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Abstract

This paper presents a comprehensive methodology for assessing supply chain transpar-
ency and resiliency using a data-driven approach. Leveraging global trade data and Har-
monized System (HS) codes, the methodology maps each stage of the supply chain to
enhance regulatory compliance and mitigate operational risks. Transparency is evaluated
using a novel classification system that categorizes branches as fully transparent, highly
transparent, moderately transparent, or non-transparent. This enables raw material trace-
ability, Scope 3 greenhouse gas (GHG) emission estimation, and identification of high-
emission nodes for targeted reductions. Resiliency is assessed through graph analytics
and stress testing, incorporating metrics such as the Giant Connected Component (GCC)
and probabilistic simulations to analyze vulnerabilities and develop recovery strategies.
A case study on the Cr-13 Steel Drill Pipe supply chain highlights the benefits of incorpo-
rating scrap materials for sustainability, alongside challenges related to traceability due
to regulatory gaps and non-transparent networks. Monte Carlo simulations identify criti-
cal nodes whose disruption significantly affects network connectivity; therefore, resili-
ency, and transparency. This methodology delivers actionable insights to improve supply
chain resiliency, sustainability, and operational efficiency. It is scalable across industries,
enabling stakeholders to optimize management strategies, align with global climate initi-
atives, and build resilient and transparent networks.

Keywords: supply chain resiliency; transparency; graph analytics; stress testing; trade
transactions; economic benefits; raw material sourcing; critical minerals; mine tracing

1. Introduction

In today’s globalized economy, supply chain transparency, traceability, and resili-
ence stand out as crucial factors for effective supply chain management. Given the com-
plex nature of supply chains, adding regulatory requirements, consumer expectations,
and the universal demand for operational efficiency further emphasizes the necessity for
robust frameworks to manage supply chains effectively.

The need for increased transparency and end-to-end traceability in supply chains has
become more acute amid multiple driving forces. They include growing environmental
concerns that demand accountability, the growing importance of ethical sourcing prac-
tices, and mounting pressures from regulatory bodies. Considering that supply chains
operate across different jurisdictions and geographical boundaries, the accurate tracing of
materials’ journey from their raw form to the end product is not just a requirement for
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compliance but also a strategic advantage that companies can leverage in the competitive
marketplace. Equally important to transparency is the resilience of supply chains in the
face of disruptions, which helps maintain continuity of operations. Recent world events,
such as the COVID-19 pandemic and geopolitical tensions, have tested the robustness of
supply chains and exposed vulnerabilities in traditional models.

The various supply chains associated with manufactured goods pose significant
traceability and, hence, transparency challenges: first, because of the immense heteroge-
neity of constituents forming part of these manufactured products and those involved
throughout the entire manufacturing line. Second, these products are often transported
along large, interconnected networks encompassing raw materials and parts supplied by
suppliers based in several countries with their own individual regulatory policies and in-
dustry codes. The complexity increases due to the number of intermediaries, such as sup-
pliers, manufacturers, and distributors, which makes traceability of each component dif-
ficult. Further, variations in technology adoption and data management practices among
the stakeholders complicate the consistency and reliability of traceability. A lack of trans-
parency may keep labor practices, environmental compliance, and quality control
measures out of sight, posing risks to both the brand and the consumer.

Increased transparency through better tracking technologies and standardized data
protocols enables companies to identify inefficiencies, potential risks, and areas of non-
conformance, while supporting proactive responses to disruptions and market changes.
A resilient supply chain—achieved through flexible sourcing and robust risk manage-
ment—further ensures operational continuity under diverse scenarios. Therefore, as-
sessing transparency serves a dual purpose: it fulfills regulatory and consumer demands
while simultaneously fortifying supply chain resilience, resulting in more robust and re-
liable manufacturing processes.

1.1. Supply Chain Transparency and Associated Challenges

Supply chain transparency has become a critical aspect of modern industry, driven
by multiple forces ranging from regulatory pressures to consumer demands and opera-
tional efficiency [1,2]. The global nature of production, where raw materials often cross
multiple borders before reaching the final consumer, adds complexity to supply chains
[3,4]. Thus, this interconnectedness makes it increasingly difficult for companies to moni-
tor and ensure accountability at every stage of their supply chain networks. As a result,
various stakeholders, from governments to consumers, call for greater transparency [5].
The key drivers behind the need for supply chain transparency include regulatory com-
pliance, environmental sustainability, ethical sourcing, risk management, and operational
efficiency [6].

Governments worldwide are implementing stricter regulations to require companies
to trace their supply chains, primarily to reduce CO2 emissions and ensure that products
meet specific environmental and social standards [7,8]. Policies such as the European Un-
ion’s Carbon Border Adjustment Mechanism (CBAM) and carbon taxes are examples of
precautions designed to reduce the carbon footprint of imported goods for the sake of the
environment [9-11]. CBAM, in particular, requires companies importing goods into the
EU to account for the embedded carbon emissions in their products, ensuring that prod-
ucts with lower emissions have a competitive advantage [12]. Similarly, carbon taxes are
being implemented globally to penalize companies that fail to mitigate their carbon emis-
sions throughout the supply chain [13]. Furthermore, Tost et al. (2020) demonstrate that
meaningful carbon pricing at the mine level is essential for meeting Paris Agreement tar-
gets, underscoring the need for traceability frameworks that extend to raw material ex-
traction [14]. Therefore, compliance with these policies necessitates robust supply chain
traceability and transparency assessment systems that allow companies to track carbon
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emissions to reduce them and other environmental impacts from the raw material source
to the final product.

The growing emphasis on sustainability and climate action also drives the need for
supply chain tracing [15]. Consumers, governments, and non-governmental organiza-
tions (NGOs) are increasingly concerned about the environmental impacts of products,
especially regarding carbon emissions, deforestation, and water usage [16,17]. Supply
chain transparency helps companies identify inefficiencies and high-emission nodes
within their supply chain networks, enabling them to take corrective action. Therefore,
transparency is crucial for industries with significant environmental footprints, such as
mining, manufacturing, and agriculture. By assessing transparency in their supply chain
networks, companies can reduce their environmental impact, support global climate goals
such as those outlined in the Paris Agreement, and enhance their corporate social respon-
sibility (CSR) initiatives [18,19].

Beyond environmental concerns, the ethical sourcing of materials has become a cen-
tral issue in supply chain management [20,21]. Consumers and advocacy groups increas-
ingly demand that companies ensure their products are free from exploitative labor prac-
tices, such as child labor, forced labor, or unsafe working conditions [21,22]. Therefore,
supply chain tracing and transparency provide companies with tools to verify that their
suppliers adhere to ethical standards, ensuring that they responsibly source materials. For
example, industries like fashion, electronics, and agriculture often face inspections of la-
bor practices in their supply chain networks [23,24]. Recent evidence from European re-
newable energy technology manufacturers shows that expectations for responsible sourc-
ing are increasingly driven by downstream actors, reinforcing the need for end-to-end
supply chain visibility [25].

Supply chain transparency is not only about compliance and consumer demands; it
also provides significant operational benefits. Companies can identify inefficiencies by
fully understanding their supply chains, such as unnecessary intermediaries, redundant
shipping routes, or excessive energy use in production processes. Transparency can help
companies to streamline their operations, reduce costs, and improve overall efficiency.
For example, identifying a shorter or less resource-intensive supply chain route can sig-
nificantly reduce transportation costs and carbon emissions [25-27]. Additionally, supply
chain transparency enables companies to manage inventory more effectively, reduce
waste, and optimize material sourcing, thereby enhancing resiliency, reducing costs, and
improving operational performance. However, assessing supply chain transparency and
tracing it is challenging due to data unavailability and, most importantly, inconsistencies
in reporting standards in a multi-tier supply chain. Sodhi and Tang [28] asserted that vis-
ibility beyond the immediate supplier level was challenging due to the opacity of up-
stream supply chain stages, leading to inefficiencies, risks, and compliance problems.
However, shadow flows in scrap and secondary material markets represent a systemic
transparency gap that undermines circular economy goals [29].

As the world shifts toward circular economy models, where materials are reused,
recycled, or repurposed rather than discarded, supply chain traceability becomes an ena-
bler of this transition [30]. In a circular economy, products and materials are kept in cir-
culation for as long as possible, which reduces demand for virgin raw materials and min-
imizes waste [31]. Thus, supply chain tracing allows companies to track the lifecycle of
materials and products, ensuring that materials can be recovered and reused at the end of
their lifecycle. For this reason, transparency and traceability are particularly important for
industries that rely heavily on finite resources, such as mining and electronics manufac-
turing [32]. By supporting circular economy initiatives, companies can reduce their envi-
ronmental impact and contribute to a more sustainable global economy [33].
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The extensive research on LCA incorporates supply chain mapping and tracing using
material flow analysis and carbon footprint assessment methods. For example, Hellweg
& Mila i Canals (2014) [34] applied LCAs to analyze environmental impacts across the
product life cycle and further stated that understanding each supply chain stage was nec-
essary to minimize emissions and improve sustainability. Likewise, in introducing frame-
works for material flow analysis and tracking resources through supply chains, Hertwich
et al. (2010) [35] address the shortcomings of such approaches in dealing with multi-tiered
supply chains at a granular level. Although these approaches provide insights at certain
supply chain stages, they usually lack the required scale or granularity to cover the entire
supply chain network.

While LCA and material flow approaches illuminate environmental impacts at spe-
cific supply chain stages, they fundamentally differ from network-analytic methods in
their ability to capture systemic interdependencies, node criticality, and cascading failure
dynamics. LCA-based studies typically assume linear material flows and fixed system
boundaries, which limits their applicability to multi-tier networks where circular flows,
trader intermediaries, and non-traceable branches are endemic. By contrast, graph-ana-
lytic frameworks treat the supply chain as a complex adaptive system, enabling identifi-
cation of structural vulnerabilities that cannot be inferred from material balances alone.
This methodological gap motivates the present study.

1.2. Supply Chain Resiliency and Associated Challenges

Along with transparency, the resiliency of supply chains has been brought to the
forefront as a priority by recent global events such as the COVID-19 pandemic, natural
disasters, and geopolitical tensions [36,37]. These disruptions have exposed vulnerabili-
ties in traditional supply chain structures, emphasizing the need to identify critical bottle-
necks and build systems capable of adapting to unforeseen challenges. Resiliency in sup-
ply chains is not just about avoiding disruptions but also about ensuring swift recovery
and maintaining operational continuity in adverse conditions [38,39]. It involves creating
redundancy in critical nodes, diversifying suppliers, and developing robust contingency
plans. Identifying critical nodes in a supply chain network necessitates a fully transparent
supply chain, indicating that resiliency and transparency are interdependent. Therefore,
a resilient and transparent supply chain is better equipped to handle uncertainties and can
provide a competitive advantage by minimizing the impact of disruptions on business
operations.

Consumers today are more informed and empowered than ever due to easy access
to vast information regarding the products they purchase [38]. Increasingly, consumers
are demanding to know where their products come from, how they are made, and
whether they align with ethical and environmental standards, which has led to a rise in
demand for transparency and traceability across various industries [40-42]. Therefore,
brands that provide transparent information about their supply chains, such as where raw
materials are sourced and how products are manufactured, can build stronger consumer
trust. For example, in the food and beverage industry, consumers increasingly expect
companies to provide information about the origin of their ingredients, the environmental
impact of their production processes, and whether the products are organic or sustainably
produced [43]. By providing this level of transparency, companies can cater to the grow-
ing demand for ethically and sustainably sourced products, thereby enhancing brand loy-
alty and consumer trust.

Studies on supply chain resiliency show strategies for mitigating risks of disruptions,
such as natural disasters, geopolitical tensions, or pandemics. Ivanov & Dolgui (2021) [44]
suggested frameworks for resilient supply chains designed using scenario-based ap-
proaches to uncertainty management. Their contribution highlighted redundancy and

https://doi.org/10.3390/mining6020031



Mining 2026, 6, 31

5 of 27

diversification, which they consider valuable ways to reduce vulnerability to specific
events, without addressing the crucial importance of certain nodes or branches within the
whole network. Similarly, Christopher & Peck (2004) [45] underlined a holistic approach
toward supply chain risk management while noting the challenges of achieving real-time
visibility and dynamic adaptability in highly interconnected networks. The effectiveness
of stress testing using Monte Carlo simulations for analyzing resilience in complex net-
works has been proven by Aydin et al. (2018) [46] in their investigation of transportation
networks against geohazard risks.

1.3. The Developed Supply Chain Transparency and Resiliency Tool

In this paper, we respond to the growing need for supply chain tracing and transpar-
ency by introducing a methodology to unpack the supply chain network of manufactured
goods from the end user to the raw material source and supply chain network resiliency
analysis using graph analytics. Unlike other approaches focusing on material balance trac-
ing or conducting lifecycle assessments (LCAs), the developed tool provides a supply
chain transparency and resiliency assessment using a data-driven approach. Our method-
ology leverages the analysis of global trade transaction data and Harmonized System (HS)
codes introduced by Saka et al. (2024) [47] and maps each stage of the supply chain net-
work so that compliance with regulations can be checked and associated risks can be re-
duced. The introduced transparency assessment method traces supply chain branches and
classifies the network branches according to their transparency levels. This advances pre-
vious efforts, such as Marshall et al.’s (2015) [48], who researched transparency in food
supply chains but did not include scalable classification systems of transparency. In addi-
tion, the supply chain is fully unpacked and classified, allowing estimation of greenhouse
gas (GHG) emissions and their uncertainty at the scope 3 level. Unlike the usual material
flow or LCA methods, the proposed approach has a scalable architecture that any industry
can use to identify high-emission nodes and implement targeted approaches to emissions
reduction.

Additionally, the tool uses the analysis of supply chain transparency as input for re-
siliency analysis. It assesses the supply chain’s resiliency using graph analytics and stress
testing adopted by Aydin et al. (2018) [46]. We integrated graph-based metrics like the
Giant Connected Component (GCC) with probabilistic simulations to assess recovery
strategies and quantify uncertainties in disrupted networks.

To demonstrate the proposed tool’s implementation, we considered the supply chain
of Cr-13 Steel Drill Pipes, which involves mineral supply chains. The traceability of min-
eral supply chains faces distinct challenges, primarily because of the complex and fre-
quently unclear characteristics of the networks at play. Minerals, in this case, iron and
chromium ores, serving as raw materials, traverse various stages —from extraction to pro-
cessing and manufacturing —across diverse geographical locations and regulatory frame-
works. A significant challenge lies in the absence of standardized reporting and the vari-
ability of regulatory requirements across countries, which hinders the tracking of mineral
origins and monitoring their movement within the supply chain.

This study addresses the following research question: How can global trade transac-
tion data and graph-analytic methods be combined to quantitatively assess the transpar-
ency and resiliency of multi-tier mineral supply chains? To answer this question, the study
pursues three specific objectives: (1) to reconstruct an end-to-end supply chain network
for a complex manufactured product using HS code-based trade data; (2) to classify sup-
ply chain branches according to a novel traceable transparency typology; and (3) to quan-
tify network resiliency through centrality analysis and Monte Carlo stress testing, identi-
fying critical nodes and disruption vulnerabilities.
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We conducted stress testing using Monte Carlo simulations of supply chain networks
for Cr-13 Steel Drill Pipes to determine the effects of disruptions at critical nodes on the
connectivity and transparency of the network. Focusing on supply chain transparency and
resiliency, this study introduces a critical tool for improving supply chain resiliency, sus-
tainability, and operational efficiency for supply chain management.

2. Materials and Methods

This study presents a novel methodology to trace the end product, starting from the
end-user until reaching out to the raw material source, the mine, using various proprie-
tary global trade transaction data, and assesses the transparency and resiliency of the cre-
ated supply chain network. During this tracing study, all stages of the product are defined,
and the companies that are involved in this supply chain are identified. Figure 1 illustrates

the methodology steps.
2. Identifying the HS
1. Unpacklng product codes Imvolved in th.e 3. Acqumngglobal trade
manufacturing steps product's manufacturing transaction data
steps

v

4. Creating the End-to-End Supply Chain Network

a. Establishing the global scale supply chain network of

determined HS codes 5. Conducting
b. Creating the company-specific supply chain network for |————> transparency and
the given product resiliency assessments

«Company investigation
*Company classification

Figure 1. Methodology of end-to-end supply chain company tracing.

As shown in Figure 1, creating an end-to-end supply chain network for a specific
end-user starts with unpacking the product’s manufacturing steps. The unpacking pro-
cess includes determining the raw materials and intermediate products, which takes place
until the final stage, when the desired end product is obtained. Secondly, given the avail-
ability of raw materials, intermediate products, and the final product, the HS codes for
each of those materials and products are determined under the global tariff system. Con-
tinuing with step 3 in Figure 1, HS codes’ proprietary global trade transaction data are
acquired to create the company- and product-specific end-to-end supply chain network.
Referring to Figure 1, step 4, initially, to analyze the global trade status of the product and
the goods taking place in the supply chain, all HS codes are put in sequential order, and
all of the transactions are used to create the global scale supply chain network of those
raw materials, intermediate products, and the end product. This initial analysis helps de-
termine whether there are trade connections between the company of interest and the raw
material sources. After the initial analysis, the end-to-end supply chain network is created
by starting at the end user and tracing back to the shipper companies at each stage until
reaching the raw material source. During this tracing operation, each company in this
supply chain is investigated and classified by its role in the supply chain, such as trader,
manufacturer, furnace, forge, etc. As a result of this tracing operation, the final end-to-end
supply chain network for the specific company and product is created. The last step of the
methodology is to conduct transparency and resiliency assessments by applying graph
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analytic methods to determine the critical nodes, transparency, and resiliency of the sup-
ply chain network. To assess the transparency of the supply chain network created in step
4 of Figure 1, a new method, traceable transparency, is developed in this study to deter-
mine the transparency of each branch in the supply chain network. Finally, by applying
this method, the transparency status of each branch is determined. To assess the resiliency
of the supply chain network, graph analytic methods are used, namely the giant connected
component, degree centrality, betweenness centrality, closeness centrality, and eigenvec-
tor centrality. As the last step of the resiliency assessment, stress testing using Monte Carlo
simulations is conducted to identify vulnerabilities, evaluate alternative recovery strate-
gies, and estimate the system recovery performance for a range of disruption scenarios.

3. Implementation of the Methodology to a Cr-13 Steel Drill Pipe
Supply Chain

In this study, we considered a company's Chromium-13 Steel Drill Pipe supply chain
network and unpacked it. The drill pipes are traced back to the mines; an end-to-end sup-
ply chain network is created. Then, graph analytics methods are used to determine the
critical nodes, resiliency, and transparency of the network.

By following the methodology steps in Figure 1, firstly, the Cr-13 Steel Drill Pipe pro-
duction steps are investigated and identified. Secondly, HS codes for each good input and
output at each step are determined, and data on all HS codes of interest are obtained from
various proprietary global trade transaction data. By using all trade transaction connec-
tions for this particular end product, the Global Supply Chain Network for this end prod-
uct was created to analyze the global condition of the end product’s supply chain. After
analyzing the global picture, starting from the end-user, shipper companies are traced
until reaching out to the raw material sources, mines. During this specific tracing, each
company’s public website and company profile are searched to obtain more information
about the company’s business, using Generative Al for the company’s role classification.
Finally, by using data obtained from this HS code and shipper company tracing, the com-
plete end-to-end Supply Chain Network for the Cr-13 Steel Drill Pipe was created.

3.1. Unpacking the Cr-13 Steel Drill Pipe Production Steps

The process of producing a Cr-13 Steel Drill Pipe begins with raw materials from
mines. The major ingredient of CR-13 Steel Drill Pipe is iron ore. The other one is chro-
mium ore, which provides the desired characteristic properties of the final product. The
iron ore is produced in mines and undergoes a beneficiation process to increase its iron
content, called iron concentrate. After this beneficiation process, the iron concentrate is
sent to the ironmaking facility, which can be either a Blast Furnace (BF) or a Direct Re-
duced Iron (DRI) furnace. In this step, the iron is produced and sent to the steelmaking
facility, either a Basic Oxygen Furnace (BOF) or an Electric Arc Furnace (EAF). Chromium
is the primary alloying element that provides the corrosion resistance and strength char-
acteristic of Cr-13 Steel. Minor quantities of other alloying elements, including manganese,
silicon, and carbon, are also adjusted during steelmaking to achieve the desired mechan-
ical properties. As these minor alloying elements are added in small fractions and are not
the primary driver of the supply chain structure, they are not separately traced in this
study; the focus remains on the dominant iron and chromium inputs. Then, the initial steel
is forged and cast to obtain the Cr-13 Steel Drill Pipe.

3.2. Identifying the HS Codes Involved in the Product’s Manufacturing Steps

Harmonized System (HS) codes are used to classify the goods traded globally [49].
Every good traded has an HS code according to its specifications. By looking at an HS
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code, the specification of the goods traded can be easily known and classified. To identify
a good starting point for the end-user until reaching out to the raw material mines, the
production steps of the end-product are determined. Secondly, by investigating each pro-
duction step, input materials and output products are determined. Finally, HS code chap-
ters of the input materials and output products traded in each step are determined as
follows [50]:

e  HS Code 2601: Iron ores and concentrates, including roasted iron pyrites;
e  HS Code 7201: Pig iron and spiegeleisen in pigs, blocks, or other primary forms;
e  HS Code 7304: Tubes, pipes, and hollow profiles, seamless, of iron or steel.

Increasing the number of digits of the HS codes will make the goods of interest more
specific. A detailed explanation of the abovementioned HS codes is presented in the table
below.

Table 1 presents the hierarchical structure of the three HS code chapters relevant to
this study. Chapter 26 covers iron ores and concentrates in their raw and processed forms,
distinguishing between agglomerated and non-agglomerated types. Chapter 72 classifies
pig iron according to its phosphorus content and alloy composition, reflecting differences
in material purity and grade. Chapter 73 focuses specifically on subheading 7304.24,
which corresponds to drill pipe used in oil and gas drilling operations—the end-product
of the supply chain traced in this study. Together, these codes enable systematic tracking
of materials from raw ore extraction through to the final manufactured product.

Table 1. Full description of Harmonized System (HS) codes and their subheadings relevant to the
iron-ore-to-steel-pipe supply chain [50].

HS Code Description
Chapter 26 —Ores, Slag, and Ash

Iron ores and concentrates, including roasted

2601 . .
iron pyrites
2601.11 Non-agglomerated iron ores and concentrates
2601.12 Agglomerated iron ores and concentrates
2601.20 Roasted iron pyrites

Chapter 72 —Iron and Steel
Pig iron and spiegeleisen in pigs, blocks, or

7201 .
other primary forms
Non-alloy pig iron containing by weight 0.5%
7201.10
or less of phosphorus
Non-alloy pig iron containing by weight more
7201.20
than 0.5% of phosphorus
720150 Alloy pig iron; spiegeleisen

Chapter 73— Articles of Iron or Steel

7304 Tubes, pipes, and hollow profiles, seamless, of
iron or steel

Drill pipe of a kind used in drilling for oil or

7304.24 .
gas, of stainless steel

3.3. Acquiring Global Trade Transaction Data

The Drill Pipe Buying Company has more than 200 subsidiary companies worldwide.
In order to conduct this tracing study, the Drill Pipe Buying Company provided a list of
11 subsidiaries representing its primary drill-pipe procurement operations—specifically
those subsidiaries responsible for upstream sourcing of steel drill pipe across its main ge-
ographic markets. The remaining subsidiaries were excluded from the scope because they
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operate in downstream distribution, logistics, or adjacent product lines (e.g., services,
non-drilling equipment) that are not part of the Cr-13 Steel Drill Pipe supply chain. This
focused selection ensures that the reconstructed network captures all relevant upstream
trade activity for the product of interest. Various proprietary global trade transaction data
were obtained according to the abovementioned HS codes to investigate the complete
global end-to-end Cr-13 drill pipe network. The proprietary trade datasets used in this
study contain shipment-level records including shipper and consignee names, HS codes,
commodity descriptions, weights, and transaction dates. These datasets aggregate trade
declarations reported to customs authorities across multiple jurisdictions; however, cov-
erage varies by country, as not all nations mandate public disclosure of bilateral trade data.
This creates a structural data bias whereby supply chain branches originating in or trans-
iting through low-reporting jurisdictions are more likely to appear as non-transparent.
This limitation is explicitly acknowledged in the transparency classification and should
be considered when interpreting resiliency results. In addition, during the specific tracing
starting from the Drill Pipe Buying Company until reaching out to the iron and chromium
mines, the companies involved in these transactions are investigated by searching their
publicly available websites and company profiles to classify them in the final unpacked
end-to-end supply chain network. In order to assign classes to each company in the supply
chain network, Generative Al-assisted firm classification was used as a first-pass screen-
ing tool to assign company roles based on publicly available website content and trade
profiles. All Al-generated classifications were manually verified by the research team
against company registration records and product catalogs. This hybrid approach reduces
the risk of misclassification while maintaining scalability.

3.4. Creating the End-to-End Supply Chain Network

In the beginning, the various proprietary global trade transaction data with the HS
codes mentioned in Section 3.2 were obtained. The data for HS codes 2601, 7201, and 7304
were merged, and each dataset was given a color code according to its HS code. As a result
of this merging operation, the complete supply chain trade transaction data for the Cr-13
Steel Drill Pipes was ready. Finally, this dataset was used to create the global supply chain
network of the Cr-13 Steel Drill Pipes.

To obtain the end-user-specific supply chain network, the tracing starts from the end-
user and continues backward by finding the shipper companies in each step, as illustrated
in Figure 1. During this shipper company tracing, HS Codes are checked for each step to
find the transactions that contain the HS codes 2601, 7201, and 7304. At each step, revealed
shipper companies are checked against HS codes and the goods traded. After reaching
out to the mines by tracing operations, the complete end-to-end Cr-13 Steel Drill Pipes
supply chain network for the buyer company is created.

Stakeholder classification was performed using deterministic criteria applied to each
company’s publicly available trade records and business profile. A company is classified
as a Subsidiary if it is owned by or operates under the corporate umbrella of the Drill Pipe
Buying Company. A Trader is a firm that appears as both shipper and consignee across
multiple HS-code categories without evidence of physical transformation or production
capacity. A Manufacturer is a firm whose receiving shipments include raw or intermedi-
ate materials and whose outbound shipments include finished or semi-finished drill pipe
products. A Mining Company is a firm whose outbound shipments are dominated by HS
2601 (iron ore and concentrates) and whose operations are verified against public mining
registries. Electric Arc Furnace and Blast Furnace operators are classified based on out-
bound steel shipments (HS 7201-7206) combined with company profile verification. Forge
operators are identified by the combination of receiving steel inputs and outbound ship-
ping of shaped steel articles (HS 7304). In cases where trade records alone were insufficient,
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company websites and industry registries were used to confirm role assignments. These

criteria were applied consistently across all 127 nodes in the reconstructed network.
The companies that took part in this supply chain are also classified as follows:

e  Subsidiary;

e Trader;

e  Manufacturer;

. Forge;

¢  Mining Company;

. Electric Arc Furnace;

e  Blast Furnace;

° Iron Mine;

e  Chromium Mine.

Since the data is not fully transparent, it is challenging to trace all branches of the
supply chain to their end. The end nodes of those branches that are not completely trans-
parent are also classified as follows:

e  Trader Loop;
e  Scrap Supply;
e  Chromium Supply.

An asymmetry in the terminal node categorization is noted: the network includes a
‘Chromium Supply’ category but no corresponding ‘Iron Supply’ category. This reflects
the observed structure of the trade data rather than a modeling choice. In this case study,
chromium inputs were traceable to a single node (Trader-11) whose supplier could not be
identified through trade records or generative Al-assisted company profiling, resulting in
the need for a dedicated ‘Chromium Supply’ terminal node. By contrast, all iron inputs
were either traceable to specific mining companies or iron mines, or to scrap supply
sources—none resulted in an unresolved supplier of the type that required an ‘Iron Sup-
ply’ category. Should future applications of this methodology encounter equivalent am-
biguity on the iron side, an ‘Iron Supply’ category would be introduced analogously.

3.5. Conducting Transparency and Resiliency Assessments

In this study, transparency assessment is conducted using a novel graph analysis
method developed to classify the branches of a supply chain network in terms of trans-
parency, called the traceable transparency method. This method classifies branches into
Fully Transparent, Highly Transparent, Moderately Transparent, and Non-Transparent.
The classification thresholds are operationalized as follows: a branch is assigned to the
highest applicable category based on its terminal node type. If a branch terminates at both
an iron mine and a chromium mine, it is classified as Fully Transparent. If it terminates at
only one mine type, it is Highly Transparent. Branches terminating at trader loops, scrap
supplies, or chromium supply nodes are classified as Moderately Transparent. Branches
that terminate at a company node from which no further tracing is possible —due to non-
disclosure or reporting gaps—are classified as Non-Transparent. These rules are applied
deterministically; there is no partial or probabilistic assignment.

To assess the resiliency of the supply chain network, first, the critical nodes of the
supply chain network are identified using the giant connected component, degree central-
ity, betweenness centrality, closeness centrality, and eigenvector centrality. The parame-
ters used to calculate the abovementioned centrality metrics are listed in Table 2.
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Table 2. Explanations of the variables used in the equations of the graph analysis methods.

Variable Explanation
GCC Largest connected component
Cy,Cy, .., Gy Connected components of the graph
Cp(v) Degree centrality of node v
deg (v) Degree of node v, defined as the number of edges incident to v (i.e., the number of direct trade
connections); does not refer to angular measure
N Total number of nodes in the graph
Cz(v) Betweenness centrality of node v
Ngt Total number of shortest paths between nodes s and ¢
o5t (V) Number of those shortest paths passing through node v
Cc(v) Closeness centrality of node v
d(v,u) Shortest distance between node v and node u
u Any other node in the graph
X; Eigenvector centrality of node i
Ayj Adjacency matrix entry, indicating a connection between node i and node j
X; Eigenvector centrality of node j
A Eigenvalue
The graph analysis methods considered in this study to determine the most critical
node in the supply chain network are listed in Table 3.
Table 3. Graph analysis methods.
Graph Analysis Metric Equation Measure
Giant Connected Component GCC = max (Cy, Cy, ..., Cy) Largest Node Group
Degree Centrality Cp(v) = d;g_(? Direct Connections
. _ nge (V) L
Betweenness Centrality Cg(v) = n—st Path Bridging
SFVEL
Closeness Centrality Cc(v) = ICED) Reach Efficiency

Eigenvector Centrality

Influential Connections

1
X; = IZ Al.] Xj
J

As shown in Tables 2 and 3, the giant connected component provides the largest con-
nected subgraph in a particular network and represents the main network body where
most nodes are connected. Degree centrality measures the number of connections each
node has in the network and reflects how important a node is, depending on its neighbors.
Betweenness centrality is used to quantify how many times a node acts as a bridge along
the shortest path between the other two nodes in the path. The closeness centrality
measures the distance of each node to all other nodes in the network. Lastly, eigenvector
centrality measures each node’s influence based on its connections to other highly con-
nected nodes, and it considers both the quantity of the connections of each node and the
quality of them.

Then, the critical nodes of the network are disrupted in a stress-testing process using
Monte Carlo simulations. As introduced by Aydin et al. (2018) [46], stress testing using
Monte Carlo simulations is one of the efficient ways to assess the strength of complex
networks against uncertainty. Resiliency is defined as the ability of a network to resist
perturbations, recover functional capability, and adapt to negative events; it is crucial for
maintaining the functionality of interconnected systems such as supply chain networks.
The Monte Carlo analysis considers uncertainties in a network, reflecting variability in
recovery times and node failures across different potential scenarios. This methodology
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allows the identification of vulnerabilities, the evaluation of alternative recovery strategies,
and the estimation of system recovery performance for a range of disruption scenarios.
Functioning as a probabilistic approach, it affords decision-makers crucial insights into
the robustness and adaptability of the network, thereby enabling informed decisions
aimed at improving overall resiliency.

In this study, nodes in the network are removed to simulate disruption with a 10%
probability, a moderate stress-test value for networks. The 10% node-removal probability
was selected as a moderate disruption intensity, consistent with the stress-testing ap-
proach adopted by Aydin et al. (2018) [46] for complex network resilience assessment un-
der uncertainty. This value represents a balance between capturing realistic disruption
scenarios and preserving sufficient network structure for meaningful analysis of cascad-
ing effects. Firstly, to determine the point at which the results stabilize, a number of Monte
Carlo simulations are run to calculate average resilience scores, starting with 1000 simu-
lations and increasing to 512,000 simulations. Then, the first point at which the results
stabilize is chosen as the optimal number of simulations, which provides computational
efficiency. This optimal number of simulations is used to assess the resiliency of the sup-
ply chain network under random disruptions and failures.

4. Results and Discussion
4.1. End-to-End Supply Chain Network

By obtaining and using the determined HS code data, the global supply chain net-
work was created to see the condition of our end-product on a global scale, as illustrated
in Figure 2.

Figure 2. Trades of the Drill Pipe Buying Company on a global scale.

As shown in Figure 2, the Drill Pipe Buying Company is marked with green penta-
gons. The red arrows indicate the flow of iron ore and concentrate transactions (HS Code:
2601), the dark blue arrows represent the flow of pig iron transactions (HS Code: 7201),
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and the purple arrows show the flow of steel drill pipe transactions. By following the se-
quential flow from purple to dark blue and from dark blue to red, the Cr-13 Steel Drill
Pipes can be traced backward. However, since this supply chain network model spans the
globe, it is extremely challenging to trace goods from end users to the mines that supply
raw materials. As shown in Figure 2, the network contains many circular shapes in each
color. These circular shapes indicate that those nodes are non-traceable because they do
not have any other connections to any other sub-network. As mentioned, the company of
interest is marked with a green pentagon shape. Therefore, in order to trace the transac-
tions of this company, the following sequential color codes must be used: purple, dark
blue, and red. By following this sequential flow, the good can be traced back to the raw
material mine, and the interpretation is extremely challenging in Figure 2. However, Fig-
ure 2 helps to understand the global position of the company of interest for the Cr-13 Steel
Drill Pipes. Although the graph includes all the colors and valuable connections, the da-
taset used contains many unknown companies, which makes tracing challenging. The
graph in Figure 2 shows that there are very few fully connected nodes following the
abovementioned sequential color code present in the graph. This limitation indicates that
the supply chain is highly non-transparent, making it challenging to trace goods from the
end user to the raw material source. Furthermore, the low number of sequential color code
flows shows that the number of legal trade reports is very small.

After reviewing the company’s global position, the tracing operation began by ana-
lyzing the company’s trade transactions. As a result, a fully unpacked supply chain net-
work for the particular product of interest was created and illustrated in Figure 3.

Figure 3 presents a fully unpacked supply chain network for the Cr-13 Steel Drill
Pipe of the company. The red arrows are for the flow of iron ore transactions, the green
arrows are for steel transactions, the dark blue arrows are for steel articles, and the orange
arrows show the flow of chromium transactions. The elliptic nodes represent the compa-
nies involved in this supply chain, and the colors of those nodes indicate their class. The
pink color is for the subsidiary companies of the Drill Pipe Buying Company; the light
and dark green colors are for companies with Electric Arc and Blast Furnaces; the cyan
color is for trader companies; the brown color is for forges; and the white color is for the
mining companies. The gray rectangular nodes represent the trader loops, the blue rec-
tangular nodes show the scrap supply, and the orange rectangular nodes indicate the
chromium supply. Finally, the cylinder nodes show the mines, which are the final nodes
for our tracing study. The cylinder node with red color indicates the iron mine, and the
orange cylinder node shows the chrome mine. The company names are not available in
Figure 3 due to the non-disclosure agreement with the cooperating company, the Drill
Pipe Buying Company. However, the names of the companies involved in this supply
chain are assigned to their respective classes, such as Subsidiary-1, Trader-1, etc.

This supply chain network model provides the following insights to the stakeholders:

e  Supply Chain steps can be traced back, and trader companies can be disintermedi-
ated to reach the manufacturers to purchase the goods at more economical prices.

¢  GHG emissions can be reduced by disintermediating the trader companies. By disin-
termediating those companies, the transportation distance of the goods can be low-
ered, resulting in lower GHG emissions.

e By learning the material and good provider companies in the supply chain, stake-
holders can find lower GHG-emitting alternatives to decrease their carbon emissions.

e Due to the carbon emission regulations, companies are required to pay taxes for their
CO2 emissions, and those regulations are getting harsher day by day. By lowering
CO2 emissions, companies can profit from decreasing their CO2 taxes.

e Lowering the GHG emissions will support reaching the Paris Agreement’s 1.5 °C
temperature increase limitation target [51,52].
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Figure 3. Complete end-to-end Cr-13 Steel Drill-Pipe supply chain network of the buyer company.
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Even though Figure 3 provides a fully unpacked supply chain for the drill pipe-buy-
ing company, the raw material sources are not identified. The reasons for this gap are
limitations in the dataset, deficient reporting of trades to the authorities, and trades con-
ducted within the same company group.

4.2. Transparency and Resiliency Assessments
4.2.1. Transparency Assessment

The traceable transparency method, proposed in the methodology section, was used
to classify the branches of the supply chain network according to their transparency status.
Due to the large number of nodes and branches in Figure 3, interpreting each of the
branches individually is not possible. However, all types of branch transparencies and
example routes of them are illustrated in Table 4.

Table 4. Traceable transparency status and example routes.

Traceable Transparency Status Supply Chain Route

Fully Transparent

Highly Transparent
Moderately Transparent

Non-Transparent

[Iron Mine-4 and Iron Mine-5, Chromium Mine-18 and Chromium Mine-19], Man-
ufacterer-23, Trader-12, EAF-4, Trader-6, Subsidiary-11, Drill Pipe Buying Com-
pany
[Iron Mine-2 and Iron-Mine-3], Mining Company-1, BF-1, Manufacterer-14, Drill
Pipe Buying Company
Scrap Supply-9, EAF-10, Manufacterer-17, Subsidiary-4, Drill Pipe Buying Com-
pany
Manufacterer-1, EAF-9, Forge-3, Forge-2, Manufacterer-15, Subsidiary-1, Drill Pipe
Buying Company

The other branches can be assessed using the traceable transparency method and
classified accordingly. A fully transparent branch, as shown in Table 4, was identified, as
it starts at the end user and reaches both iron and chromium mines. This branch provides
a complete end-to-end Cr-13 Steel Drill Pipe supply chain route. By using this branch,
GHG emissions can be quantified to identify low-emission alternatives across the full sup-
ply chain.

The highly transparent branch was determined since that branch starts from the end-
user and reaches one of the raw material sources, an iron mine in this case. Similar to the
fully transparent branch case, this route can be used to calculate GHG emissions and iden-
tify low-emission alternatives to reduce overall emissions, specifically for the iron ore part
in this case.

For the moderately transparent supply chain route, the branch starts at the end user
and ends at a scrap supply node. Reaching the scrap supply can be considered a good
result because steel production using scrap is one of the key processes in modern
steelmaking with EAF. Steelmaking using scrap as raw material contributes to decreasing
GHG emissions by considerable amounts, which makes it an environmentally friendly
production method. However, the challenge in tracing the scrap supply is that after a
point in the supply chain, it is not traceable. The primary reason for this traceability issue
is that scrap can be collected or traded locally by waste collectors or other similar parties,
and those transactions are not traceable. To conclude, scrap is considered a raw material,
but its source cannot be traced; that is why the scrap supply node is classified as moder-
ately transparent.

On the other hand, the branches reach trader loops, and the chromium supply, as the
final node, is also classified as moderately transparent. Trader loops stand for the itera-
tively continuing trader network. Because of these extensive supply chains, tracing goods
back to their raw material sources is challenging. To overcome this issue, high
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computational power is required. As shown in Figure 3, only one chromium supply node
is connected to the Trader-11 node in this supply chain network. The reason for this is that,
based on the HS code, shipper tracing and validation, and an extensive generative Al
search of the company profile for Trader-11, it was revealed that the company is buying
chromium, but the shipper was unknown. Thus, the chromium supply was considered as
a raw material, but the source could not be determined, resulting in a traceable transpar-
ency classification of moderately transparent.

Lastly, the branch was classified as a non-transparent branch because it starts at the
end user and reaches a company node, and it is not traceable after that node. The reason
for this non-traceability issue can be that the countries of the shipper companies or the
country of the buyer company, Manufacturer-1, are not reporting their trade transaction
data. According to the laws and regulations of each country, they may not be required to
report their trade data publicly. Moreover, the company may not be reporting its trade
transaction data. These non-traceable nodes make their supply chain branches non-trace-
able and classify them as non-transparent branches.

By using the traceable transparency method, the complete end-to-end supply chain
network in Figure 3 was analyzed, and all branches in this supply chain network were
classified; the statistics are tabulated below.

As presented in Table 5, the supply chain network in Figure 3 consists of 127 nodes,
and the 94 identified supply chain routes are distributed across four transparency classes.
Fully Transparent routes account for 13% of all routes, representing cases where both iron
ore and chromium mining origins are traceable through a shared convergence node.
Highly Transparent routes constitute the largest share alongside Non-Transparent routes,
each at 34%, reflecting that a significant portion of routes can be traced to a single primary
mining source, while an equally significant portion originates from intermediate actors
whose upstream suppliers remain unknown. Moderately Transparent routes account for
19% of all routes, covering cases where the terminal source node is identifiable —whether
a scrap yard, trader loop, or unverified chromium supplier—but cannot be linked to a
confirmed primary geological origin. In total, 47% of routes (Fully and Highly Transpar-
ent combined) are traceable to at least one primary mining source, while the remaining
53% exhibit partial or no upstream visibility, underscoring the structural traceability gaps
that persist within the supply chain feeding into the Drill Pipe Buying Company.

Table 5. Traceable Transparency Method application to the end-to-end supply chain network in

Figure 3.
Transparency Class Number of Branches Percentage
Fully Transparent 12 13%
Highly Transparent 32 34%
Moderately Transparent 18 19%
Non-Transparent 32 34%

Applying the traceable transparency method across all branches of the network re-
veals that the majority fall into the highly transparent and non-transparent categories,
while fully and moderately transparent branches constitute a smaller subset reaching ver-
ified raw material sources. This distribution reflects both the structural opacity of multi-
tier mineral trade networks and the country-level reporting gaps documented in Section
3.3, which systematically limit end-to-end traceability in jurisdictions with limited public
disclosure of trade data.
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4.2.2. Resiliency Assessment

To analyze the complete end-to-end Cr-13 Steel Drill Pipe supply chain network of
the Drill Pipe Buying company in Figure 3, the giant connected component was found by
applying the giant connected component analysis in Table 3. As a result of this analysis,
the giant connected component present in the complete end-to-end Cr-13 Steel Drill Pipe
supply chain network was identified as the graph shown in Figure 3.

In Figure 3, the largest subgraph in which any two nodes are connected by a path
was found. In other words, there is connectivity between them within the giant connected
component. According to the graph analysis, this is the core of the graph, showing the
most interconnected part. As expected, the giant connected component contains all types
of nodes specified in the legend, especially raw material sources, iron and chromium
mines, scrap supplies, and furnaces. Having mines, scrap supplies, and furnaces, it is pos-
sible to produce the end product for the end user, indicating the supply chain network’s
high resiliency. Since the giant connected component is the entire graph, the graph is fully
connected, which means every node is reachable from any other node in the graph. In
other words, there are no isolated or disconnected parts in the network.

The centrality metrics in Table 3 were applied to the complete end-to-end Cr-13 Stain-
less Steel Drill Pipe supply chain network of Drill Pipe Buying Company in Figure 3 to
determine the most critical node with different measures, and the results of that analysis
are illustrated in Table 6.

Table 6. Results of centrality metrics.

Centrality Metric Centrality Value The Most Critical Node
Degree Centrality 0.10 Drill Pipe Buying Company
Betweenness Centrality 0.68 Trader-6
Closeness Centrality 0.30 Trader-6
Eigenvector Centrality 0.42 Trader-6

According to Table 6, the result of the degree centrality method shows that the most
critical node is the Drill Pipe Buying Company, with a centrality value of 0.10. This result
indicates that the Drill Pipe Buying Company is directly connected to a significant number
of other nodes, and it has a high number of direct connections in the network. Even though
its degree centrality is not extremely high, it is the highest value among all other nodes.

Using the betweenness centrality method, the most critical node is determined as
Trader-6, which means it lies on a high number of shortest paths between the other node
pairs. This node serves as a crucial bridge for facilitating the flow of goods in the supply
chain network. The betweenness centrality value of 0.68 indicates a significant role in
maintaining network connectivity.

As a result of the closeness centrality method, the Trader-6 is identified as the most
critical node with a closeness centrality value of 0.30. This means that the Trader-6 can
reach other nodes in the network more quickly than the other nodes. Compared to the
other nodes in the network, this node has the lowest average shortest-path length to all
other nodes in the network, which shows its efficiency in obtaining and shipping goods.

According to the eigenvector centrality method, Trader-6 has the highest eigenvector
centrality value with 0.42, suggesting that it is influential not just because of its own con-
nections but also because it is connected to other well-connected nodes in the network.
Trader-6 can be said to occupy a central position in the network, enabling it to quickly
access resources and enhance operational efficiency. Therefore, Trader-6 plays a crucial
role in improving collaboration, contributing to the overall stability and resilience of the
supply chain network.
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In conclusion, the analysis of centrality metrics highlights the varying roles and sig-
nificance of nodes within the supply chain network. While the Drill Pipe Buying Company
is identified as the most critical node by degree centrality due to its extensive direct con-
nections, Trader-6 emerges as the pivotal node across multiple centrality methods. Its high
betweenness centrality underscores its role as a critical bridge, facilitating connectivity,
while its top-ranking closeness and eigenvector centrality values emphasize its efficiency
in reaching other nodes and its influence due to connections with well-connected entities.
These findings demonstrate that Trader-6 is integral to the network’s resilience and effi-
ciency, playing a key role in resource accessibility and operational collaboration.

From a practical standpoint, these centrality findings translate into concrete decision-
making guidance for mining supply chain managers. Degree centrality identifies direct
exposure —nodes whose disruption immediately affects the largest number of trading re-
lationships, making them priority candidates for dual-sourcing arrangements. Between-
ness centrality flags structural bottlenecks —nodes through which the majority of shortest
trade paths pass, where redundancy investments yield the highest network-wide resili-
ence gains. Closeness centrality highlights response-time vulnerabilities—nodes whose
removal increases the average distance between remaining suppliers and buyers, directly
affecting recovery speed after disruption. Eigenvector centrality surfaces influence-
weighted dependencies—nodes whose importance derives not only from their own con-
nections but also from their embeddedness among other well-connected actors, typically
indicating strategic negotiation leverage points. Collectively, these metrics provide a
tiered decision framework: managers can prioritize contingency planning around high-
betweenness nodes, diversification around high-degree nodes, and relationship manage-
ment around high-eigenvector nodes.

Stress Testing using Manto Carlo is conducted by removing nodes from the network with
a 10% probability, a moderate stress testing value for networks. To determine the point at
which the average resilience score results stabilize, a number of Monte Carlo simulations were
run, starting with 1000 simulations and increasing to 512,000 simulations. The change in aver-
age resilience scores over the number of simulations is plotted in Figure 4.

0.801 1

0.800 A

0.799 4

Average Resilience

0.798 4

0.797 1

|

100,000 200,000 300,000 400,000 500,000
Number of Simulations

Figure 4. The change in average resilience scores over the number of simulations.
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Resilience Score

As shown in Figure 4, the lower number of simulations has high fluctuations in the
average resilience score. However, with the increasing number of simulations, the graph
is stabilized after 256,000 simulations with an average resilience score of 0.80. Therefore,
256,000 simulations are accepted as the optimal simulation number for stress testing using
Monte Carlo simulations due to computational efficiency. Having determined the optimal
number of simulations, stress testing using Monte Carlo simulations is conducted with
256,000 simulations, and a resilience score over the simulation number is presented in
Figure 5.
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Figure 5. Resilience score across 256,000 Monte Carlo simulations. The distribution spans from a
minimum of 0 to a maximum of 0.85, with an average of 0.80 (indicated by the dashed horizontal
line). The density of points around the mean reflects the central tendency of network behavior under
10% random node disruption, while the dispersion at the extremes characterizes worst-case and

best-case scenarios.

Figure 5 illustrates the random disruption scenarios randomly applied to the supply
chain network in Figure 3 and the change in the resilience score. According to Figure 5,
the minimum value of the resilience score is 0.15; the maximum is 1; and the average re-
silience score was calculated as 0.80 over 256,000 simulations. A resilience score of 0.80
indicates that, under the simulated disruption conditions, the network retains, on average,
80% of its pre-disruption connectivity (measured as the fraction of node pairs that remain
reachable). From a managerial standpoint, this implies that the majority of supply routes
remain operational under moderate random disruption; however, this aggregate measure
obscures the tail risk associated with the removal of structurally critical nodes such as
Trader-6, as evidenced by the 85% resilience drop in Simulation 227,527, presented in Ta-
ble 6. The resilience score changes from 0 to 0.85, which is a significant range. Based on
256,000 Monte Carlo simulations, the probability density function of resilience scores was
plotted for risk assessment and presented in Figure 6.
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Figure 6. Probability density function of the resilience score.

In Figure 6, the risk areas were determined using an improved version of the natural
break classification method. The figure illustrates five risk areas, ranging from the high-
risk (maximum disruption) area, denoted in red, to the optimal performance (minimum
disruption) area, denoted in dark green. According to Figure 6, the probability of having
the maximum disruption for this supply chain network is 0.01. In this red area, the Drill
Pipe Buying Company loses its connections to the raw material sources, which are repre-
sented by cylindrical nodes in Figure 3. On the other hand, the probability of performing
in the optimum performance area for this supply chain network is 0.70. In the dark green
area, even though there may be some disruptions, the Drill Pipe Buying Company can
maintain a continuous supply flow, which means the disruptions will not be felt by the
company but by intermediaries in the supply chain network. Therefore, Figure 6 indicates
that the supply chain network of the Drill Pipe Buying Company has a significantly low
risk of maximum disruption, with a probability of 0.01, while it has a high tendency to
operate in the optimal performance area, with a probability of 0.70.

Table 7 shows the node group that resulted in the greatest change in the resilience
score, which is a drastic drop with an 85% decrease in the resilience score. The main result
of this drastic decrease is that the removed nodes, including Trader-6, are also removed,
which is the most critical node in this supply chain network. By removing the Trader-6,
the network loses its bridge for the node connectivity and its reach efficiency. Therefore,
this decrease demonstrates the most destructive disruption in the network, and the final
version of the supply chain network after this disruption is illustrated in Figure 7.

Table 7. The node group removal with the highest decrease in the resilience score.

Simulation Resiliency Decrease Removed Nodes
. Chromium Mine-21
. EAF-7
. Manufacterer-22, Manufacterer-23
227527 0.85 . Mining Company-1

o Scrap Supply-2
. Subsidiary-8,
. Trader-6, Trader-12, Trader-17, Trader-19
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Figure 7. End-to-end supply chain network after the most destructive disruption scenario (simulation 227,527, 85% resilience drop). In direct visual contrast with
Figure 3, the post-disruption network retains only 0 iron mine node(s), 0 chromium mine node(s), and 4 furnace node(s), with the majority of raw material access

lost. The only verified raw material source remaining is Scrap Supply-9.
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As shown in Figure 7, after the disruption of the nodes in Table 7 applied to Figure
3, the initial end-to-end supply chain network loses its access to chromium and iron ore
mines, which jeopardizes the continuous supply of the Drill Pipe Buying Company. More-
over, the network loses its transparency. After the disruption, the only verified material
source of this system is the Scrap Supply-9. By using this branch, drill pipe production
can be continued; however, the supply will be insufficient for the Drill Pipe Buying Com-
pany’s needs. Furthermore, the remaining nodes of Figure 7 can be classified as non-trans-
parent nodes, and their access to raw material sources remains questionable.

According to the centrality analysis stated in Table 6 and the network topology pre-
sented in Figure 3, the stability of this network is highly dependent on Trader-6. Trader-6
is extremely critical because it provides the only path to the chromium mines and the
majority of the iron mines, which can be followed in Figure 3. Disruption in this node
results in losing connection to those mines as represented in Figure 7. Therefore, to in-
crease the resiliency of this supply chain network, Drill Pipe Buying Company can in-
crease the redundancy around Trader-6 and establish some backup trade connections in
case of a disruption in Trader-6. Moreover, Drill Pipe Buying Company can create direct
connections with the manufacturer and remove intermediary companies, such as traders.

Overall, the performed analysis underlines the structural robustness of the supply
chain and the vital role of Trader-6 in preserving connectivity, efficiency, and transpar-
ency. Trader-6 is consistently identified as the most critical node by all centrality metrics,
underlining its importance in connecting and serving as a leading player within the net-
work. Stress testing using Monte Carlo simulations yields an average resilience score of
0.80 across 256,000 simulations, which is indicative of moderate overall resilience while at
the same time revealing vulnerabilities in the network. Although the supply chain net-
work of the Drill Pipe Buying Company has a high tendency to perform with optimum
performance, as stated by 0.70 probability, the removal of a node group including the
node Trader-6, during the stress testing caused a drastic drop of 85% in resiliency, leading
to the disconnection of key raw material sources, such as chromium and iron mines, which
would disrupt the supply chain. The results pinpoint that there is too much dependence
on a single node within the network. It shows that increasing redundancy about Trader-6
is essential and should also be directly linked to manufacturers to reduce dependence on
intermediaries. Implementing such strategies could significantly enhance supply chain
robustness, transparency, and responsiveness against disruptions.

5. Conclusions

Several methodological constraints should be noted when interpreting these findings.
First, the analysis is based on a single anonymized case study; while the methodology is
designed to be generalizable, transferability to other commodity chains and industry con-
texts has not been empirically validated. Second, the proprietary trade data exhibit coun-
try-level reporting biases that systematically undercount supply chain branches in juris-
dictions with low disclosure. Third, transparency classifications are based on observed
trade links and do not incorporate audited or third-party verified supply chain data; as
such, they represent a data-driven approximation rather than a verified ground truth.
Fourth, resilience scores derived from Monte Carlo simulations are sensitive to the net-
work topology at the time of data collection and may not reflect dynamic changes in sup-
ply chain structure. Additionally, the current study employs a single disruption intensity
(10% node removal); future work will include sensitivity analyses at alternative disrup-
tion probabilities to verify the robustness of the critical node identification.

The research introduces an innovative methodology for tracing and analyzing the
supply chain network for the Cr-13 Steel Drill Pipes. The entire framework presents a ho-
listic view of the structure and dynamics of this supply chain, using proprietary global
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trade transaction data and Harmonized System (HS) codes, which map every stage of this
supply chain from end-user to raw material sources. The resulting mapping has provided
granular insight into the flow of materials and complex interdependencies in the network
of entities’ roles. This is a far more detailed supply chain mapping exercise, made possible
by combining Python 3.9 with the dot language and advanced graph analytics, helping to
expose critical nodes, complexities, and areas of vulnerability characteristic of the supply
chain network.

Beyond tracing product movement, the methodology offers a systematic classifica-
tion of key stakeholders, such as subsidiaries, traders, manufacturers, and mining compa-
nies, based on their functional roles within the supply chain. Advanced graph analysis
techniques, including giant connected component analysis, degree centrality, between-
ness centrality, closeness centrality, and eigenvector centrality, were applied to identify
the most critical nodes. These techniques revealed essential elements necessary for main-
taining the efficiency, robustness, and connectivity of the supply chain. A pivotal innova-
tion in this study is the introduction of the traceable transparency method, which classifies
supply chain branches into four distinct categories: fully transparent, highly transparent,
moderately transparent, and non-transparent. This categorization provides stakeholders
with a clear understanding of visibility across the supply chain, helping to pinpoint spe-
cific risks and prioritize areas for transparency improvement.

An important contribution of this study is that it aligns with the increasing impera-
tive for sustainable supply chain management. Even though the present analysis focuses
on structural and operational dimensions, the methodology developed here will pave the
way for integrating environmental dimensions, for instance, GHG emissions data, into
supply chain analysis. This would help industries in the identification of high-emission
nodes and implement strategies to reduce their emissions in line with global efforts to
support climate initiatives, like the Paris Agreement. For example, identifying and opti-
mizing high-emission segments could allow companies to lower their carbon footprint,
comply with evolving carbon-related regulations, and lower associated costs such as car-
bon taxes. The traceability framework proposed in this study provides a practical
roadmap for industries to transition toward greener operations, enhancing their corporate
sustainability profiles and thereby helping to achieve global emission-reduction targets.

The study also highlights the importance of resilience in global supply chains, espe-
cially in an era characterized by increasing complexity and vulnerability to disruptions.
Through the application of graph analytics and stress testing using Monte Carlo simula-
tions, the research revealed that specific nodes, such as Trader-6, serve as critical points of
connectivity and stability. Disruptions at these nodes can have cascading effects, signifi-
cantly impairing the functionality and transparency of the entire network. The findings
emphasize the need for redundancy and contingency planning to mitigate such risks. For
instance, establishing direct connections to manufacturers and disintermediating certain
traders could not only strengthen resilience but also improve efficiency and reduce costs.

The implementation of the methodology for the Cr-13 Steel Drill Pipes revealed that
the use of scrap material epitomizes sustainability through recycling within the supply
chain, aligning with global efforts to lessen environmental impacts and usher in a circular
economy. The integration of scrap material, however, opens up issues of traceability and
transparency within the supply chain. Supply chains for scrap materials can be very com-
plex and usually have a lower degree of regulation, leading to a lack of clarity with regard
to the provenance and quality of these materials. Such ambiguity can pose significant hur-
dles in ensuring conformity with environmental and quality standards.

Transparency is vital in this regard. Increased transparency in the use of scraps
would improve traceability, strengthen adherence to sustainability standards, and en-
hance supply chain resilience by mitigating the risk of supply and quality disruptions.
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This resilience further helps to support transparency through the reinforcement of sys-
tems that maintain sufficient strength to maintain operational visibility, even in the face
of disruption. Consequently, initiatives to enhance traceability and transparency within
scrap material supply chains are crucial for strengthening both sustainability and resili-
ence. These efforts are vital in guaranteeing that recycled materials yield beneficial effects
on the supply chain while upholding operational and environmental standards.

This work represents a significant advancement in supply chain analysis, addressing
key challenges in transparency, sustainability, and the resilience of supply chain networks.
Furthermore, it provides industries with a data-driven approach to optimize supply chain
management, ensuring compliance with regulatory standards, meeting consumer de-
mands for ethical and sustainable sourcing, and enhancing operational efficiency. Alt-
hough the current application of the methodology was made to Cr-13 Steel Drill Pipes, the
methodology is versatile and scalable, making it applicable to a wide range of industries
and products.

Future research priorities include the following: (1) integrating firm-level GHG emis-
sion data to enable Scope 3 quantification alongside structural transparency assessment;
(2) validating the traceable transparency classification against audited supply chain rec-
ords from certified sources such as LBMA and RJC; (3) applying the methodology to ad-
ditional commodity chains such as cobalt and lithium to test cross-industry generalizabil-
ity; (4) extending the Monte Carlo framework to incorporate dynamic disruption scenar-
ios reflecting geopolitical shocks or regulatory changes; and (5) integrating real-time
tracking data and advanced machine learning algorithms to capture the dynamic nature
of supply chains, enabling proactive risk management and targeted interventions to re-
duce emissions. As global supply chains become increasingly intertwined with both eco-
nomic and environmental systems, this study provides a practical tool for exploring their
complexities and driving their evolution toward more resilient, transparent, and sustain-
able trade networks.
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