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Abstract

This paper addresses computational modelling of blast related incidents and relation of modelling to clinical and engineering interpretations. 

The Royal Centre for Defence Medicine (RCDM) and the Defence Scientific and Technical Laboratory (Dstl) were tasked in 2010 by the UK Ministry of Defence to assist the Coroner’s Inquests into the 7 July 2005 London Bombings. The transcripts of the oral evidence are available on the internet [1]-[3]. We will describe the methodology used as a potential model for others to consider if faced with a similar investigation and to show the benefit of the transition of military knowledge to a civilian environment.  Evidential material will not be discussed.

A three phase approach was taken.  The first phase included an engineering expert in blast effects on structures reviewing photographs of the damaged carriages to give a view on the likely physical effects on people close to the explosions. This was coupled with forensic evidence relating to the explosives.  The second phase was a clinical review of the evidence by military clinicians to assess blast injury in the casualties.  This used techniques developed both in the deployed environment and at regular morbidity and mortality reviews [4] to review mechanisms of blast injury and likely cause of death. The third phase was to model the blast environment by structural dynamics experts [5] to assess likely blast loading on victims to evaluate the potential blast loading on individuals.  This loading information was then assessed by physiology experts with access to data from experimental studies that provided a correlation of precisely measured blast data with injury, focusing principally on blast lung [6] since this is the most difficult aspect to evaluate from post-mortem reports.  Once all teams (engineering, clinical and modelling/physiological) had separately arrived at their conclusions the information streams were integrated to arrive at a consensus.  The final output was combined into a joint report as described in the transcripts [1]-[3]. Bringing together the expertise from these different professional groups has potential value in combat-related injury and applications will be discussed [7].
1.0
Introduction

On 2nd August 2010, the United Kingdom Surgeon General was instructed by Her Majesty’s Assistant Deputy Coroner for Inner West London (Rt Hon Lady Justice Hallett DBE) to provide Expert Witness Reports in two phases relating to the terrorist events of 7 July 2005 on the London Public Transport Network.  These Expert Witness Reports were required to review the evidence that had been gathered during the investigations into the event surrounding the bombings and to provide expert opinion on the general nature of injuries typically caused by proximity to explosions.  Her Majesty’s Coroner also asked a series of specific questions relating to the survivability and preventability (with respect to the medical interventions and care) of the deaths of many of the victims, and these had to be answered on an individual basis with a review of all of the relevant information.
Her Majesty’s Coroner had tried to find personnel who would be able to carry out a review of the evidence gathered and provide her with independent opinion of the incident effects and response of 7 July 2005.  There are many people who could answer individual aspects of her questions, but many of these had been involved in the initial response.  They would therefore not be regarded as independent; however, it was appreciated that the most appropriate and current experience of dealing with personnel injured in this type of event came from the UK Ministry of Defence Surgeon General’s Department who are experienced in dealing with combat-related injuries; particularly in the context of the current operations.  This was also assisted by the fact that the UK Military Medical community already had a proven technique for the regular review of operational mortality and medical response [4], [8].

An initial response for Her Majesty’s Coroner providing evidence on the nature of injuries sustained by personnel during explosions was required by October 2010, and the detailed reports for each of the individuals was required in early January 2011.  Given the ongoing commitments of the personnel involved, the amount of evidence that needed to be considered, the scrutiny that this work would be subjected to and the impending Christmas and New Year holidays, this was seen to be a challenging timescale.

The importance of this work was understood from the highest levels in Ministry of Defence and, therefore, every effort was made to ensure that personnel were given sufficient time to address this priority issue and meet the deadlines.

The wide ranging nature of the questions and the implications of this work required support from several specialities within the Ministry of Defence.

2.0
Background

2.1
Events of 7 July 2005

The bombings of 7 July 2005 were a series of four, co-ordinated bomb attacks on the London Transport Network.  Three bombs were set off on different London Underground trains at approximately 08.50 am.  The first of these was on a Circle Line train travelling between Liverpool Street and Aldgate, the second was on a Circle Line train travelling between Edgware Road and Paddington and the third was on a Piccadilly Line train travelling from King’s Cross-St Pancras towards Russell Square.  The fourth bomb was detonated approximately one hour later on the top deck of a double-decker bus in Tavistock Square.

The Circle Line is a ‘cut and cover’ underground train system which typically has two tracks running side by side.  These are sub-surface lines.  The Piccadilly Line is a deep tunnel train system (up to 30 m below the ground), with single tracks running in each tunnel.  Both train networks run on electrical power distribution through a third rail.  Access to each of these trains, therefore, presents its own difficulties.

The bus bomb detonated approximately an hour later, which meant that the bus was particularly busy because the people displaced by the closure of the underground network were now using buses.

Power systems were damaged by the train bombings, and initially this was linked to problems earlier that day involving power surges on the underground network.  It was rapidly confirmed though that a terrorist event had taken place resulting in many injured personnel.  A mass casualty emergency response was, therefore, initiated; however, this was hampered by multiple, sometimes conflicting reports, concern of further devices and communication problems amongst the emergency services (police, fire brigade, ambulance service and hospitals) due to the lack of radios that would work underground.

Fifty two victims and four bombers died during these events (8 at Aldgate, 7 at Edgware Road, 27 at King’s Cross and 14 at Tavistock Square) and many more casualties were caused, either during the initial blast or the subsequent effects.

2.2
Criticism

The bombings caused confusion within central London, and many people trying to contact friends and loved ones overloaded the mobile phone network making communication very difficult.  The reliance of the emergency services on the mobile phone systems, the lack of an underground communication system, the initial confused reporting and the fact that the explosions on the underground network occurred between stations (so exact locations were ambiguous), were all factors that had been interpreted as hampering the emergency response.

There was also concern about the nature of the events and since secondary attacks could not be ruled out, there was deliberate caution in the emergency response.

Open criticism about the initial response resulted in many reviews and one review in particular, undertaken by the London Assembly, was highly critical of the communication systems of the emergency services which led to delays in understanding what was happening during the first few hours of the events of 7 July 2005 [9].  Survivors also raised concern at the response of the emergency services [10].

2.3
Role of the Coroner

The purpose of a Coroner’s Inquest is to investigate the factual circumstances of a death.  It is a fact-finding enquiry to establish the answers to:

· Who the deceased was;

· When and where the death occurred;

· How the deceased came by his or her death;

· Particulars of the Registration Acts to be registered concerning the death.

The proceedings and evidence are aimed solely at ascertaining the answers to these questions.  Expressions of opinion on any other matter – for example, determining criminal or civil liability – are not allowed.  However, the Coroner does have the power to investigate not just the main cause of death, but also “any acts or omissions which directly led to the cause of death” [11].

Lady Justice Hallett, therefore, stated that one of her roles was to examine the criticisms that had been raised on the emergency response to determine whether they were based in fact, and if they were, whether any lessons could be identified for the future.  This included some consideration of whether any delays in the response affected the survivability of any of the victims.
3.0
Approach

In order to answer all of the questions posed by Her Majesty’s Coroner, with any degree of confidence, a multi-disciplinary team was essential.  This would take expertise from the Royal Centre of Defence Medicine and the Defence Science and Technology Laboratory (both part of the Ministry of Defence and both with substantial involvement with the understanding the nature of combat related injury and the effects of different weapon types).  The range of expertise required would be:

· Anaesthesia and Critical Care – to examine the critical care issues and signs of life in the deceased personnel.  This was provided by the Defence Professor in Critical Care and Anaesthesia at the Royal Centre for Defence Medicine (Col PF Mahoney);

· Trauma and Orthopaedics – to provide expert opinion and experience on the nature and severity of injuries caused to personnel.  This was provided by the Defence Professor Trauma and Orthopaedics at the Royal Centre for Defence Medicine (Col J Clasper);

· Pre-Hospital Emergency Medicine – to provide evidence on the nature of the injuries, the change in pre-hospital treatment strategies and the appropriateness of the treatment given. This was provided by the Senior Lecturer in Emergency Medicine at the Royal Centre for Defence Medicine (Lt Col R Russell);

· Blast Physiology – to provide expert opinion on the nature of the physiological injury caused by a blast in the relevant environments.  This was provided by the Principal Physiologist from the Biophysics Group, Defence Science and Technology Laboratory Porton Down (Dr E Kirkman);

· Engineering Numerical Modelling – to model the blasts in the various vehicles and provide evidence on the blast environment for others to provide judgment on the severity of injury.  This was provided by the Principal Structural Dynamicist from the Physical Protection Group, Defence Science and Technology Laboratory Porton Down (Dr D Pope, supported by Miss M Bishop);

· Mechanical Engineering/Injury Modelling – to provide opinion on the expected severity of injury from the blast environment.  This was provided by the Dstl Fellow in Injury Modelling and Injury Assessment from the Biophysics Group, Defence Science and Technology Laboratory Porton Down (Mr A Hepper, supported by Dr A Sedman), and

· Project Management to provide a co-ordinated response to the requests of Her Majesty’s Coroner, ensure all of the information was correctly stored and everyone was appropriately briefed on timescales and responsibilities (Dr P Whiting).
This multi-disciplinary team needed a single focus to be the prime author and principal expert, and to be the person who would give any verbal evidence on behalf of the team.  Since the most contentious questions related to the signs of injury the immediate care of a critically injured patient and the interpretation of the signs of life, it was decided at a very early stage that the Defence Professor of Critical Care and Anaesthesia (Col PF Mahoney) would lead the team.

All of the military medical officers involved have extensive and recent experience of caring for live and deceased victims of blast and ballistic trauma.

Other expertise that would be invaluable in this activity was the expertise gathered by some of the team members in providing evidence to Criminal and Coroners’ courts, so that an understanding of the judicial and legal systems would minimise the risk of rejection of the evidence and minimise the number of contentious lines of questioning.

4.0
Data Handling

The examination of the evidence required handling of data that was gathered under the Police and Criminal Evidence Act 1984 relating to the investigation of unlawful killings.  This evidence was issued to the Royal Centre of Defence Medicine and the Defence Science and Technology Laboratory by the Metropolitan Police, under the instructions of Her Majesty’s Coroner for the London Bombings of 7 July 2005.  These required a process of secure storage and access controls which were in place, as part of the processes used by parts of the team who are involved in the investigations of other suspicious deaths (typically military deaths).

The fact that the information relating to the 7 July investigations could simply slot into an existing secure information handling and storage system had the benefit of saving the time required to instigate and approve such a system, thus avoiding any delay in producing the expert witness reports.

5.0
First report

The first report was required to answer nine specific questions from Her Majesty’s Coroner.  These related to:

· The terminology; to provide a glossary to the Court so that terms used in other witnesses’ statements could be understood and compared.  The lack of a universally agreed blast taxonomy that could be used between the military and civilian environment was seen as a confusing distraction to the personnel trying to understand what happened during this incident.  This taxonomy was necessary for blast dynamics as well as injury mechanisms and injury terminology.

· The effect of environmental features that may mitigate or increase the risk of injury from the types of devices used during 7 July.

· The appropriateness of blast algorithms and different types of models to understand the dynamics of the blast events of 7 July 2005, and the feasibility of predicting injury mechanisms from these algorithms.

· The biophysics of various types of blast injury.

· The extent to which lives can be saved by the appropriate and early management of blast injury. 
· Other items of relevance in light of the papers supplied, in particular the pathology reports.
This report was formally tasked on 2nd August 2010 and a 41 page compilation report was duly delivered approximately 2 months later addressing all of these questions to the satisfaction of the Court without any amendment or need for clarification.  This timescale included the collation of the relevant evidence from the Police.

This initial report was written by the Defence Professor in Critical Care and Anaesthesia (Col PF Mahoney), the specialist in Blast Physiology (Dr E Kirkman) and the specialist in Injury Modelling (Mr AE Hepper).

This work required the authors to work together to review the relevant information and provide a single document, but highlighting each person’s area of expertise and contribution to the final report.

6.0
Second reports

6.1
Individual Reports
Following on from the first report, Her Majesty’s Coroner instructed the team to carry out more detailed analysis on a number of the deceased personnel.  This required an examination of which personnel died immediately, and which survived for a period of time, thereafter. 

In respect of each of those who were not killed immediately by the explosions, what happened to them; what attention and/or treatment they received; whether there were any failings in the way that they were treated; the circumstances of their death; whether any failings in the emergency response contributed to or were causative of their death. 

The decision was made at an early stage that a single report covering all personnel would be inappropriate and unique reports for each of the people in question would be written.  There were two reasons for this:

· The victims were all individuals and should be regarded on an individual basis.

· The reports may be released to the families of the deceased and the reports would need to be redacted to ensure what was released was only relevant to their relative.  There was a risk that such redaction would leave the feeling that some vital information had been removed, and this would simply amplify any conspiracy theory or any feeling that the Government (or in particular, the Ministry of Defence or Ministry of Justice) wanted to hide something of relevance.

This would increase the workload substantially, resulting in multiple unique reports; however, this was deemed minor in the grand scheme of the investigation.
6.2
Work Strands
The broad ranging and complex nature of these questions required a substantial investment of time to address these questions, and despite the experience within the team at providing expert evidence to Courts, this required a novel approach to achieve the desired goals.

A three phase approach was adopted as the only practical way to answer the questions within the challenging timescale (three months start to delivery), and even then the quality of the final output would be dependant on the level of success within each phase.  There was also a need to appreciate that the risk of failure was quite high, especially considering the complexity of the structural dynamics models.  These three phases were conducted in series; however, any hypotheses, assumptions or conclusions from either of the analysis phases were not allowed to affect or influence the other, in order to keep all options open.

The first phase required an engineering expert in blast effects on structures and injury modelling to review photographs of the damaged carriages to give a view on the likely physical effects on people close to the explosions. This was coupled with a review of the forensic evidence relating to the explosions.  This provided one strand of opinion on the nature of the injuries (the blast effects and injury mechanism) that may be used in the final comparison.

The second phase was a clinical review of the evidence by military clinicians to assess blast injury in the casualties.  This used techniques developed both in the deployed environment and at regular morbidity and mortality reviews over a number of years [4], [8] to review mechanisms of blast injury and likely cause of death.  This method has shown significant benefit in demonstrating the survivability and preventability of the deaths of personnel and to provide a robust evidence base to guide the changes in medical care and response to the critically injured patient.  This was coupled with a review of the nature of injuries from other terrorist incidents to provide a baseline comparison of injury mechanisms, as well as a review in the progression of pre-hospital care to advise the Court of changes in treatment strategies that may assist in survival rates.

In the third phase, the blast environment was modelled by the structural dynamics experts [5] to assess likely blast loading on victims.  This loading information was then assessed by physiology experts with access to data from experimental studies that provided a correlation of precisely measured blast data with injury, focusing principally on blast lung [6] since this is the most difficult aspect to evaluate from post-mortem reports.  Simple modelling was also undertaken in isolation of the complex structural dynamics modelling to provide simple predictions of the risk of blast lung injury.
The relationship of these phases is shown in Figure 1.
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Figure 1: Relationship of three phase work strands.
The outputs from these three phases were combined into a joint report and a single opinion on the nature of the injuries and the survivability of personnel as described in the transcripts from the Inquest [1]-[3].  Each report was formatted to provide a main section written by the Principal Author and summarising the work that was undertaken.

6.3
Model Design and Risk Reduction
Substantial risks were inherent in the mathematical models of the blast environment because of the model complexity and the degree of uncertainty (exact charge size, exact charge dynamics, exact charge location, location and orientation of victims, etc).  As a result, three different levels of model were run for each of the events in the trains:

· A coarse hydrocode model was used to: 

· Study the mechanisms of blast load development and provide broad levels of peak overpressure and specific impulse.

· Establish ‘zones of blast wave intensity’. 

· Determine the extent to which the fireball extended within the carriage during the event.

· A fine hydrocode model to quantify the probable pressure time history loading sustained by occupants within each carriage.

· A simple (uniform blast wave model) to give an empirical relationship of blast pressure from idealised explosives and compare the results to simple estimates of lethality from blast lung.
The philosophy behind the three model approach was that some results would be available for the Court and, at worst, the redundancy meant at least one model would deliver results, and, at best, the three model outputs could be compared for consistency or discrepancies.

The coarse hydrocode model was generated for each of the scenarios. Although quick running, (5 hours calculation time for 30 ms of simulated time) these models contained calculation cells which still resulted in 17 million cells in total, but were deemed too coarse to be reliably used for recording the peak overpressure time histories of sufficient granularity for injury interpretation.  The models were, however, very useful for studying the modes of blast wave development, as well as the transit of the explosive products, within the environment and hence provide an indication of the injury intensity as a function of occupant location.  These provided an initial output if the complex models failed due to instabilities or simply could not be constructed and run in the timescale for the final reports.

Although using broad engineering quantities such as peak overpressure and specific impulse are useful for mechanistic studies concerning pressure development, the resolution (cell size) of the coarse models was inadequate for determining the actual peak overpressure developed at any point within the scenes with any degree of reliability.  Fine mesh models were, therefore, produced for each scene.  These resulted in models with approximately 80 million cells each and the resulting runtimes of several days per model on a 128 processor computer cluster.  Any model instability would therefore delay the delivery of results significantly in an already tight timescale.  The models were therefore continuously monitored and updated.  The modellers regularly reported progress to ensure the rest of the expert witness team was kept informed.  Results were provided on a scene by scene basis to allow the completion of reports at the first opportunity.  In the end, each of the models provided meaningful results that could be used for the clinical judgement of the injuries.  The team judged that this would not have been possible without the dedication and professionalism of the structural dynamics modellers.  This model also produced images and videos of the effects of the blast that showed the blast propagation (see Figure 2).  These images were useful for the team, the Court and families to understand the nature of the blast environment.
6.4
Resources


The team had access to a combination of scene photographs, post mortem photographs, post mortem reports and witness statements to form an opinion of the internal and external injuries received by the victims and for how long they showed signs of life after the bombing (if at all).  
The team looked particularly at witness statements to understand if the victims were noted to be breathing and have a pulse after the bombing, whether or not they were conscious and the likely time course over which they died from their injuries.

Information provided by the court to support this activity was stored on encrypted memory drives, secured at Dstl Porton Down and at RCDM Birmingham, where they could be examined in a secure environment.  

The scene reports included seating plans for the underground carriages and the bus indicating positions of individuals pre- and post-explosion (where this information was known) and during recovery of the deceased.

As some deceased and live casualties had to be moved at some of the bombing locations after  the attacks to allow access to other casualties,  the position of a victim  post-explosion does not always indicate where that person was prior to the explosion or if  that position  was the location where they died.

This meant that the team needed to use a number of methods to try and work out how close a victim was to the seat of the explosion and from this offer a view on likely internal injuries, as well as providing a review of relevant related information to inform a final opinion on the probable nature of injuries.
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Figure 2: Sample blast propagation from fine hydrocode model.
6.5
Challenges – Quality of Information
Usually when conducting such a review the clinicians and scientists looking at the information would have a complete list of the victim’s injuries derived from a combination of a full post-mortem examination (that is an external and internal examination of the victim) plus X‑ray imaging. This in turn would be used to calculate mathematical trauma and injury scores which help in assessing whether or not a particular combination of injuries would or would not be expected to be survivable.

On this occasion the information from internal post-mortem examination was not available and the X‑ray imaging information was limited to fluoroscopy. The fluoroscopic examination was used to identify some fractures and foreign materials present in the victims’ bodies.

The team, therefore, relied upon a number of sources of information and scientific methods to come to a considered opinion for each of the victims; however, in an ideal world, more structured observations, measurements and opinions would have been available for the team to consider.
The amount of information missing from a simple external post-mortem was a significant challenge in this work.  If anything can be stressed from this work, the importance of a detailed post-mortem examination must be one element.
7.0
Evidence in Court

The Principal Author was called to give verbal evidence on two days, and transcripts of this evidence have been openly published [1]-[3].  All of the evidence (written and verbal) was well received and even merited a mention in the final ruling, stating:

“The expert evidence of Colonel Mahoney was instructive.  Bearing very much in mind the caveats he gave and the severity of the injuries suffered by some of those who survived, the medical and scientific evidence in relation to all fifty two victims led to only one sad conclusion: on the balance of probabilities each of the deceased would have died whatever time the emergency services had reached and rescued them.”

8.0
Conclusions

The response to the tragic events of 7 July 2005 required many operational decisions to be made that in hindsight may have been done in a different manner; however, the decisions have been reviewed extensively by the inquest into the events of that day and this hearing is openly reported.  These decisions included certain aspects of the examination of the injuries of the victims of the bombings.  The Inquest required many aspects of the injuries and the response to be considered.  The most appropriate experience was judged to come from the Ministry of Defence with a unique combination of the insight into the management of personnel suffering from combat related injuries; the UK (and deployed UK military) pre-hospital emergency response; an understanding of injury mechanisms and weapon effects.  This resulted in the Ministry of Defence being instructed to assist Her Majesty’s Coroner in the Inquests of the victims of the 7 July 2005 bombings, and providing evidence crossing several strands of scientific, medical and technical disciplines.
We believe that this detailed understanding of the nature of injury from blast and fragmentation threats, and the modelling and understanding of the physical interaction of combat related threats can only come from a multi-disciplinary grouping such as the group formed to address the events of 7 July 2005 and the applicability of this form of analysis should be considered in the event of other terrorist events.
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Review of the medical evidence (post-mortem reports, observations, etc) and provision of the opinion on the injuries.





Engineering Opinion


Consideration of the blast dynamics and evidence from investigation on the potential injury causing mechanisms.
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