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Abstract
Explosive Ordnance Disposal (EOD) operators are now beginning to include remotely operated vehicles (ROV) into their toolkits for underwater threats. Due to the complex nature of underwater explosions, the required distance from a charge for the vehicle to survive a blast cannot be determined on charge size alone. The purpose of this report was to establish a method for predicting the blast pressure survivability of an EOD ROV, based on a survived blast in the field, and produce a set of safety distances for a wider array of charges and depths. 
To achieve this, a literature review was conducted, and four equations were identified to predict the initial blast pressure. 1D and 3D models were also built in APOLLO Blastsimulator to compare to the equations. The free-field equation found parity in results to the 1D free field model, however the equations considering surface reflections had less consistency. The simulations only considered the initial pressure wave and not secondary bubble pulses. 
This report concluded that further work would be required to mature these predictions into established safety distance guidelines, however the equations would suffice as a quick estimation for trial guidance. Validation work would be needed to verify the predictions made in this report, and to expand on the narrow scope of the simulations produced for this report. An explosive trial methodology is described in the final section of this report, which would begin this process of model validation. 
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[bookmark: _Toc203643333]Introduction
The job of countering underwater explosive (UNDEX) threats has typically fallen to navy personnel. Since World War II, clearance divers have been carrying explosive charges with them into the water and swimming to the targets, often having to trail a firing cable with them, protected only by a wetsuit [1]. While the technology and equipment available to modern divers has advanced since then, the level of protection available to a clearance diver is still generations behind the options for an explosive ordnance disposal (EOD) operator on land. 
Options for remote engagement of targets on land have been standard since the introduction of the wheelbarrow robot in the 1970s [2] and have continued to be developed into systems with the capability of autonomously navigating through challenging environments [3] and neutralising threats remotely, keeping the EOD operator out of danger. 
The full suite of typically available equipment for on land EOD operations can be seen in Figure 1. While the active materials section is fairly ubiquitous between the land and ocean domain, the EOD diver community has fallen behind in the protection and remotely operated vehicle (ROV) sections. 
In recent years, wider industry has begun to develop solutions on this area. The maturity of the underwater ROV technology has advanced to the point where vehicles can provide suitable alternatives to sending a diver to face the threat, with several countries introducing ROVs into their Navy fleets for EOD purposes [4] [5]. These vehicles cross the full depth range of typical EOD operations, from crawlers for ship hulls and surf zones, to free flying ROVs for open water.  

[bookmark: _Toc202608364][bookmark: _Toc203634330]Figure 1: Equipment available to EOD/IEDD operators [6].
EOD operations can be conducted in a wide array of operating conditions. Unexploded ordnance (UXO) is typically found on the seafloor, but the presence of buoyant mine and limpet mines means the point of detonation could be anywhere from the sea floor to the water’s surface [7]. The refraction and superposition of blast waves underwater (Figure 3) means that safety distances cannot be calculated purely from distance but must also consider the position of the charge and the ROV relative to hard surfaces and boundaries [8]. 
This research aims to provide a baseline survivability assessment of an EOD ROV and begin work to develop safety distances for the vehicle across an array of charges.  
[bookmark: _Toc203643334]Aims & Objectives
The main project aim is to evaluate the survivability of an ROV currently being used to support EOD operations. For various reasons, it may be beneficial to leave the ROV in the water during a blast, and so a deeper understanding of the required safety distances is required. This can be broken down into a few goals as follows: 
[bookmark: _Toc203643335]Objective 1: Survivability modelling 
Based on the available data from practical testing, a limit for the max blast pressure the vehicle could survive will be estimated. This will be conducted using calculations from first principals using established equations identified in a literature review and using modelling software. Using this baseline pressure, safety distances from a set of charge weights (NEQs) will be developed and will be of use in the planning for future trials work to validate these findings. 
[bookmark: _Toc203643336]Objective 2: Future work planning
Once values are obtained from the modelling, trials planning will begin to evaluate the minimum distance the ROV should be from a blast, based on the maximum observed pressure and impulse. The results from this work will help validate the modelling work done in this report, establishing if it is appropriate to expand it into a deeper study. This will likely fall under future work.  
[bookmark: _Toc203643337]Report Structure
This project will be divided into three parts. Firstly, a literature review will be conducted to outline the current prediction methodology for calculating underwater blast and damage. Calculations will be made using an array of prediction formulae, providing estimations for safety distances for the vehicle. 
The next stage of the report will summarise the simulation work done to compare to the first principal calculations. Modelling of UNDEX blasts in a variety of situations was conducted, to provide alternative predictions for the peak pressure observed during each blast. 
A selection of these predictions will be used to calculate safety distances from a range of target NEQs, considering the effects of depth on the predictions. This will again be done through publicly available equations and computer simulations. 
Finally, the last section of the report will summarise future trials work being designed to validate or disprove these predictions, which should allow for safety distances for the vehicle to be established. 



[bookmark: _Toc203643338]Underwater Explosions (UNDEX)
[bookmark: _Toc203643339]UNDEX phenomena
As has been well documented in many literature reviews on the topic, explosive events underwater have markedly different characteristics to those on land. After the initial detonation, the event can be defined as two distinct phases: the initial shock wave, and an oscillating bubble phase [9]. The initial blast wave decays exponentially, resulting in a detonative event with a higher peak incident pressure, but much smaller impulse than the same blast above water [10]. 
The superheated gas generated by the detonation expands until the pressure from the water exceeds the gas pressure, collapsing the bubble and creating another shock wave, called a bubble pulse, as in Figure 2 [11]. This collapse continues until the bubble reaches it smallest size, defined by the volume of its gaseous products, before growing outwards again. This cycle continues until the bubble expends all of the available energy, at which point the cycle stops and the bubble size remains constant [12].
[image: Diagram of a bubble flow
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[bookmark: _Toc169877643][bookmark: _Toc184201205][bookmark: _Toc202608365][bookmark: _Toc203634331]Figure 2: Illustration of underwater explosion phenomena [13]
The bubble produced by the initial detonation will migrate over time. If left in the free field, the bubble will migrate towards the surface. However, when near a hard surface, the bubble will migrate towards the surface, collapsing against it and producing damage through the Monroe effect, similar to a shaped charge [14]. This jetting effect can be the most destructive element of an UNDEX event due to the localised loading of the jet, highlighting the importance of understanding the geometry of any underwater blast [15].
The mechanisms for underwater explosions are not limited to these two effects. If detonation occurs under a vessel, the gas void generated can cause a ship to break under it’s own unsupported weight. A large plume of water can be observed during many UNDEX events as the gas bubble reaches the surface. Surface reflections of pressure waves produce a bulk cavitation region, as in Figure 3 [16].
[image: Diagram of a diagram of a sea surface

AI-generated content may be incorrect.]
[bookmark: _Toc202608366][bookmark: _Toc203634332]Figure 3: Underwater Explosion Phenomena [17]
Important to note is that as depth increases, the water pressure also increase, which studies have shown to result in peak overpressure and shock wave energy decreases [18]. In simulations, it has been shown that the positive overpressure of the shockwave, the maximum bubble size, bubble energy and bubble period all decrease with depth [19], as in Figure 4. 
[image: ]
[bookmark: _Toc169877644][bookmark: _Toc184201206][bookmark: _Toc202608367][bookmark: _Toc203634333]Figure 4: Exponential decay of bubble energy and shockwave energy with increasing depth [19]

[bookmark: _Toc203643340]Underwater Blast Predictions
Accurate predictions for the mechanics and properties of underwater explosions have been in development since the 1940’s [10] [9], where the first equations for UNDEX predictions were developed. While there was been refinement of these initial equations, they are still being used as the underlying principles of modern blast prediction [20]. This can be done analytically and produce results in line with experimental data [21]. 
[bookmark: _Toc202610830][bookmark: _Toc203634347]Table 1: Formulas for calculating pressure values for underwater TNT explosions [22].
	Author, Year
	Pressure equations
	Remarks, constants

	R. Cole, 1948 [10]
	


	Derived from results of TNT tests on charges weighing 70 – 136 kg

	W. Stiepanow et al. 1966 [23]
	
	Time contact given by W. Stiepanow

	W. Stiepanow et al. 1966 [23]
	


	

R. Cole formulas with J. S. Nawagin corrections

	W. Stiepanow et al. 1966 [23]
	

	



	A.H. Keil, 1961 [24]
	


		Relations given for various explosives proposed by:

	W.D Reid
	A.H. Keil
	Rajendran & Narasimhan
	Ming at al.

	K1 = 52.12
	K1 = 148.93
	K1 = 52.16
	K1 = 29.9

	A1 = 1.18
	A1 = 1.13
	A1 = 1.13
	A1 = 1.81

	K2 = 0.092
	K2 = 0.085
	K2 = 0.058
	K2 = 0.058

	A2 = -0.185
	A2 = -0.22
	A2 = -0.22
	A2 = -0.22




	Geers & Hunter, 2002 [13]
	

	 for spherical charges

	Formula given by Geers & Hunter for pressure waveform proposed by:

	R. Cole
	T.E. Farley & H.G Snay
	R.S. Price

	Pc = 1.42
	Pc = 1.45
	Pc = 1.67

	vc = 0.992
	vc = 1.24
	vc = 1.01

	A = 0.13
	A = 0.13
	A = 0.18

	B = 0.18
	B = 0.23
	B = 0.185






However, a review of formulas for predicting UNDEX primary blast characteristics (Table 1) produces an array of equations, which result in an array of predictions for peak pressure, impulse and time history [22], with the main differences coming in the form of the constants applied to R. Cole’s initial equations. Figure 5 illustrates the differences in peak pressure between a selection of different prediction equations. The discrepancies between these predictions are attributed to the data sets used to produce the models. Cole experimented primarily between 70 and 136 kg of explosive [10], whereas Geers and Hunter used data gathered at depths of 76 to 152m on a range of 0.2 to 5.4 kg [13]. 
[image: ]
[bookmark: _Toc202608368][bookmark: _Toc203634334]Figure 5: Shock wave time course from 100kg TNT explosion at 25m, using various prediction equations [22]
Advanced UNDEX blast prediction is typically done using computer simulations, where effects of blast are modelled using methods such as finite element method (FEA), finite volume method (FVM) and smoothed particle hydrodynamics (SPH) [20]. Of particular interest is the survivability of underwater structures, where the computer simulations can provide estimates for cumulative pressure history of a structure [12], vibration estimates [11] and damage predictions [25]. 
Typically, models investigating the water response only use an Eulerian mesh approach, whereas for structural analysis a Lagrangian mesh in required [20]. An Eulerian model measures the properties of the flow by accessing a fixed point in space, and letting the flow move through it. The Lagrangian approach describes the motion of the flow, deforming the mesh as the space distorts, as in Figure 6.
[image: Diagram, engineering drawing
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[bookmark: _Toc202608369][bookmark: _Toc203634335]Figure 6: 2D shearing of a block showing Lagrangian (L) and Eulerian (E) meshing [26]
Both these model descriptions have inherent flaws however when applied to UNDEX simulations. Eulerian modelling can incur large computational costs and complex algorithms to model fluid-structure interactions. The spatial modelling must be large enough to encapsulate the entire measurable effected area, which can result in reduced mesh density if node limit is a limiting factor. The boundary conditions of the material may not line up with the boundaries of each element, and so applying boundary conditions becomes more complex [27]. On the other hand, Lagrangian modelling not allowing mass to pass between each element means that extreme element distortion, which can easily lead to a model crash [28]. This is particularly of issue when modelling damage from the bubble jet.  
Given UNDEX modelling typically requires some combination of both fluid and structural analysis, a combined mesh approach has been adopted by many of the publicly available papers on the topic, often referred to as the arbitrary Lagrangian-Eulerian (ALE) method [29] [30] [31] [32] . This technique allows for allocating certain areas of a model to be either Lagrangian or Eulerian descriptions, the switching between the two methods when required, or the continuous remeshing of a model as a simulation progresses. This allows for far greater distortions than a typical Lagrangian model, while maintaining a higher resolution than a purely Eulerian mesh [33]. This difference is best illustrated by Figure 7, where sections b and c capture an explosive event at t = 1 ms in an ALE mesh and a Lagrangian mesh respectively. 
[image: ]
[bookmark: _Toc202608370][bookmark: _Toc203634336]Figure 7: Lagrangian vs. ALE description of an UNDEX event: (a) initial FE mesh; (b) ALE mesh at t = 1 ms; (c) Lagrangian mesh at t = 1 ms; (d) details of interface in Lagrangian description [33]. 

[bookmark: _Toc203643341]Research Methodology
[bookmark: _Toc203643342]Introduction
On a recent energetic trial, an EOD ROV survived an UNDEX event while at reasonably close range from the blast. The ROV experienced the blast without incident, suggesting that this blast wave could be considered within the survivability parameters of the vehicle. While no pressure reading was taken during the event, the parameters of the charge were known, and predictions of the experienced overpressure can be extrapolated from this data. 
Obtaining this overpressure would provide the vehicle with a baseline survivable pressure, from which proper safety distances can be extrapolated for various charges in a variety of locations, such as increases in depth or NEQ. This baseline figure can provide wider context for the vehicle survivability, and be used in future work assessing specific EOD-based scenarios. 
Due to the breadth of options available for UNDEX blast predictions, this report will act as a review to compare some of the various prediction methods for the blast, and analyse how these differences in predictions affect the recommended safety distances. 
[bookmark: _Toc203643343]Research Overview
[bookmark: _Toc203643344]Research Design
The first stage of this research is to predict the pressure experienced by the vehicle in the blast, to provide a baseline of survivability. While no pressure measurements were taken during that event, the depth of the charge, the NEQ were known, as well as the distance from the charge. Based on this information, predictions for the observed pressure can be made, using first principal calculations and software simulations. Table 2 outlines the details of the survived blast: 
[bookmark: _Toc202610831][bookmark: _Toc203634348]Table 2: UNDEX Blast parameters
	Explosive
	NEQ (g)
	Range from ROV (m)
	Depth (m)
	Seabed type

	TNT
	250
	12
	20
	Sediment



The scope of the modelling is limited to the water response to the UNDEX event. Structural and individual component responses of the ROV could be assessed in future simulations, and will be mentioned later in the future work section. As only the water response is required for the pressure prediction, the modelling will be conducted using an Eulerian description. 
[bookmark: _Toc203643345]Research Deliverables
Pressure values will be calculated from existing experimental data to obtain a baseline for the limits of the ROV.  This will be done through numerical calculations, 1D modelling and 3D modelling. The required safety distance from the charge will then be calculated in a variety of operating conditions. 
The specific outputs of this report will be a set of maximum pressure values, which can be used as a comparison point for future trials work (as laid out in the future work section of this report), and an associated set of safety distances linked to specific charge NEQs and depths. This work is considered to be a pilot study, and will require further work to mature the confidence in these predictions
[bookmark: _Toc203643346]Triangulation
As will be mentioned throughout this report, various sections of the prediction methodology are unvalidated, or based on very few data points. An additional project could be produced to analyse these predictions once additional data points have been generated, or by comparing it to existing UNDEX modelling predictions. This project aims to provide guidance for future practical work, which will be expanded in the future work section of this report, which could also be used to validate or disprove these predictions. 
[bookmark: _Toc203643347]Prediction Methodology
[bookmark: _Toc203643348]Design
[bookmark: _Toc203643349]First Principal Calculations
First, the scope of the predictions must be identified. For the initial first principal calculations, the charge is considered to be in the free-field, without interference or reflections. The charge is assumed to be a bare sphere of TNT, without considerations of confinement or depth. 
For this project, the vehicle is assumed to be beyond the range where the explosive gas bubble would migrate towards it. The initial bubble radius can be calculated using equation 1 [10]. A charge of 250 g TNT would produce a bubble radius of 70 cm, well below the range where a vehicle would typically be situated. At 12 m range (over 17 bubble radii), it is assumed the bubble would instead migrate towards the surface, or another hard boundary condition.

Further, the bubble pulse pressure waves are ignored at this time. Given the discrepancy in energy between the initial pressure wave and subsequent bubble pulses (53% to 13% of the initial detonation energy [34]), it is assumed that if the vehicle can survive the initial pressure wave, then it can withstand the following pulses. This assumption is consistent with those found in the methodology for warship strength assessments [22].
The initial prediction for the peak overpressure will be calculated using the equations in Table 1, using R. Cole’s equation and W. Steipanow’s interpretation of the constants. Surface reflection is considered by Cole using two separate alternatives to his initial equation, which are also included in the predictions for comparison to the 3D models. 
[bookmark: _Toc203643350]1D Simulations
Peak pressure experienced at set distances underwater can be simulated by various methods. The simplest method is to reduce to problem down to a one-dimensional analysis, modelling the pressure wave passing through the water column. 
As with the first principal calculations, the scope of the modelling is limited to the water response to the UNDEX event. Structural and component response of the ROV could be assessed later, and will be mentioned later in the future work section. 
To conduct the modelling (both 1D and 3D), this report uses APOLLO Blastsimulator (referred to as Apollo throughout this report). As only the water response is required for the pressure prediction, the modelling will be conducted using a compressible, inviscid fluid Eulerian description, as in equation 2: 

Where ρ is density, u is velocity, P is pressure, Q is momentum (ρu), f is the mass external force and  is a mass heat transfer source term. The volumetric total energy, E, is defined as:  

Where  is the internal energy, which is determined by the equations of state. 
For the model, equations of state (EOS) for the explosive and water are required. The behaviour of the explosive cannot be modelled with traditional plastic/elastic models, and as such requires it’s own equation of state to model the detonation and generation of the blast wave. The most commonly used expression to model high explosives (and the method used in this model) is the Jones-Wilkins-Lee (JWL) EOS:

Where  and ω are user-defined material constants,  is the ratio of the initial density to the current density () and E is the internal specific energy [35]. Table 3 shows each constant used in the above equation. 
[bookmark: _Toc202610832][bookmark: _Toc203634349]Table 3: TNT JWL constants and material properties [36]
	Density (kg/m³)
	Detonation wave speed (m/sec)
	A (MPa)
	B (MPa)
	
	R1
	R2
	Detonation Energy Density (d) (J/kg)

	1630
	6930
	373800
	3747
	0.3
	4.15
	0.95
	3680000


For the water, the Tait equation of state is used, as in equation (5) [37]. 

Where V is the specific volume of the water, V0 is the specific volume at which P = P0, P = hydrostatic pressure and B & C are functions of temperature. The water was modelled as fresh water at 20°C degrees. Values for the equation 5 were filled using pre-sets in the Apollo software. 
For the 1D simulations, the following assumptions were implemented into the models:
1. All charges will be assumed to detonate perfectly from the centre of the charge. The charge is modelled as a perfect sphere of TNT. This is to simplify the model. Consideration into non ideal detonations or low-order detonations are discussed in the future work section, as well as discussions on alternate charge shapes. 
2. Speed of sound is not altered from the default. This is due to speed of arrival not being of concern to the research, especially in the 1D model. 
3. Bubble effects are to be ignored during the simulations. Vehicle placement will be beyond the range of potential damage via UNDEX bubble migration. Only peak incident pressure will be calculated. This enables comparisons to be drawn between this modelling and the equations for free-field UNDEX events.
4. No surface reflections are included in this modelling. The 1D model does not have the capability to include surface reflections, and so all blasts are considered to be floating a significant distance from either the seabed or water surface.  
5. The pressure gauge is at the same depth as the charge. Due to the simplicity of the 1D model, the gauge must be in line with the charge. A representation of the model can be seen in Figure 8. There is no visualisation of the 1D results, as the system only outputs text files in 1D models.  

G1

12m

[bookmark: _Toc203634337]Figure 8: Representation of the 1D model geometry.

[bookmark: _Toc203643351]3D Simulations
To model the surface reflections from the seabed, a more complex model is required. The jump to 3D modelling introduces a new variable in the bottom boundary condition and material properties. The seabed in the trial was sandy, and ideally this would the seabed condition chosen for the modelling. However, there are no validated seabed material properties built into the system, and so a more novel approach was required. 
Rather than model the seabed as a new, solid material without validation, the seabed could be kept as water, but with the density changed to reflect the conditions of the seabed sediment. This ‘dense water’ seabed condition will be compared to a rigid boundary seabed condition, and a free-field boundary, where the seabed is effectively more water. For the ‘dense water’ seabed, the material conditions are based on the properties of saturated sand, and use a density of 1900 kg/m3, and a speed of sound of 1720 ms-1. 
[image: ]
[bookmark: _Toc203634338]Figure 9: Example of 3D simulation visualisation of UNDEX event, as the pressure wave passes a point 6m from the detonation using the rigid bottom boundary condition model.
The addition of the extra dimensions allows for a supplementary element of analysis regarding safety distance from the charge – relative hight from the charge. All other prediction methods mentioned thus far measure the peak pressure at the same depth as the charge, however the 3D modelling allows for changing the elevation of the pressure gauges, while keeping the slant range from the charge consistent. A schematic of the experimental set up can be seen in Figure 10. The charge is modelled as being placed in contact with the seabed, with gauges placed at every 5-degree interval, all at 12 m range from the TNT. A visualisation of the software output can be seen in Figure 9. 
[image: ]
[bookmark: _Toc202608371][bookmark: _Toc203634339]Figure 10: Diagram of the 3D simulation layout.
[bookmark: _Toc203643352]Results
[bookmark: _Toc203643353]Baseline peak pressure
The first stage of building the safety distances is to predict the baseline of vehicle survivability. This is initially done by using peak pressure equations established by Cole and Swisdak [20]: 

Where Pm is peak incident pressure, m is explosive mass and R is range. K and α are empirical constants specific to the explosive material. For TNT, these values are K = 52.30 & α = 1.13 [9]. 
Using the information of the survived blast, a pressure of 1.87 MPa can be calculated, based on a range of 12m. However, the initial blast was while the charge was on the seabed, and so superposition and reflection also should be considered. If the ground was assumed to be perfectly rigid, reflecting the entire energy of wave, then the charge mass is effectively doubled [10], producing a peak observed pressure of 2.67 MPa. However, work conducted by Cole measuring peak reflected pressure waves on sandy mud seabed conditions found an increase of 10% was more consistent [10]. This would produce a value of 2.05 MPa. 
As outlined in Table 1, there are other interpretations of Cole’s pressure equations, in particular in relation to the values for constants K & α. W. Stiepanow et al. [23] identifies these as K = 52, and α = 1.19, which produces a peak pressure of 1.58 MPa. Table 4 summarises all of the numerical predictions for the max observed pressure.
[bookmark: _Toc203634350]Table 4: Pmax results from the selected equations.
	Prediction #
	Author
	Equation
	Pmax 

	1
	R. Cole
	
	1.87 MPa

	2
	R. Cole (Rigid Seabed)
	
	2.67 MPa

	3
	R. Cole (Adjusted)
	
	2.05 MPa

	4
	W. Stiepanow et. al.
	
	1.58 MPa



The next stage is to repeat this prediction with simulated modelling. Taking the initial conditions as the same as the previous section, a 1D model can be built and the blast simulated, as illustrated in Figure 11. The model output a peak pressure of 1.58 MPa. Using this figure as a baseline point of comparison, the mesh resolution of the 3D model can be assessed before the full suite of simulations are run. Due to the increasing complexity of the model, computational time increases massively for the 3D model (0.7 hours for a single 1D model compared to 9 hours for highest resolution 3D model), and so mesh resolution had to be dramatically reduced. As seen in figure 11, a mesh resolution of 6.25mm produced the closest response to the 1D simulation in terms of peak overpressure and the impulse of the blast wave. As such, 6.25mm mesh resolution is used throughout the remaining 3D testing. 1.58MPa
[bookmark: _Toc202608372][bookmark: _Toc203634340]Figure 11: Comparison between 1D & 3D free-field models across any array of mesh resolutions.

Using this mesh resolution, a variety of 3D models were produced to make predictions with seabed reflections included in the prediction. As there was no preset ground condition built into the modelling software, three separate modelling conditions were used for the seabed: a rigid boundary, salt water (effectively acting as a free field simulation), and dense water. 
[bookmark: _Toc203643354]3D models 
As seen in figure 12, when comparing the 3D models, a few notable trends can be identified. Both the rigid and all water seabed conditions follow the same pattern, with the gauge at 45° to the charge (Gauge 10) producing the lowest peak over-pressure, before beginning to rise as the gauges approach the boundary. Considering gauges 0 to 10, all three model results are proportioned as expected. The free field ‘all water’ model produced the lowest pressures, as it is without surface reflection, while the rigid boundary with ideal surface reflections produced the highest values (a full 36% increase on the Gauge 0 value from the dense water model). 
[image: ]
[bookmark: _Toc202608373][bookmark: _Toc203634341]Figure 12: 3D model overpressure results, normalised to the 3D model peak overpressure in figure 11.
Where the models begin to differentiate is gauges 11 – 19, where the dense water model fully separates from the arc of the rigid and all water models. Guage 15 produces a peak overpressure of 2.19 MPa, a full 68% increase on the 1.33 MPa observed in the 3D free field simulation. Gauges 17, 18 and 19 all show dramatically reduced overpressure compared to the rigid and all water models. In particular, the gauge at the boundary condition, Gauge 19, produced a very low overpressure of only 0.48 MPa. This overpressure is equivalent to a charge mass of 12.6g on TNT when calculated using equation 6. 

[bookmark: _Toc203634342]Figure 13: Pressure wave visualisation from Apollo software of the dense water seabed condition, (left): wave passing x = 5m, (right): wave passing approx. x = 11m.

When assessing the visualisations of the dense water simulation, a clear focusing of the peak pressure across the front of the blast wave can be observed. Figure 13 demonstrates that the blast wave initially was an even distribution of pressure across the blast front, before transitioning to the uneven dispersal of pressure values seen in Figure 12. This result would suggest that distance from the target and relative height from the target cannot be considered separately in determining where is the safest place to place a vehicle from an UNDEX event. 
Table 5 captures every prediction of the observed overpressure of the initial blast as outlined in research methodology section of this report. Ignoring the minimum of the dense water model, all results fall within a 1.01 MPa range. If averages are taken for all the 3D results across the 19 gauges, this range reduces further to 0.85 MPa. When considering every max pressure prediction from every gauge in every simulation, the Interquartile range for this data set is 0.54 MPa, visualised in figure 14). This is, relative to the predicted pressures, rather large.
[bookmark: _Toc202610833][bookmark: _Toc203634351]Table 5: Overpressure predictions for a 250g TNT UNDEX blast
	Prediction method
	Overpressure (MPa)

	
	Min
	Max

	R. Cole
	1.86

	R. Cole (Rigid seabed)
	2.67

	R. Cole (Adjusted value)
	2.05

	W. Stiepanow
	1.58

	1D Model
	1.58

	3D Model (Free field)
	1.33

	3D Model (Rigid boundary)
	1.64
	1.97

	3D Model (Dense water)
	0.48
	2.19

	3D Model (All water)
	1.18
	1.47




[bookmark: _Toc202608374][bookmark: _Toc203634343]Figure 14: Boxplot detailing the spread of overpressure predictions from all data sources in this report.

[bookmark: _Toc203643355]Safety distance calculations
Given the discrepancies between the various overpressure prediction methods, it is worth considering establishing an array of safety distances, relative to each prediction of overpressure. Using 1D modelling as in the previous section, predictions of larger NEQs and increasing depth were produced. This was done by taking the pressure prediction in the 1D model (1.58 MPa) and calculating the distance where the gauge experiences that pressure again against the new charge.  The average value across the 19 gauges for the dense water model is used as a reference for the 3D section. Table 6 collects the distances to match each baseline pressure from the new 1D models, comparing a 10 kg and 100 kg NEQ of TNT, at depths 20 m and 300 m.
[bookmark: _Toc202610834][bookmark: _Toc203634352]Table 6: Safety distance predictions based on NEQ & depth.
	Charge Mass (kg)
	Depth (m)
	Distance to match overpressure (m)

	
	
	1D Model
	3D Model

	10
	20
	41.2
	44.7

	
	300
	41.1
	44.5

	100
	20
	88.7
	105.3

	
	300
	88.4
	104.9



Most notable from Table 6 is the incredibly small discrepancy between the two depth extremes. Only 10cm separates a 10kg blast at 20m depth and 300m using the 1D simulation as a baseline. Even using the most extreme example, comparing the 100kg charge to the 3D model, only results in a difference of 40cm. 
When using the numerical prediction methods outlined in section 5.1, predictions can make for distances to match overpressure for a wider array of charge NEQs, as in Figures 15 & 16. These equations do not factor in depth, however as identified in Table 6, the effect is minimal on the distance calculations. When comparing to the 1D model prediction of the 10 kg charge mass in Table 6, the distances ranges from 40.6 m from W. Steipanow to 60.0 m for the Rigid seabed version of R. Cole’s equation. It must be considered that two of the four equations used in the numerical predictions factor in surface reflections, whereas the 1D model only considered free field, so only the blue R. Cole and W. Stiepanow plots should be compared to the 1D prediction. 

[bookmark: _Toc202608375][bookmark: _Toc203634344]Figure 15: Distances to match overpressure from 1D modelling prediction, from an array of equations.

[bookmark: _Toc202608376][bookmark: _Toc203634345]Figure 16: Distances to match overpressure from 3D modelling prediction, from an array of equations.
[bookmark: _Toc203643356]Discussion 
[bookmark: _Toc203643357]Baseline Pressure Predictions
[bookmark: _Toc203643358]First principal Calculations
The results from the initial calculations can be broken down into two sections: with and without considerations of surface reflections. When assessing the free-field predictions, prediction of 1.86 and 1.58 MPa were made using the unchanged R. Cole and W. Steipanow equations respectively. Given the range of NEQs Cole was using to make that initial equation, and that Steipanow prediction matches the validated 1D model, this report concludes that the Steipanow constants should be used when making free-field predictions for TNT in the future. 
Considering the simulations including surface reflections, the two equations both use alterations of R. Cole’s equation, which has just been identified as the equation with potential inaccuracy when considering a charge of this NEQ. The two equations consider two drastically different seabed conditions, namely rock and sediment. As such, the two values are best compared to the later 3D models, rather than each other. 
When assessing which prediction is best representative of the blast observed by the EOD ROV, and so the value to carry forward into the blast predictions, the W. Steipanow prediction was chosen. While it does not address any surface reflections, it does match a verified prediction in the 1D free field prediction, giving it a degree of secondary validation lacking in the other predictions. It is worth noting that the best way to assess these predictions would be recreating the blast with actual pressure gauges, but that will be discussed in the conclusion. 
As outlined in the methodology, there are a number of key assumptions made in this section which must be addressed. The initial set of pressure predictions (section 5.1) are derived from equations without reference to depth. Figure 4 graphically demonstrates that depth has a limiting effect on almost all underwater explosive properties, and so ignoring it clearly reduces the accuracy of the results. However, Table 6 illustrates how little depth impacted the safety distances produced by the modelling, and so it may be that in shallower conditions these predictions are still valid.
The calculations also only reference the initial blast and not the subsequent bubble pulses. When operating in a free-field, where incident overpressure is the only damage mechanism of concern, this would provide a valid prediction, however it does not consider reflected pressure waves or superposition of waves from the bubble pulses, which under certain circumstances could be an issue. 
[bookmark: _Toc203643359]1D Modelling
This modelling method obviously abstracted the explosive event down to its most fundamental component, and as such ignores all other considerations. While depth is considered, making it an improvement on the initial first principal calculations, the model is again in a free-field, not accounting for any reflections. It is worth noting that this stage of analysis (1D simulations in the APOLLO program) has the highest level of confidence of all of the predictive methods used, due to the historical validation of the model from past trials work. 
The 1D model produced the 2nd lowest estimate for the free-field peak overpressure, only higher than the initial free-field 3D model, which was of much lower resolution. It was the same value as the W. Stiepanow prediction, which might suggest that this set of equation constants produces the highest accuracy of prediction for this scale of charge in a free-field environment at this depth. 
[bookmark: _Toc203643360]3D Modelling
In the initial free field modelling comparison to determine the meshing requirement, the 3D models all showed reduced peak pressure when compared to the 1D model. This is indicative of Eulerian models with reduced resolution, as shown by the fact that as the mesh size decreased, the peak pressure got closer to the 1D prediction. The 6.5 mm mesh size was the smallest achievable mesh given the available computational power and timeframe, with each simulation lasting 9 hours. It can be theorised that with a higher resolution, the peak pressure could increase and eventually reach parity with the 1D model. 
The addition of the extra dimensions allowed for a separate element of analysis, namely observing how relative hight from the target affected peak overpressure. Depending on the model chosen, the lowest observed overpressure it either at the 45° from the surface boundary, or at the boundary itself. The large discrepancy between the other models and the dense water model at the material boundary requires further investigation to determine the cause of this reduction. Given each model only had a single simulation to pull data from, it would be inappropriate to pull conclusions over which is the more accurate prediction. Proper validation work using practical data would be the best means of assessing this discrepancy. 
The difference between the two 3D models with considerations of surface reflection (rigid boundary and dense water) is stark and suggests an issue with one of the two models. The distinct drop of overpressure at the boundary between fresh water and the seabed in the dense water model could be caused by the pressure wave travelling through the seabed (best seen in left visualisation in Figure 13), or by blast wave reflection superposition. However, if the effect was superposition, the change in pressure across the blast wave front would be expected to be seen on the rigid seabed model as well, which it is not. 
The 3D models were the only simulation to include considerations of pressure wave reflections. While in isolation this would increase the confidence in these results, the increased number of variables introduces numerous elements of uncertainties. The materials chosen for the seabed were not validated for UNDEX simulations, and so the confidence in these results is limited until validation work can be conducted. Similarly, the dense water model predicted that resting on the seabed would result in the lowest observed overpressure, however the model is not validated for ground shock or shock wave travelling through the seabed before ‘reflecting’ out of the material (as in figure 3). 
[bookmark: _Toc203643361]Safety Distances
When discussing safety distances, the first observable conclusion is the minimal effect depth has on the predictions. The difference between the same charge at 20 m and 300 m is minuscule, suggesting that in future work if a quick estimation of pressure or distance is required, then depth can effectively be ignored, as in the numerical equations outlined early in this section. When assessing the 1D modelling results in Table 6, the gap between the safety distances when referring to the 1D and 3D models is quite significant with the 100 kg charge, highlighting potential effect of factoring in surface reflections into the calculations. 
[bookmark: _Toc203643362]Free field – comparing to the 1D model baseline
Where the baseline pressure value is taken from the 1D model, the predicted safety distances are lower than when using the 3D model baseline. The difference between the two baseline predictions increases notably with NEQ, jumping from an 8.5% increase at 10 kg to a 18.7% increase at 100 kg. The slope of that increase with NEQ cannot be plotted from only these two data points, and so more analysis would be required to expand on these initial findings. 
Comparing the two free-field numerical equations for blast pressure (R. Cole & W. Steipanow), as plotted in Figure 15, shows that W. Steipanow’s predictions are a closer match to the 1D model than R Cole, a finding consistent with the results in Table 6. There is a 12m difference between the R. Cole prediction of a 100 kg charge and the 1D modelling, which suggests that it may not be suitable for predictions of free-field blasts moving forward. This report recommends using the K. Steipanow equation for TNT blast calculations in future, where modelling solutions are not available.
[bookmark: _Toc203643363]Surface Reflections – comparing to the 3D model baseline
It is worth considering that in this section, free-field 1D modelling is being compared to a baseline pressure prediction from a 3D model with surface reflections, and so there will be inherent inaccuracy with this section of comparison. However, it does give an indication of how the safety distances increase when surface reflection is considered into the initial pressure value. This is most pronounced with the larger charge, with a full 20m difference between the two predictions. 
Of the two numerical equations that consider surface reflections, Cole (adjusted) maps to the 1D model predictions fairly well, which was to be expected this the initial baseline pressure was taken from the 3D dense water model, and both the model and the equation are supposed to represent a sediment seabed condition. If the rigid seabed 3D model was used as the source for the pressure in this modelling, then it would be expected that the Cole (Rigid) would produce results more inline with the 1D model safety distance. The discrepancy between the two equations as the NEQ of the charge increased illustrates the requirement to know the seabed condition before a predictive equation or model is chosen. Rather than choosing a specific equation or model as the basis for all future safety distance calculations, this report instead recommends that both these equations be kept on and chosen between when specifics about the UNDEX scenario are clarified. 
All of the predictions for safety distance provided in this report should be given a safety factor if considered into the planning of explosive trials. The exact safety factor would need to be determined through further analysis, as it is likely to be proportional to the NEQ. As it stands, the are too few data points regarding the damage limit of the vehicle to draw conclusions regarding safety factors.
[bookmark: _Toc203643364]Conclusions
[bookmark: _Toc203643365]Conclusions
This report provides an array of potential safety distances for an EOD ROV. Based on the confidence in these prediction methodologies, this report estimates that the 1D software modelling simulations provides the best prediction methodology for free-field UNDEX events. The 3D models used in this report give an indication of pressure changes when a seabed is present in the calculations, but further work is required to fully mature these predictions into usable safety distances. The 3D models also indicate that distance from the target and relative height from the target cannot be considered separately in determining where is the safest place to place a vehicle from an UNDEX event.
The equations established in this report can provide an initial estimation for the required distance the EOD ROV must be from a charge to survive an UNDEX event. In particular, the identified equation for free-field UNDEX blast closely aligns to the validated 1D model, and so can be used with some confidence in prediction work. It is worth noting that the predictions made in this report cover a relatively small range of ocean depths, and additional work would be needed to assess if the accuracy of these equations holds up as the depth increases. Figure 4 would indicated that when a charge reaches 2000 m depth, the shock wave at 1 m will have reduced in energy by ~ 5%. 
The limited number of simulations run for each variation of the 3D models further reduces the confidence in these predictions. Additional runs of each model would help establish if some of the observed patterns and outlying results, such as the pressure drop-off at the surface boundary in the dense water model, are valid UNDEX phenomena or just errors in the model. 
Without validation, in the form of experimental data or a previously validated 3D model, the predictions made in this report are to be considered preliminary research for a deeper assessment of the scenarios discussed in this report. The following future work section outlines a methodology for beginning that validation work, through an explosive trial. 
[bookmark: _Toc203643366]Future Work 
[bookmark: _Toc203643367]Pressure Baseline Trial
The most glaring acknowledgement throughout this research has been the scarcity of data. In particular, the safety distance calculations rely on a single data point where the ROV survived a blast, where no blast pressure data was recorded. Therefore, all the safety distances discussed in this report are themselves based on an estimation of what the vehicle experienced in that initial blast. 
Without this baseline measurement, the only way to assess the pressure predictions made in this report is to compare them to validated models. The only validated model available during this work was a 1D free-field simulation, which cannot fully represent the experience of the vehicle for the many reasons already discussed in this report. As such, the obvious first stage for future work is to recreate this blast, or better yet conduct a series of experiments build around testing the vehicle to destruction.
The simplest way to test this would be identifying the component most susceptible to damage from the blast pressure wave, likely any components with internal pockets of air such as a camera, and test these components individually to destruction. A pressure gauge could be placed at same depth and distance from a blast to capture the pressure experienced by the component. While this would identify the breaking limit of that component on its own, it ignores several other factors in underwater damage. 
Based on the research done on underwater structure and vehicle survivability; vibrations, pressure time history, impulse and pressure reflections are all key in understanding underwater response to shock. The frame of most ROVs are hollow by design, allowing easy access to internal components for maintenance. This hollow frame could allow for superposition of pressure waves as they are reflected internally inside the structure. As such, tests might be more accurate if the entire vehicle could be tested to destruction, although the cost implication would need to be considered. To this point on cost, each detonation test with a vehicle would require a new vehicle, as an accumulation of stress fractures could lower the pressure at which the system fails, incurring heavy costs. 
[bookmark: _Toc203643368]Additional points for future work
Further, the 3D models of the seabed were unvalidated for UNDEX simulations. The material properties chosen for the analysis were picked to reflect typical seabed material compositions EOD teams could encounter, but the accuracy of the results would require further analysis and likely additional validation work based on explosive trials. This could allow for expansion into considerations into ground shock, something that was not able to be included in the scope of the study. The models could also be expanded to include the bubble pressure waves, which also were not included due to the scope of the project. 
Another critical element of an UXO disposal was not addressed in this study, namely that of height from the seabed. All 3D models assumed the charge was in contact with the seabed, however this may not always be the case. On land, where there is a height of burst from the ground, a Mach stem effect can be developed as the pressure wave moves as a flat edge rather than a curve, and this effect could impact safety distances if the ROV were to be sat on the seabed. Additionally, no consideration was taken into the effect of partial of full burial of a charge. If the target is legacy UXO, the charge may have been in place for years or even decades, and so many have become covered in marine life or buried in ocean sediment. 
All explosives in this report were modelled as spherical charges of TNT, and future work could also explore the difference in safety distance depending on shape of charge, determining how the safety distance changes depending on the charge orientation. This would be particularly of interest regarding shaped charges, a tool regularly used in underwater EOD. 
An increasing priority of underwater EOD is the transition to deflagration rather than detonation of a charge, causing a low order response in the munition [38]. The energetic response in such a scenario is reduced, which provides additional safety to surrounding infrastructure and marine life. Work could be undertaken to simulate the vehicles response to these explosive events, however it is safer to assume an article will detonate, and so the worst-case safety distance would likely always be assumed. 
[bookmark: _Toc203643369]Reflection
If this report were to be repeated or reattempted, a different methodology would be advisable. The lack of validated models for the 3D models impacted the conclusions that could be drawn from those sections of modelling, so a more thorough exploration into this section could have yielded improved results. Finding additional data from similar firings could have been used as an initial validation method, or the project could have pivoted to providing that data through a small trial. Additional focus could also have been put into surface reflections from the surface, something that was not able to be addressed in this report due to time constraints. 
A not insignificant amount of time was spend attempting 2D simulations on ANSYS Autodyne, which ultimately produced no usable data. With hindsight, this effort should have been stopped sooner, and placed in maturing the confidence in the 1D & 3D models. A 2D model would however be useful in comparing to the 1D and 3D models, as it could run both free-field and surface reflection models, allowing direct comparisons to be made to all the other models used in this report. 
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Safety Distance (m)




Safety distances compared to 3D prediction

R. Cole	0.25	0.5	1	2	5	10	20	50	100	14.950863824224719	18.836908046252486	23.733016962407618	29.901727648449437	40.582888147787067	51.131235042926093	64.421319337704958	87.433182047276233	110.15890652065387	R. Cole (Rigid)	0.25	0.5	1	2	5	10	20	50	100	18.836908046252486	23.733016962407618	29.901727648449437	37.673816092504971	51.131235042926093	64.421319337704958	81.165776295574148	110.15890652065387	138.7915251587734	R. Cole (Adjusted)	0.25	0.5	1	2	5	10	20	50	100	16.266607240140637	20.494640872225538	25.821629444952777	32.533214480281273	44.154365254867997	55.631014229355003	70.090685854565578	95.127696221426106	119.85338689737976	W. Stiepanow	0.25	0.5	1	2	5	10	20	50	100	12.682980046730664	15.979553536272626	20.132975868271938	25.365960093461329	34.4269044697674	43.375181624179852	54.649304371317484	74.170517260080601	93.448995977566582	NEQ (kg)


Safety Distance (m)
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