2 13.6 % 13.4 29.2 % inf inf 15.3 22.8%
GA Savannah, GA
Ft. Benning, Port of 250 6.8 2.7 % 31.2 12.5% 67.8 271 % inf inf 15.3 4.0 %
GA Savannah, GA
Ft. Campbell,  Port of 667 4.6 0.7 % 4.6 0.7 % 4.6 0.7 % inf inf 4.8 0.5 %
KY Jacksonville, FL
Ft. Riley, KS Port of Corpus 830 7.0 0.8 % 37.8 4.6 % 48.6 5.9 % inf inf 28.9 2.0 %
Christi, TX
Ft. Sill, OK Port of Corpus 503 0.8 0.2% 37.8 7.5% 44.3 8.8% inf inf 24.4 2.6 %
Christi, TX
Ft. Polk, LA Port of Corpus 386 82.2 21.3% 82.2 21.3 % 145.1 37.6 % inf inf 24.5 3.7 %
Christi, TX
Ft. Hood, TX Port of Corpus 247 0.8 0.3% 0.8 0.3% 5.6 2.3% inf inf 24.4 5.3%
Christi, TX
Ft. Bliss, TX Port of Corpus 547 71.2 13.0% 71.2 13.0 % 71.2 13.0 % inf inf 24.4 2.2%
Christi, TX
Ft. Carson, Port of Corpus 992 39.5 4.0 % 40.4 4.1 % 68.3 6.9 % inf inf 24.4 1.3%
co Christi, TX
Ft. Lewis, Port of Tacoma, 145 245.1 169.0 % 245.1 169.0 % 245.1 169.0 % inf inf 5.9 2.3 %
WA WA
Cp. Port of San 39 4.9 12.6 % 168.3 431.5 % 168.3 431.5 % inf inf 0.6 0.9 %
Pendleton, Diego, CA
CA
Seaport Average 655 36.7 27.7 % 54.1 54.6 % 64.1 58.2 % 291.3 26.6 % 21.2 6.5 %
Airport of Embarkation
Ft. McCoy, Volk Field, WI 25 131.3 525.3 % 352.2 1408.8 352.2  1408.8 % 352.2 1408.8 27.6 63.7 %
WI % %
Camp MCAS Cherry 55 23.7 43.1 % 23.7 43.1 % 23.7 43.1 % inf inf 3.7 5.4 %
Lejeune, Point, NC
NC
Ft. Stewart, Hunter AAF, GA 37 6.2 16.9 % 6.2 16.9 % 25.1 67.8 % inf inf 10.6 19.7 %
GA
Ft. Riley, KS Forbes Field, KS 61 202.2 331.4 % 202.2 331.4 % 202.2 331.4 % inf inf 4.6 4.5 %
Ft. Polk, LA Alexandria 54 188.1 348.3 % 188.1 348.3 % 188.1 348.3 % inf inf 0.2 0.2 %
International,
LA
Ft. Carson, Peterson AFB, 11 193.8 1761.7 193.8 1761.7 1116.7 10151.6 inf inf 0.7 3.8%
co co % % %
Cp. March AFB, CA 109 16.6 15.3 % 16.6 15.3 % 16.6 15.3 % 16.7 15.3 % 173.1 90.8 %
Pendleton,
CA
Airport Average 50 108.8 434.6 % 140.4 560.8 % 2749  1766.6 % 184.4 712.1 % 31.5 27 %
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disruption represents the disruption intensity at which a “randomly”
placed failure is equally likely to occur before or after this point along
the known shortest path. In addition to the 50th percentile delay, the
25th and 75th percentiles and the maximum disruption for each
installation and port pair were also calculated (Table 2 and 3).

3.5.2. Disrupted strategic transportation networks

Since the U.S. PPP analysis focuses on a small set of specific routes,
the result may not be reflecting the structure of the whole transportation
networks. To analyze the transportation network as a whole, an aggre-
gate measure considering the impact of disruptions on all possible fort-
to-port paths need to be defined. Previous percolation analyses
(Callaway et al., 2000; Deng et al., 2023; Dong et al., 2020; Li et al.,
2021) focused on network connectivity and the giant connected
component, where the paths in the network are either connected or
disconnected. Because time delays At,; are continuous values,
connectivity-based analyses may underestimate the impact of disrup-
tions. To include the continuous characteristics of time delays, we define
a functionality function on paths that calculates how ‘functional’ the path
from o to d is with respect to the undisrupted network. We calculated the
functionality of a delayed path as the monotonically decreasing function
f(At) = 1. Thus, our functionality measure f(At,q) € [0,1] indicates
that the path od is:

1) fully functional and unaffected by the disruption if f(At,q) = 1,
2) completely disconnected by the disruption if f(At,q) = 0, and
3) delayed by the disruption if 0 < f(At,g) < 1.

Finally, we define the functionality of the network under a disruption
as the average functionality of individual fort-to-port paths under the

disruption: f(G) : = £3", of (Ateq).
4. Results
4.1. Disrupted U.S. power projection platforms

The shortest paths specification between each PPP installation and
their associated Seaport and Airport are reported for the highway
(Table 2) and railway networks (Table 3). These shortest paths consti-
tuted approximately 11 % of the highway network and 22 % of the rail
network. This finding indicates that for the major mission of power-
projection, a majority of railway and highway lines do not play a crit-
ical role.

4.1.1. Installation to seaport

In general, the path between each PPP installation and its associated
seaport was shorter using highways than railways. The mean travel
distance was 655 km by highway and 847 km by railway. Five in-
stallations, including both Marine Corps bases, had the shortest highway
paths to seaports that were under 60 min. Meanwhile, six installations
had travel distances over 1000 km by rail. For all installations, highways
represented a quicker path to seaports than those of railways.

The 50th percentile disruption to highway networks translated to an
average of a 54-minute increase in travel time which corresponds to an
average of a 54.6 % increase in travel times. Seven installations had less
than 10 % increases in travel times at the 50th percentile. For most
installation-seaport pairs, the highway network was relatively robust
against random single point disruptions, with only three seaport-
installation pairs having greater than 100 % of time delays associated
with a 50th percentile randomized disruptions (Table 2).

By contrast, the maximum impact of single point disruptions caused
complete disconnection in all cases except one (i.e. Ft. McCoy, WI to Port
of Hampton Roads, VA). These relatively high impacts of targeted dis-
ruptions compared to random disruptions suggest that most random
disruptions have relatively limited impacts on the travel time
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requirement for most installations. This suggests that U.S. PPPs using
highways are highly vulnerable to targeted single point disruptions, but
robust against random disruptions.

On the other hand, both the 50th percentile and maximum single
point disruptions were associated with full disconnection for multiple
installation-port pairs. For 50th percentile disruptions that did not fully
disconnect railway networks, 50th percentile disruptions were associ-
ated with a 236 % increase in travel times. Only two installations had
less than 10 % increases in travel times at the 50th percentile. The
maximal disruptions for railways were always disconnecting the in-
stallations to seaports and more than half of the paths had at least 1000
% delay or even full disconnections even at the 75th percentile level.

Additionally, we found that regardless of the transportation mode,
the road and rail segments that causes maximal disruptions are located
at the beginning near the installation and at the end near the ports of
embarkation (See Supplemental 2.2). When using highways to reach
designated ports of embarkation, the total length of roads that cause
maximal disruption was at most 30 km in most of PPPs. This result is
different for railways where the total length of rails that cause maximal
disruption was at least 100 km in most cases.

4.1.2. Installation to airport

Unlike paths to seaports which often are hundreds of kilometers
away from the installations, paths to airports are relatively close and
even co-located with the installation. 10 out of 17 installations had their
airfields on-site and, even those with off-site airports, most of them
could be reached within two hours.

When using highways, three out of seven paths had less than 30 min
of delay and the remaining four paths had delays of more than 3 h.
Against maximal disruptions, most of them were disconnected or had
1400 % increase in travel time. The only exception was the route be-
tween Camp Pendleton, CA and March AFB, CA, which benefited from
the relatively dense highway infrastructure in Southern California. On
the other hand, when using railways, even the 25th percentile disrup-
tions significantly increased travel times by over 8 h of delays or fully
disconnected.

4.2. Disrupted U.S. strategic transportation networks

When considering all possible fort-to-port paths across CONUS, the
transportation network’s structure becomes more important since the
installations are distributed across the entire CONUS. Because strategic
seaports are distributed primarily on the East and West Coast, cross-
continental east-west interstates (e.g. I-10, I-20, [-80, I-90) and simi-
larly oriented railways (e.g. Union Pacific Lines in the Southwest) had
higher centrality values (See Supplemental 2.1).

Using the delay characterization, both random and targeted disrup-
tions on both the highway and rail network share similar degradation
profiles as the intensity of disruptions increases (Fig. 3). When disrup-
tion intensity is very small (less than 3 %), we have an absorptive phase
where delayed routes increase, but disconnections have not occurred
yet. When the disruption intensity increases, we have a high-delay phase
where the number of delayed paths does not change much around 60 %,
but the number of disconnected paths increases. When the network is
under severe disruptions, we have the dismantle phase where delayed
paths become disconnected and the network is broken down into smaller
connected components.

Even though both highways and railways share similar qualitative
degradation profile, highways have higher functionality value than the
railways under the same type of disruption (Fig. 4). The highway
network was 70 % functional under 10 % targeted disruption, whereas
railways already lost significant functionality and are only 30 % func-
tional. Similarly, under 10 % random disruption, highways are on
average 65 % functional but railways are only 30 % functional on
average.



Table 3
Impact of Railway Disruptions on Shortest Paths between Installations and Ports of Embarkation in the US Power Projection Platforms.
PPP POE travel time Railway
Installation (min) 25th percentile 50th percentile 75th percentile maximum disruption
time increase % time time increase % time time increase % time time increase % time length causing % length causing
(min) increase (min) increase (min) increase (min) increase maximum (km) maximum
Seaport of Embarkation
Ft. Drum, NY Port of NJ/NY, NJ 463 289.2 62 % 354.4 77 % 354.4 77 % inf inf 128.8 21.2%
Ft. Dix, NJ Port of NJ/NY, NJ 81 161.0 199 % 641.3 792 % 641.3 792 % inf inf 13.4 12.6 %
Ft. McCoy, WI Port of Hampton 1561 72.5 5% 72.5 5% 515.5 33% inf inf 129.8 6.3 %
Roads, VA
Ft. Eustis, VA Port of Hampton 217 inf inf inf inf inf inf inf inf 230.9 81.0 %
Roads, VA
Camp Lejeune, Port of Morehead 55 inf inf inf inf inf inf inf inf 71.7 99.5 %
NC City, NC
Ft. Bragg, NC Port of Wilmington, 158 0.1 0% inf inf inf inf inf inf 151.0 72.9 %
NC
Ft. Stewart, GA Port of Savannah, 53 553.3 1044 % 553.3 1044 % 553.3 1044 % inf inf 10.1 14.6 %
GA
Ft. Benning, GA Port of Savannah, 354 26.0 7 % 26.0 7% 26.0 7 % inf inf 62.3 13.4%
GA
Ft. Campbell, Port of Jacksonville, 952 76.3 8% 208.1 22 % 223.5 23 % inf inf 28.1 22%
KY FL
Ft. Riley, KS Port of Corpus 1517 220.6 15 % 226.5 15 % 710.3 47 % inf inf 375.5 18.8 %
Christi, TX
Ft. Sill, OK Port of Corpus 1030 2.2 0% 220.5 21 % inf inf inf inf 375.5 27.7 %
Christi, TX
Ft. Polk, LA Port of Corpus 502 inf inf inf inf inf inf inf inf 522.8 79.2 %
Christi, TX
Ft. Hood, TX Port of Corpus 555 220.5 40 % inf inf inf inf inf inf 420.2 57.6 %
Christi, TX
Ft. Bliss, TX Port of Corpus 1290 137.3 11 % 137.3 11 % 941.9 73 % inf inf 375.5 22.2%
Christi, TX
Ft. Carson, CO Port of Corpus 1545 242.1 16 % 695.4 45 % 765.3 50 % inf inf 375.5 18.5 %
Christi, TX
Ft. Lewis, WA Port of Tacoma, WA 571 2456.3 430 % 3172.9 556 % inf inf inf inf 223.7 29.8 %
Camp Port of San Diego, 54 inf inf inf inf inf inf inf inf 70.4 100.0 %
Pendleton, CA CA
Seaport Average 644.6 3429 141.3% 573.5 235.8% 525.7 238.4% inf inf 209.7 39.9%
Airport of Embarkation
Ft. McCoy, WI Volk Field, WI 30 1074.4 3581.3 % 1074.4 3581.3 % 1074.4 3581.3 % 1074.4 3581.3 % 39.4 100 %
Camp Lejeune, MCAS Cherry Point, 37 inf inf inf inf inf inf inf inf 47.7 98.7 %
NC NC
Ft. Stewart, GA Hunter AAF, GA 49 558.6 1140.0 % 558.6 1140.0 % 558.6 1140.0 % inf inf 10.1 15.7 %
Ft. Riley, KS Forbes Field, KS 82 1425.0 1737.9 % 1425.0 1737.9 % 1425.0 1737.9 % 1425.0 1737.9 % 100.1 92.9 %
Ft. Polk, LA Alexandria 678 452.8 66.8 % 452.8 66.8 % 452.8 66.8 % inf inf 147.3 16.5 %
International, LA
Ft. Carson, CO Peterson AFB, CO 12 2024.5 16871.2 % 2024.5 16871.2 % 2024.5 16871.2 % 2024.5 16871.2 % 15 94.3 %
Camp March AFB, CA 109 79.0 72.5 % inf inf inf inf inf inf 95.3 66.8 %
Pendleton, CA
Airport Average 142.4 935.7 3911.6% 1107.1 4679.4% 1107.1 4679.4% 1508.0 7396.8% 64.9 69.3%
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Fig. 3. Impacts of the disruption based on delay characterization for the targeted (Top) and random (Bottom) attacks. The proportion of unaffected nodes associated

with a disruption decreases as intensity increases.
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Fig. 4. Degradation of network functionality against different disruptions.

5. Discussions

In this paper, we developed a simplified methodology to characterize
contested logistics both under short acute disruptions as well as major
disruptions that disable large portions of the logistics network. We found
that for specific origin—destination pairs based on PPPs, small sections of
the highway network could be protected to ensure connectivity. Most
critical disruptions only occurred at the “first-mile” or “last-mile” of the
route. Thus, protecting against disruptions in the road network may not
just include road hardening, but planning alternative routes closer to the
installation and ports. However, based on the total lengths of roads and
rails that can cause maximal disruptions, it might be more difficult to
strengthen railways since it would require hardening and building de-
tours of length greater than 100 km in many cases, whereas less than 30
km is required for highways.

We also found that different target-prioritization methods can have

key differences in the impact on the road network. We found that the
critical degradation of the network is more pronounced under targeted
disruption scenario compared to the random disruption scenario, espe-
cially after a certain disruption intensity threshold (around 15 % in our
model). This suggests that understanding potential adversary targeting
strategies and prioritizing defense efforts accordingly is critical to un-
derstanding how a system will degrade over an adverse event. The edge
betweenness centrality metric proved useful in identifying these critical
links, but more sophisticated models could incorporate factors like asset
value, repair time, and strategic importance to refine targeting
priorities.

Several abstractions were made to simplify the model for general
understandability. Notably, the targeting mechanism does not include
any, nor was it optimized for sequential disruptions or the true cost of
disrupting an edge. Methods to completely disable a road or rail-
network are likely to be much more time and resource intensive.
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Roads and rail can be rapidly restored to meet mission needs, especially
during critical moments, if anticipated properly. While the cost of
disabling an edge was based on the length of a given edge, under the
assumption that actually causing a disruption to that edge would require
disrupting multiple parts of that road or railway to ensure it could not be
used. However, single point disruptions could potentially stall the suc-
cession of disruptions. Examples of this can be seen in the case of the
Russian invasion of Ukraine where poor road conditions may have
caused convoys to fail. Network model tools such as the one presented in
this paper can be used to identify the most vulnerable segments and
design strategies to mitigate these “single point of failure”.

Mixed-mode analysis could potentially dramatically shift the risk
landscape. This analysis only characterized either the highway or rail-
way network, but real-world logistics systems often involve a combi-
nation of transportation modes. A more comprehensive analysis would
integrate both highway and railway networks, as well as air and sea
transport, to assess the resilience of end-to-end supply chains. However,
in the contested logistics environment, this will require the analysis of
loading and unloading of highly specialized equipment that cannot
easily be captured by network analysis. The ability to switch between
modes in response to disruptions could significantly enhance overall
system resilience. Further, by considering the interdependence between
these modes (e.g., rail lines feeding ports), we can identify critical choke
points that require prioritized protection.

Even though we suggested a new GIS and network science-based
method to identify vulnerabilities and to measure robustness and resil-
ience of logistics networks under various disruption scenarios, more
work can be done to improve our findings. Firstly, even though the re-
covery phase is a crucial part of measuring resilience, it has not been
modeled and included here yet. Once the disruption peaks, one can
model various recovery strategies to optimize for rapid recovery of the
system and suggest effective recovery plans. By using more realistic
logistics models and disruption models, our contested logistics model
would better reflect the real-world system.

6. Conclusions

This paper presented a simplified methodology for quantifying
resilience in contested logistics environments, focusing on the US
STRACNET and STRAHNET. By leveraging network science principles
and readily available data, we characterized the vulnerability of these
critical land networks to both random and targeted disruption scenarios.
Our findings revealed differences in the resilience of highway and rail-
way systems, specifically in the degradation profile of networks. This
analysis highlighted key vulnerabilities in last-mile components of the
US power projection platforms and demonstrated the impact of targeted
disruptions on overall network functionality. While the model in-
corporates necessary abstractions, it provides a valuable framework for
understanding the complex interplay between network structure,
disruption intensity, and system performance. The analysis underscores
the importance of strategic infrastructure hardening, alternative route
planning, and a comprehensive understanding of potential adversary
targeting strategies. Furthermore, the discussion of limitations and
proposed future research directions lays a roadmap for developing more
sophisticated and realistic models that incorporate dynamic network
conditions, repair and recovery processes, cost-benefit considerations,
and multi-modal transportation integration. Ultimately, this research
contributes to a growing body of knowledge aimed at enhancing the
resilience of critical supply chains, ensuring the ability to project power,
and maintaining economic stability in an increasingly contested and
uncertain global landscape.
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