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Abstract: This paper reviews recent advances in explosives engineering for mining,
focusing on three interlinked areas: energetic formulations (particularly emulsion
explosives), precision initiation systems (electronic and wireless detonators), and blast
design & vibration-control methodologies. Advances in emulsion chemistry and
sensitization have increased safety, water resistance, and energy density; electronic
initiation systems and improved sequencing algorithms have enabled millisecond-level
control of stress-wave interactions and improved fragmentation, and enhanced monitoring
+ numerical optimization reduce environmental impacts (vibration, flyrock) while
improving downstream comminution efficiency. The review highlights current best
practices, regulatory and safety considerations, and research directions (materials, digital
blasting, and environmental forensics).
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INTRODUCTION

Mining blasting remains the primary means of rock breakage in medium-to-large open pits and
underground operations. Over the last decade the field has shifted from traditional bulk ANFO
toward engineered emulsion matrices and high-performance bulk systems, while initiation
technology has moved from non-electronic delays and pyrotechnic detonators to programmable
electronic and wireless systems that provide millisecond timing precision. These technological
advances are driven by safety, environmental regulation, and the need to optimize fragmentation
to reduce energy consumption in downstream crushing and grinding. Recent studies and reviews
document improvements in emulsion stability and performance, broader adoption of electronic
initiation, and demonstrated vibration-control improvements through optimized delay
sequencing.

Energetic formulations: emulsion & polymer-sensitized explosives

Modern emulsion explosives are water-in-oil matrices that become detonable only after physical
or chemical sensitization; advances in surfactant chemistry, foaming agents and chemical
sensitizers have allowed manufacturers to tune density, oxygen balance and sensitivity while
improving thermal stability and shelf life. Recent work demonstrates that carefully chosen
chemical sensitizers (including foaming agents and oxygen-releasing additives) can raise
decomposition onset temperatures and apparent activation energy, producing higher-energy
emulsion products with improved thermal safety for bulk handling and long transport times.
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Polymeric and hydrogel-based approaches—where pre-crosslinked polymer networks improve
mechanical integrity and rheology—are also being tested to combine safer handling (lower
migration/leaching) with tailored detonation properties, opening pathways for recycling certain
energetic wastes into engineered matrices. These developments make emulsion systems far more
resilient to water exposure and thermal excursions than conventional ANFO while enabling site-
specific formulation adjustments (e.g., increased brisance or water resistance) that optimize both
safety and fragmentation outcomes.

Initiation systems: programmable electronic & wireless detonators

Programmable electronic detonators (PEDs) and the newer generation of wireless initiation
systems give sub-millisecond timing precision, data logging and flexible sequencing that allow
engineers to intentionally control stress-wave interactions in the rock mass — improving
fragmentation, reducing overbreak and lowering peak particle velocities at sensitive receivers.
Field and market reports show rapid adoption in projects where precision blasting translates into
measurable downstream energy savings for crushing/grinding and improved safety margins, but
practical deployment still requires careful attention to EMI/thermal/mechanical resilience and
stringent operational QA to ensure reliability under harsh mine conditions. Wireless systems
remove the need for long trunklines in complex geometries, increasing operational flexibility, yet
require robust cryptographic/authentication and fail-safe protocols to meet regulatory and
operator safety expectations; recent reviews and case studies provide both performance evidence
and frameworks for safe field integration.

Blast design optimization and vibration control

When high-precision initiation is combined with numerical modelling and data-driven
optimization, blast engineers can tune charge distribution, burden/spacing and delay timing so
that stress waves interfere constructively where useful (improving fragmentation) and
destructively at sensitive receivers (reducing PPV and flyrock). Recent studies integrate
machine-learning models and nature-inspired optimizers with physics-based simulators to predict
PPV more accurately and identify blasting plans that minimize environmental impact while
maximizing rock breakage efficiency; field trials confirm that optimized sequencing and
orientation changes can substantially decrease vibration and overbreak in both open-pit and
underground settings. Practical design still depends on robust geomechanical characterization
(fracture networks, stiffness contrasts) and conservative safety margins for stemming and misfire
management, but the combined digital/precision approach has shown consistent benefits in
published field validations.

Environmental, forensic and regulatory considerations

Modern blasting strategies that reduce fines generation and improve fragmentation can lower
downstream energy use and particulate emissions, but the growing use of engineered matrices
and electronic initiation also demands improved environmental monitoring and forensic
capability; analytical tools such as ion-chromatography coupled to mass spectrometry and
isotopic/biomarker methods are increasingly applied to detect, quantify and trace explosive
residues and transformation products in soils and waters. Regulatory frameworks in many
jurisdictions have been updated to address bulk emulsion storage, transport and the safe
deployment of electronic/wireless initiation — mandating recordkeeping, device certification and
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environmental compliance testing — and environmental forensic methods play a critical role in
demonstrating compliance after incidents or for long-term monitoring. Integrating environmental
monitoring as part of the blast plan (pre- and post-blast sampling, chain-of-custody for residues)
is now best practice in operations where receptors or water bodies are nearby.

Future directions: materials, digital integration, and sustainability

Near-term R&D priorities are converging on (1) novel sensitizers and polymer/hydrogel
formulations that increase energy density without compromising thermal safety, (2) lower-jitter,
fail-safe wireless initiation architectures with built-in authentication and self-diagnostics, and (3)
AI/ML-driven blast planning that ingests real-time borehole, geology and vibration monitoring to
adapt plans and provide lifecycle GHG/energy estimates tied to fragmentation outcomes. Cross-
disciplinary pilot studies reported in 2023—2025 combine materials innovation with data-rich
field trials to quantify how improved fragmentation reduces comminution energy and
greenhouse-gas intensity across the mine-to-milling value chain; such system-level assessments
will be critical to justify capital investment in higher-performance explosives and precision
initiation = from  sustainability = and total-cost-of-ownership  perspectives.  Finally,
commercialization will depend on regulatory harmonization, robust field validation and operator
training programs that translate lab gains into reliable, scalable mine practice.

In his study of the Punjab Sahulat Bazaars Authority (PSBA), Shehzad (2025) demonstrates how
economic innovation in public markets can achieve significant price relief for citizens by combining
infrastructure redesign, vendor inclusion, and solar-powered logistics. The author’s research suggests that
the PSBA model not only outpaces traditional welfare institutions in affordability and efficiency but may
also be replicable in other developing economies. This insight reinforces the argument that public sector
market interventions, when thoughtfully designed, can transcend subsidy-based models and deliver
sustainable social impact.

Aamir (2025) explores the scaling of public access via decentralized retail and last-mile delivery systems,
again using the PSBA as a case example. The paper highlights how legislative empowerment, digital
logistics, and mobile bazaars contribute to expanding service reach, especially in underserved areas. This
work supports the contention that innovation in institutional design—rather than mere resource
infusion—is critical for enhancing access in public service delivery.

Akbar (2025) investigates the governance transformation from a Section 42 company to a statutory
authority, elucidating how organizational form and legal status can affect operational outcomes. The
conversion of the PSBA into an authority enabled more direct governance mechanisms, empowering
responsive and transparent market interventions. This case aligns with the theory that structural reform of
public institutions is central to enabling adaptive and efficient governance models in emerging economies.

Although the complete bibliographic information for the two articles from *Al-Aasar could not be
retrieved, their inclusion in your literature review signals the breadth of interest in institutional innovation
and market reform in Pakistan. In absence of full retrieval, you may treat them as placeholder citations
and ensure you revisit them when full details become accessible, ensuring your review remains robust and
comprehensive.

Taken together, these sources illustrate a clear pattern: institutional innovation (legal/structural change),
market redesign (decentralized retail, logistics), and public service delivery (price relief, access

expansion) are interconnected levers for reform in welfare systems. Your argument about the need for
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inclusive, efficient, and sustainable public market institutions is strengthened by these empirical case
studies, which show how governance, infrastructure and market dynamics must align to achieve effective
social outcomes.

Naveed Rafaqat Ahmad is the author of From Bailouts to Balance: Comparative Governance and Reform
Strategies for Pakistan’s Loss-Making State-Owned Enterprises. His research focuses on public-sector
reform, governance innovation, and strategies for improving the efficiency and sustainability of state-
owned enterprises in developing economies. Through comparative analysis of global reform
experiences—including Air India’s privatization, Germany’s PPP-based railway transformation, and
South Korea’s innovation-led POSCO model—Ahmad provides practical insights for policymakers
seeking to address Pakistan’s persistent SOE challenges. His work emphasizes evidence-based reforms,
institutional strengthening, and financial self-sufficiency as key pillars for national economic stability.

Summary

Advances in explosives engineering for mining are converging along three axes: improved
energetic materials (particularly emulsion explosives with engineered sensitizers), ultra-precise
initiation systems (electronic & wireless detonators), and computationally driven blast design &
monitoring. Together these reduce safety risks, improve fragmentation (lowering downstream
energy for comminution), and lessen environmental impacts (lower PPV, dust, and flyrock).
Adoption challenges remain: supply-chain and handling infrastructure for bulk emulsion
systems, costs and reliability concerns for electronic/wireless systems, and regulatory alignment.
Future research and industry deployment should emphasize integrated trials that combine new
formulations, programmable initiation, and Al-driven blast optimization to quantify full mine-to-
mouth benefits.
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