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Abstract

To determine the potential hazards, present within the “Advanced Explosives Solutions International (AESI) Cratering kit”. The AESI Safety Engineer provided insight into the design process from the concept stage through to the eventual manufacturing and performance of the rapid cratering kit. The AESI Engineer will provide all the background research and information for the reader to gain an insight into the AESI methodology. From this, each component will be selected via a QFD assessment and additional group discussions will be used to analyse their suitability with hazard identification and hazard analysis contributing- using industry research, company experience and knowledge. Each component will be broken down and a holistic approach will be adopted to assure the customer that their rapid cratering kit provides all the customer and implicit requirements necessary for the optimum performance of the cratering kit.
This safety reports will determine credible risks, and provide solutions based on As low as reasonably practicable (ALARP) Principles. The report will then be concluded to be prepared for the kit to be designed, manufactured, and distributed based on the AESI Safety Engineer (Transport) Assessment document and a completed disposal report from the Disposal Engineer.
Any additional copies of this document will be introduced and marked appropriately to ensure the reader is provided with the most credible and up to date information for operational and safety use of the kit.
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1.0 [bookmark: _Toc131012559]Introduction

Advanced Explosives Solutions International (AESI) are required to design, research, Manufacture, trial, transport and dispose a rapid cratering kit requested by the customer. AESI have used industry research, Quality Function Deployment (QFD) software and experience to generate all the necessary components for an operational cratering kit that can be used for military and industrial use. 

This safety report is the underpinning evidence that the process life-cycle of the kit considers a holistic approach to safety and uses an As Low As Reasonably Practicable (ALARP) argument to justify any hazards present and show evidence that the potential risks have been designed out of the cratering kit, or processes and recommendation have been put in place to eliminate or reduce the risks present, using the Eliminate, Risk, Isolate, Control, Protection and Discipline (ERICPD) Methodology. AESI Safety Engineer will combine all the hazards data and determine the most credible and appropriate hazards to address, in setting requirements to the Design, Manufacturing, Transport and Disposal teams. The AESI Safety Engineer will allow the reader to understand the Rapid Cratering Kit design by following the kit initial concept, to analysing the materials and finally representing a design which will be further assessed through its life cycle and continually reviewed for further hazards present. 
 




[bookmark: _Toc131012561]2.0 Weekly Meetings

To generate a Rapid Cratering Kit that can operate safely and effectively it is important to consider the holistic effects it has as a group. AESI determined a weekly meeting would be appropriate to get the perspective of all the stakeholders. This meeting which was set up on a Friday in the hours between 8:00am-16:30pm as it suited all parties. The stakeholders present for each review were all selected at the initial review meeting to allow everyone to work on an area they have experience. The roles assigned can be seen below (Figure 1).
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(Figure 1- Role Assignment)

Each role assigned was based on their working environment and experience however all the work progressed is assessed as a group at the weekly review to ensure all tasks are progressing, to maintain a holistic approach and to ultimately provide an operating product set to the customer and industry standards.



3.0 Requirements

In response to the customer's request for a safer cratering kit utilizing an IM-compliant explosive, the AESI group were required to complete a project that would discern implicit requirements crucial for a successful product. Through collaborative discussions with the customer and leveraging the expertise within the team, a comprehensive QFD assessment was conducted. This assessment aimed to identify essential criteria beyond the explicit customer specifications, encompassing aspects such as component design, performance, and user handling. The resulting implicit requirements, illustrated in Figure 2, encompassed safety considerations, regulatory compliance, and the paramount importance of adhering to IM standards as mandated by the customer.

[image: A screenshot of a computer
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(Figure 2- Requirements, Full requirements list set out in QFD)

These requirements set out were deemed key and appropriate for this stage of the product development. Any further requirements or design changes would follow through this process to ensure no key requirements were being infringed, or potential new requirements would have to be introduced.




4.0 Background

To generate a reliable safety report, it is important understand the application for a rapid cratering kit and what is currently being used in industry. Members of AESI group made a point of doing individual background research to understand all aspects of the kit and relate it back to their specific role.

For the readers perspective a rapid cratering kit provides swift methods for obstructing critical strategic locations like airport runways, highways, roads, valleys, and passes. They enable the quick creation of various obstacles and depressions, ranging from foxholes to anti-tank trenches, within minutes [1]. 
These kits are used in various industries such as construction and engineering for excavation, demolition and land clearance, disaster training to provide earthquake and flood like scenarios for training. However, this kit will be used for military use, Military units often utilize cratering kits during training exercises to simulate battlefield conditions, practice breaching obstacles, or train personnel in explosive demolition techniques. However Cratering kits are frequently used by military forces to create obstacles, block roads, destroy infrastructure, or disrupt enemy movements. They can be deployed to impede the progress of enemy vehicles, hinder access to key locations, or alter the terrain to provide cover for troops.

Based on open research is has been determined that the US and UK have their own specific kits in use. AESI have utilised these kits as the basis of their research to determine if these kits are suitable for use, or a design change would be required to meet their own requirements and the customers. 



4.1 US Kit

The United States employs the shaped charge technique to initiate the initial hole formation, followed by filling the created void with a 40-pound (18.2 kg) demolition charge. This 40-pound cratering charge serves various purposes, including cratering, ditching operations, demolishing buildings and fortifications, and overturning bridge abutments due to its ample explosive content in a convenient form.

[image: m112]
(Figure 3- C4, M112, Demolition Block, Acting as booster)



To initiate the charge, C4 is utilized (Figure 3), which is attached to the side of the demolition charge (manually taped on) (Figure 4) to act as a booster.

[image: 40lb-democharge]
(Figure 4- Demolition Charge)

4.2 UK Kit

The United Kingdom adaptation is slightly different to the US version described above. CBRNergetics Ltd has delivered a modern version of the venerable Rapid Crater Kits. Rapid Crater Kit (RCK) Mk. 2 is now in-service with NATO Armed Forces. RCK Mk. 2 has updated shaped charges, modern packaging, and initiation via shock tube systems [2]. They use a similar method of generating an initial crater with a shaped charge consisting of a 60/40 mix of RDX/TNT, the crater is then filled with Hexatonal powder, a detonator is inserted in the powder before a signal is fired via a shock tube. This initiates the detonator filled with a small amount of HMX explosive to initiate the Hexatonal and to generate the large energy output to generate the crater required (Figure 5).

[image: Several bags of fertilizer
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(Figure 5- Current Rapid Crater Kit used in the United Kingdom)





5.0 QFD Review

After completing open-source research, the AESI group could use the data gathered and their expertise to compile a QFD assessment to determine the kits functions and possible ways of achieving these functions, while considering factors such as safety effectiveness and external noise.
In this assessment we can compare the US and UK kits while also adding various alternative techniques and methods to replace those already in use. 

5.1 Functional Importance

Based on various number matrices we can determine various factors such as functional Importance (Figure 6).

[image: A graph with text on it
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(Figure 6- Functional Importance)

From the graph above we can analyse each function and their impact or “Importance” when generating a crater kit. Initiate effect is our key functional importance, with initiate booster and produce final crater being close seconds.
From this data we can determine the importance of the High Explosive and its capability being down to the booster’s performance. 
It is paramount the design generates a booster that provides sufficient energy to form the crater blast while maintaining safety functionalities and credibility of the kit. It must be stated that all aspects of the kit require their own importance, however considering cost effectiveness and ALARP we must generate key areas that will provide the best operational kit that AESI can produce.

5.2 Functional Means Analysis

A functional means analysis was then provided, this is a brainstorming session to identify different ways of achieving each function (Figure 7).

[image: A screenshot of a computer screen
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(Figure 7- Functional Means Analysis)

Once each function has generated various means- usually around 7 to follow the Genrich Altshuller methodology [3]. Once the various means have been distinguished another review was created to determine which mean would be most appropriate, highlighting Green to show that they will be brough forward for the design review and highlighted yellow to bring forward for a potential review if the initial options were not deemed credible.




Functional Means Importance

In determining a Functional Means Analysis, an importance chart was completed to highlight the areas that were considered critical by AESI for the best quality kit that could be achieved (Figure 8). This will also be considered within the design budget and ALARP argument to justify investments and design outputs for the customer.
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(Figure 8- Feature Importance)

Based on this evaluation, the detonators emerge as the most crucial feature. However, it's important to note that this assessment might be overly optimistic, given the safety implications of the high explosive, which haven't been thoroughly addressed. While the detonator and booster are paramount for performance, their safety implications warrant further examination.

5.4 P Diagram 

Now that the functions and their features have been identified further tools were used analyse the system. A P-Diagram or Parameter Diagram is a pictorial tool to represent the design of a system, sub system and or a component. It highlights the inputs, intended and unintended outputs, noise factors and control factors and is used extensively in product design [4].
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(Figure 9- P Diagram)

From this diagram we can start generating tables to identify the key outputs of our kit, potential noise factors- these are those factors that we cannot completely negate from our design and engineering, for example the wind speed, temperature, electrical ambiances can all be considered noise factors. Therefore, AESI can create engineering methods and solutions to design them out of the finalised product (Figure 9) or introduce parameters or tolerances for those that can’t be eliminated. To further distinguish the key noise factors and areas of further consideration this can be further broken down, See Figure 10&11.
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(Figure 10- Control Factors)


Explosive and environmental variations have been identified as the most crucial control factors. This information will be used in the design concept to ensure that these aspects are effectively addressed in the final control measures.
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Description automatically generated]
(Figure 11- Noise Factors)

Material property variation and assembly misalignment present those as the key noise factors in the design. Through the life cycle of generating the crater kit, design processes will be put in place to reduce the level of failure and error margins to consider the possible noise factors highlighted.  All these factors should be considered, however for the report those which oppose the greatest risk to the design, performance, safety, and integrity will be assessed and solutions will be provided to get the to a tolerable level.



6.0 Design Concept

Based on industry research and a QFD assessment, AESI have derived their own concept design for the rapid cratering kit. An initial crater will be generated using a Rotoshovel Auger drill, this hole will be filled with the main charge explosive which will be broken into 3 sets of plastic casing containing the HE, using 1-3 based on the size of crater required.
 The main charge will be placed into the Auger drilled hole and a booster will be implemented into the top of the main charge, a detonator wire will be placed into the booster and a detonation cord will be lead downfield XXX meters based on DSA 03.OME Part 2 (JSP 482) - Defence Code of Practice (DCOP) and Guidance Notes for In-Service and Operational Safety Management of OME [5] and NATO derived formulae for calculations. The detonation cord will be initiated by a shock tube initiator, initiating the explosive cable, initiating the booster which acts as the primary explosive before setting of the secondary main charge. This is shown below for the reader to gain a pictorial of the operating process (Figure 12).
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(Figure 12- Operating process)





6.1 Hazard Identification (HAZID) & Hazard Analysis (HAZAN)

In this section the AESI Safety engineer will analyse each component from the initial crater through to the main charge and final crater being developed. This is an initial safety evaluation; further safety nodes and shortfalls will be determined throughout the life cycle of the kit. AESI Safety engineer will determine the suitability of each component and areas that require change, and recommendations to follow industry Relevant Good Practice (RGP).

6.2 Initial Crater
[bookmark: _Toc131012562]Upon discussions by AESI it was determined that a shaped charge was excessive in generating the initial crater hole and an alternative was introduced to increase product safety and effectiveness. An auger drill (Figure 12) was determined the most credible based on the QFD assessment. This reduced the amount of explosive used and the severity of the risk in operation.
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(Figure 13- Auger Drill Design)


The auger drill has been outsourced from Rotoshovel [6] who are industry experts in Auger drill performance. The drill consists of an electric motor that provides 1200W with an RPM excessing range of 0-3500 depending on the pressure applied to the trigger allowing for optimum penetration based on the required surfaces by the customer. AESI have required design changes and additional attachments to meet the design requirements. Based on initial designs the final crater (main charge) would be around a 1m depth at its max Net Explosive Quantity (NEQ), therefore this has been incorporated into the design. The Auger Drill Includes the following:

· Universal Motor- Electronic Powered Motor,
· Rechargeable Battery Pack
· Cobalt Steel (M42) & Hardened Steel Alternative Drill Bit – Up to 1m length,
· Tungsten Carbide- Drill Tip Adjustment


6.2.1 Universal Motor

A universal motor (Figure 13) is a special type of motor that runs on both AC and DC power supplies. Universal motors are bounded in series. Due to the cathode to anode supply providing a series link this provides high energies and high torques leading to sufficient drive in the motor.
Most of the universal motors are meant to operate at speeds as high as 3500 RPM. These motors run at a higher speed on DC supply than they run on AC supply of the same voltage. This is due to the reactance voltage drop that is present only in AC and not in DC [7].

For a 1200W drill the universal motor is the preferred choice due to its power output, sizing, and ability to provide sufficient speeds. A drill with 1200W of power draws around 10-12 amps at 120V and about 5-6 amps at 230V. If the drill operates at 15-20 amps, it likely has a higher power rating or is designed for heavy-duty applications. The universal motor's ability to operate at high RPMs and deliver strong torque makes it the go-to option for such drills.

[image: A close-up of a small electric motor
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(Figure 14- Universal Motor)

The rotational motor is generated by an electromagnetic field, the complex components highlighted in the schematic can supply high amounts of heat. This causes large amounts of wear and tear to the system and requires a maintenance schedule to maintain the credibility of the kit. This is all provided on the Rotoshovel website, providing information on assembly and disassembly of the kit, and providing maintenance knowledge. As they are SMEs following the company’s protocol would be considered RGP and would satisfy as a credible line of defence and increasing the overall safety, comply with the Provision and Use of Work Equipment Regulations 1998 [8]
The shovel attachment provides protection as it is designed to move the debris from the terrain away from the operator to prevent insult and damage when in operation. The shovel provides an additional collar, this works against human error to prevent trips and falls causing insult as it will immediately stop operations.

Due to the high resolutions and energy required to penetrate various types of terrain it is required for the operator to wear appropriate PPE to comply with the following legislation, Safety at Work Act (HSWA) 1974
Management of Health and Safety at Work Regulations (MHSWR) 1999
The Reporting of Injuries, Diseases and Dangerous Occurrences Regulations 2013 (RIDDOR)
Safety Representatives and Safety Committees Regulations 1977 and The Health and Safety (Consultation with Employees) Regulations 1996 Hierarchy of control [9]. Following this assessment the auger drill is a suitable alternative to the shaped charge previously being used. However, the areas to comply with will be collated in the requirements and recommendations section of this report.



6.2.2 Cobalt Steel (M42) & Hardened Steel Alternative 

Cobalt steel is a type of high-speed alloy steel used primarily for cutting tools. Introduced to manufacturers in 1900, high-speed steel, containing a mixture of tungsten, chromium, and trace amounts of carbon, enabled manufacturers to double or even triple their production. This will be the main material used for the auger drill itself. The efficient cobalt steel can operate at high velocities, chemically regarded as HSCO, has a higher concentration of cobalt added to increase hardness, tolerance to heat and will operate at varied temperatures making it a suitable material for use.
The material has high wear and corrosion resistance and will remain strong at temperatures over 600°C. This is a heavy material and will exceed 50kg in performance, this would require a 2 person lift and is deemed credible in a military environment. The alternative is a hardened steel composition which would apply the same concepts and safety arguments. Steel in concentrations of 2-12% is also used to cut other hard steels. Hard facing materials can contain up to 65% cobalt. Despite its credible performance the presence of Cobalt presents various health concerns for the operator as highlighted by The National Institute for Occupational Safety and Health (NIOSH) [10] who suggest following the ERICPD methodology. In consideration.

· Eliminate- This hazard can not be eliminated due to the necessity of an initial crater to generate the energy for the final crater to be executed.

· Reduce- The risk has been introduced by replacing the shaped charge with the drilling equipment. Despite operators being out with the range during a shaped charge operation, the consequences are vastly more detrimental in an unintended blast and align with the ALARP argument to use the drilling technique as a replacement.

· Isolate- The design can be reconsidered to introduce an overlap to the drill bit to avoid direct contact onto the operator during use. Auger drill operations must be completed externally away from any explosive, due to the high temperatures dust particles can potentially combust and lead to a small spark fire. In the presence of PPE this is not a recognisable issue however the presence of HE increased the risk likelihood and highlights this risk from moderate to severe.

· Control- Work instructions to be introduced to provide a 2m distance when not involved in operations, and those working on the crater to be aware of the hazards present and potential dangers the material possesses.

· Protection- Personal Protective Equipment is deemed a necessary requirement. This should not be solely a relied upon line of defence to the operator, however with the additional areas considered previously this is deemed sufficient on the basis that full PPE and Respiratory Protective Equipment (RPE) Is provided to those in hazardous areas (Appendix 1).


6.2.3 Tungsten Carbide- Drill Tip Attachment
A Tungsten Carbide Drill Tip is being used to allow the customer to penetrate their required terrain. Concrete for example is an extremely strong surface and needs a hard material to penetrate. Tungsten Carbide is extremely tough and resistant to corrosion. Tungsten Carbide has similar operating properties as Cobalt Steel highlighted previously. From this we can use the same methodology highlighted The National Institute for Occupational. Safety and Health (NIOSH) [9] who suggest following the ERICPD methodology. AESI Safety engineer must reinstate the importance of complying with ERICPD assessment to ensure the risk level remains at a tolerable level in this assessment. 



6.3 Final Crater

The final created will be generated with the following components to generate an initial shock to ignite the primary explosive, for a booster effect to produce the activation energy to activate the IM munitions to generate enough energy for the crater to be generated as requested by the customer:

· Shock Tube Initiator & Detonator  
· Booster
· High Explosive 


6.3.1 Shock Tube & Detonator 

For the detonator, a Pentaerythritol tetranitrate detonator was chosen. The nitrate ester PETN is a good choice for a detonator as it is a secondary explosive so is less sensitive than primary explosives such as lead azide. It has a TNT equivalence of 1.66 and a detonation velocity of approximately 8000ms-1. 
The detonator is in the form of a non-electric detonator. The Shock Tube Detonator is a linear signal transmission device designed to transmit an energetic signal through shock tube to a detonator. Shock tube is a hollow extruded tube containing a thin layer of energetic materials on its inner diameter. Once initiated, the shock tube transmits a signal to a detonating output charge, typically incorporating an instantaneous output or a pre-determined delay. Shock Tube Detonator is available with an optional patented in-line initiator consisting of a threaded adapter and a pre-installed percussion primer providing convenient and reliable initiation [11]. 

The Nonelectric initiator provides. An exploding-bridge wire (EBW) detonator was also suggested. EBW’s are very safe, however are a lot more expensive than non-electric detonators. EBW’s are approximately £100 per detonator, compared to around £2.50 per detonator for the non-electric which must be considered within the ALARP argument. Using a system that is less likely to be intercepted via electromagnetic signals, increasing safety, and cost effective. 

EBW’s require around 4kV to set them off. This requires specialist firing systems that are around £25,000 for industry purchase. The non-electric detonators are initiated using a much cheaper shock tube initiator, this fires a spark which initiates the shock tube. The shock tube is lined with a small amount of HMX and then initiates the non-electric detonator. Shock tube is single use, which is more realistic for a cratering kit as firing points will be constantly changing. This is far easier than gathering up a cable after each firing, or risking damaging the cable from the detonation. Shock tube can be bought for 31 pence per metre and is available in 2500m reels. It also has such a minute amount of Net Explosive that it doesn’t have an explosive class, The shock tube has a detonation velocity of 2200ms-1.

In the design 3 safety features have been introduced by the AESI Safety engineer these include:

· Isolation Cup (Figure 15)- This is a conductive plastic that provides separates from the shock tube and explosive content. It’s used to send any unwanted electric signals a pathway out of the components, providing a line of safety preventing unwanted detonation [12].
[image: A diagram of a piece of equipment
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(Figure 15- Isolation Cup)

· Plastic Tubing- Despite the shock tube potentially containing a stary electrical supply the plastic tubing can be looked at the be very resistant under these circumstances and fair less conductive than the electrical detonator as an alternative.
· Electrostatic Bleeder- Any electrostatic charge built up in the detonator is bled through the electrostatic bleeder, this dissipates the charge to avoid inadvertent detonation and provides a third line of defence and is deemed a compliant [13].

Upon evaluation, a risk has been identified: detonators could be accidentally triggered by lightning. To address this, a weather assessment should be conducted, ideally through the National Severe Storms Laboratory (NSSL), which employs weather prediction software and models to forecast lightning events. Once a lightning threat is confirmed, all explosive operations should be paused, and any explosive materials should be moved out of the blast zone and into a non-conductive storage facility. 
Additional protocols will be implemented for handling lead azide in detonators, depending on the explosive mixtures used by the manufacturer. Given lead azide and its high sensitivity, reactivity, safety guidelines are provided by the supplier [14], outlining the necessary procedures for emergency response, storage, and personal protective equipment for working with these detonators. As this is the current equipment used in British army operations and gives the customer familiarity in the system as its already industry used.


6.3.2 Booster & Main Charge
For the booster, Rowanex 3601 was the preferred choice Identified by the Research team. Rowanex 3601 provides a solution for the key customer requirement as it is IM compliant, with a Polymer Bonded Explosive (PBX) booster charge, consisting of RDX and TATB. This was chosen due to the insensitivity of the explosive.

For the main charge, we chose to use PBX9502. This is a polymer binded explosive consisting of 95% TATB. The other 5% is the binding agent of Kel-F 800. This was chosen due to the insensitivity of TATB. This PBX is IM compliant, meeting the customers requirement. TATB is also stable at temperatures up to 250°C. This makes is suitable for desert/hot climate operations. TATB has a detonation velocity of 7350ms-1. This isn’t as high as some other energetic material such as RDX or HMX, but the stability of TATB makes it a more suitable option.

In this assessment, the detonator and main charge require to be transported separately to abide by the transport of dangerous good regulations [15]. In explosives compatibility these provide an increase in risk probability and provide a significant severity in the overall outcome as the charge would operate as intended.
JSP 482, Chapter 17 provide the conditions, protocol, and necessary procedures to ensure the High Explosive content is sufficiently handled from the design through to manufacturing and disposal. This has been implemented in the initial design to avoid any large volumes of friction or pressing due to the high consequences of these substances. 
Despite the explosive distances being provides by the trial and testing department, initial lines of defense were implemented to consider the harmful gases being dissipated to civilians, the met office will be used to determine where the gas will be spread downwind to provide sufficient warning to the users and to ensure no further regulations are being infringed.






7.0 Conclusion  

From the initial HAZID and HAZAN assessments a final cratering kit was generated (See Figure 16) (Further Drawings See Appendix 2). This provides all the components discussed in the analysis section of this report and the 3 main charges connected to the booster block as shown on the right-hand side of the schematic. Providing a solution for the explosive variations determined in the noise factors previously mentioned. 
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(Figure 16- The full cratering kit including, an auger drill, shock tube, shock tube initiator, main charge, booster, booster cap, main charge)

From the assessment the AESI Rapid Cratering Kit provides a credible solution for the customer and has developed an IM Compliant Rapid Cratering kit. Further considerations highlighted in the implicit requirements have also been implemented. From a safety perspective design requirements were suggested to change the initial threading option (See Figure 17) and replace it with a locking mechanism (See Figure 18). 
[image: A grey circular object with a hole
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(Figure 17- Threading Design)

The initial threading design provides a solution that can and has been manufactured many times before however the risk of a leak in the high explosive powder breaching the threaded area, could in turn cause the operator to turn the main charge in place, causing friction and potentially initiating the explosive. With the locking mechanism being put in place and left will require no further safety concerns in its design.


[image: A close-up of a mechanical mechanism
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(Figure 18- Locking Mechanism)


The suggestions, along with the requirements laid out by the AESI Safety Engineer, must be abided with by the customer to guarantee compliance with all relevant laws and regulations before the kit is purchased and used. The AESI Safety Engineer will conduct additional analyses with the customer, manufacturers, and disposal processes to ensure the kit meets the specified safety standards.


[bookmark: _Toc131012566]
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Appendix 1- RPE protection to hazardous material residue from Auger Operations.

Appendix 2- Drawing/Designs
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Appendix 2- Main charge casing drawings.
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Appendix 2- Booster section casing drawings, middle hole for detonator placement.
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Appendix 2- Booster top clip to prevent unwanted entry to detonator hole section.
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Appendix 2- Main charge casing full rendered concept design
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