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Summary
When a British Airways B777 crashed at London Heathrow airport on 17 January 2008, after a rapid loss of thrust on both engines, the safety investigation led by the UK’s AAIB (Air Accidents Investigation Branch) concentrated principally on the causal and contributory issues concerning the powerplants, fuel system and icing in the fuel.

In parallel to the investigations into the root causes of the accident, a further AAIB investigation was conducted into the crashworthiness and survival aspects of the accident.  There were, fortunately, only relatively minor injuries in the accident and no ground fire, despite a substantial rate of descent at impact and rupture of a major fuel tank.  This paper discusses the computational impact dynamics work concerning this rupture, which was induced by loads from the main landing gear.  The paper also considers the advantages and disadvantages of computational impact dynamics studies in accident investigations, including previous instances in which the AAIB has been involved.
The accident - Boeing 777-236ER, G‑YMMM, at London Heathrow on 17 January 2008 
Whilst on approach to London (Heathrow) from Beijing, China, at 720 feet agl, the right engine of G-YMMM ceased responding to autothrottle commands for increased power and instead the power reduced to 1.03 Engine Pressure Ratio (EPR).  Seven seconds later the left engine power reduced to 1.02 EPR.  This reduction in thrust led to a loss of airspeed and the aircraft touching down some 330 m short of the paved surface of Runway 27L at London Heathrow.  The investigation identified that the reduction in thrust was due to restricted fuel flow to both engines and it was determined that this restriction occurred on the engines at the Fuel Oil Heat Exchanger (FOHE).  
The investigation identified the causal factors that led to the fuel flow restrictions as being the release of accreted ice from within the fuel system, causing a restriction to the engine fuel flow at the face of the FOHE on both the engines.  This ice had formed from water that occurred naturally in the fuel whilst the aircraft operated with low fuel flows over a long period and the localised fuel temperatures were in an area later described as the ‘sticky range’.  The FOHE, whilst compliant with the applicable certification requirements, was susceptible to restriction when presented with soft ice in a high concentration, with a fuel temperature below ‑10(C and a fuel flow above flight idle, and the Certification requirements did not take account of this phenomenon as the risk was unrecognised at that time.

Crashworthiness and survivability - cabin
Despite a high rate of descent at impact, there were only 16 passengers identified with ‘minor injuries’ and one serious injury in the accident.  There were a number of crashworthiness and survivability issues identified in the cabin and these are fully described and analysed in the AAIB final accident report (AAIB AAR 1/2010, published February 2010), with detailed Safety Recommendations.  These issues concerned Cabin lighting, Emergency lighting, and the seatback video monitors attached to the Business Class seats; they were all dealt with by the AAIB investigation in a conventional investigation process. 

Crashworthiness and survivability – fuel tanks
The major crashworthiness work in this accident, however, concerned the impact-related damage to the aircraft fuel tanks, which had been compromised in the impact and ground slide sequence.  
The initial impact of the aircraft was approximately 120 m inside the airfield’s perimeter fence (Figure 1).  The first grounds marks were made by the rearmost wheels, followed by all the main wheels as the trucks tilted forward, at which time the maximum vertical acceleration spike of 2.9g was recorded on the DFDR.  The touchdown into soft soil produced impact gouges with a depth of up to 0.45 m from the right main landing gear (MLG) and 0.36 m from the left gear and there was contact with the rear fuselage as the aircraft continued forward.

The aircraft then rebounded and briefly became airborne again.  On the second impact, approximately 53m from the first impact, the ground marks indicated that the right MLG had moved inboard.  There was contact by the engine nacelles and the nose landing gear, which immediately collapsed.  As the weight of the aircraft transferred onto the engine nacelles, the engine cowlings and engine accessories were damaged and the engines dug into the ground.

During the ground slide both the engines scooped up soft soil, which increased the aircraft’s retardation.  Approximately 152 m after its initial contact the right engine struck the thick concrete cover of the an inspection pit.  This caused damage to the lower part of the engine and assisted the deviation of the aircraft’s ground slide to the right, with the aircraft coming to rest on the tarmac area near the threshold of Runway 27L, approximately 372 m from the first impact (Figure 2). 

The nose landing gear had separated from the aircraft; damage to its attachments were consistent with both a high vertical load and side load to the left.  The left MLG had partially separated due to overload but remained attached to the fuselage by the drag and side braces.  During the initial impact the gear beam outboard end fuse pin had fractured, which allowed the gear beam to rotate upwards.  The trunnion housing fuse pins then also fractured, allowing the forward trunnion to move upwards.  The significant vertical load had also resulted in a piece of top wing skin being removed.  There were witness marks on the aft trunnion outer bearing race, consistent with the aft trunnion then having been pulled out.  The attachment of the inboard end of the gear beam was damaged but remained intact; the drag strut fuse pin had ‘crankshafted’ in a direction indicating that a load had been applied in tension but this had also remained intact.

Of greater interest was the damage to the right MLG.  During the initial impact the fuse pins in the right MLG gear beam outboard end fractured, which allowed it to rotate upwards in the same manner that had occurred on the left MLG.  The lower housing (‘H block’) fuse pins had then also fractured and witness marks on the lower housing support indicated that the H block, together with the forward trunnion, had been pulled aft and down.  There was no evidence of any ‘crankshafting’ or damage to the drag brace fuse pin.  Witness marks on the upper surface of the truck beam indicated an over-travel in both the truck pitch-up and pitch‑down directions.

During the subsequent ground slide the right MLG had separated from the aircraft, rupturing the rear wing spar web.  The drag brace support fitting, together with portions of the rear spar web, rear terminal fitting and the internal back-up fitting remained attached to the right main landing gear (Figure 3) around the drag brace fitting.  Examination of the fracture surfaces indicated an overload in the aft direction. 

During the separation, the remaining section of the right MLG had impacted the fuselage, damaging the wing-to-body fairing and penetrating the rear cargo hold.  This impact had caused damage to and leakage from, the passenger oxygen cylinders, which are located in the rear cargo hold.  This section of MLG then became airborne and impacted the right horizontal stabiliser as the aircraft continued to slide.  This was confirmed by the presence of an embedded portion of horizontal stabiliser leading edge material (Figure 4).  The two front wheels of the right MLG, together with the forward section of the truck beam ahead of the centre axle became detached and impacted the right side of the fuselage, resulted in the injury to the passenger seated in seat 30K. 
For the investigation Boeing generated a clear and useful graphical account of this MLG sequence and it is reproduced in the AAIB accident report.  
Previous impact modelling
Over the previous twenty years the AAIB had been involved in a number of exercises where state-of-the-art computational impact dynamics has been used within an accident investigation.   The scenarios had been varied but in each case the fundamental purpose of the computational work had been to deepen the understanding of the conventional ‘field investigation’ work and, in particular, to compare the impact, principally in terms of impact decelerations and loads, with values used in the aircraft design and certification processes.  This is rather different from the use in industry of impact dynamics as a ‘predictive’ tool, where the modelling takes the place of expensive and highly-instrumented hardware impact tests.  Instead, the use within the investigation takes place after the hardware exercise (the accident - which is always unplanned, uninstrumented and uncontrolled!) but aims, for instance, to quantify seat deceleration signals to allow comparison with certification levels.
The classic AAIB case was the B737, G-OBME, accident at East Midlands in January 1989.  For this exercise, relatively crude compared with recent work, airframe and ground modelling were used as a supplement to other investigation work in order to generate seat load and deceleration levels and this was followed by further work using these deceleration signals levels in modelling a typical passenger in a typical seat.  AAIB was involved in a similar exercise in support of the SAS MD-81, OY-KHO, accident near Stockholm in December 1991, where there was a particular interest in the strength of overhead bin attachments, as well as passenger seats.  And in September 1999 the AAIB used impact modelling in investigating an accident to a Cessna 404 Titan, G-ILGW, which crashed shortly after takeoff from Glasgow Airport, with the emphasis again on airframe and seat strength.
Another interesting case was the for the BEA investigation of the Concorde accident in 2000. In this instance the impact of interest was between a large mass of detached tyre and the lower skin of a main fuel tank and the computational simulation ran alongside a series of tank impact tests.  It was the experience of these cases which developed the confidence to undertake impact modelling in this G-YMMM accident.
Crashworthiness modelling – G-YMMM accident, 2008, right main landing gear
For the accident to BA B777G-YMMM study was therefore carried out by Cranfield Impact Centre (CIC) to simulate the impact in order to investigate the failure of the right MLG and the consequent fuel tank rupture.  A Finite Element (FE) model of the aircraft, based on data from the manufacturer, was combined with a FE model of the accident site.  For this structural impact analysis LS-DYNA software was used for its capability to predict the dynamic behaviour of non-linear materials under transient loads and varying boundary conditions.

The FE model for the landing gear and its attachment to the aircraft model was derived from engineering data supplied by the manufacturer and supplemented by additional data from other sources. The model of the accident site was created from a detailed site survey, which included soil properties measured at the impact area.  The aircraft and ground models were combined to simulate the dynamic behaviour of the aircraft during the impact and the aircraft model was projected at the ground at the velocity and attitude derived from the recorded data (example, Figure 5).  More detail on the analysis by CIC, and the results, are contained in the AAIB accident report.

In addition to a simulation of the accident conditions, a number of test cases were also run to investigate the factors in the impact; these included the impact surface (soft soil and hard ground) and yaw/roll angle at impact.  A ‘normal’ landing case was also simulated using data supplied by the manufacturer to validate the model.  The nature of the ground surface was found to have a significant effect on the outcome of the simulation.
The fuel tank rupture – AAIB analysis
The AAIB analysis in the final report used both the conventional investigation examinations and the results of the Cranfield Impact Centre FE simulation work.  

Both main landing gears had partially separated at the initial impact, which occurred with a vertical rate of descent of 25 ft/s immediately before impact.  The ground marks showed that, at the second impact, the main landing gear legs were unable to sustain vertical load and the aircraft contacted the ground on its engine nacelles and its nose landing gear, which immediately collapsed.

The separation of the left gear attachments followed the design breakaway sequence, leaving the fuel tanks intact except for a small gap between the upper wing skin and the rear spar.  The gear remained with the aircraft as it continued to slide along the ground.  Analysis of the sequence of failures indicated a very heavy vertical impact, with the fracture of all six fuse pins in the upper and lower housings of the forward trunnion.  The drag brace fuse pin showed some evidence of ‘crankshafting’ but did not fracture.

The right gear showed a similar initial breakaway sequence following the fracture of the outboard end of the gear beam attachment; however only the four fuse pins in the lower housing for the forward trunnion failed, leaving the two upper housing pins intact.  The forward trunnion was then forced down and aft.  The ground marks at the second impact indicated that the right MLG had been displaced inboard during the initial impact.

As the aircraft continued the ground slide the right MLG moved aft allowing the shock strut to contact the truck beam.  This resulted in the separation of the forward portion of the truck beam together with two wheels.  This piece then struck the right side of the fuselage causing damage within the cabin and leading to the passenger injury.  As the remainder of the gear assembly continued to move aft the inboard wheels contacted the fuselage behind the MLG bay.  The rear spar web, together with the back-up fitting and terminal fittings, ruptured and this caused the right MLG to separate.  This became airborne and struck the right horizontal stabiliser before coming to rest.

The possibility of the landing gear being displaced inboard had been considered in the certification of the B777-200LR, as this variant has a fuel tank located aft of the main landing gear bay.  As a result, the manufacturer introduced a rotational tab, and reduced the cross-sectional area, on the drag brace to protect the additional fuel tank in the event of an overload condition.  On G-YMMM this area contained the passenger oxygen bottles, which were disrupted by the MLG during the ground slide; this could have contributed to a post‑impact fire.  As the fuel tank rupture represents a significant hazard in a survivable accident the following recommendation was made:

‘Safety Recommendation 2009-094

It is recommended that Boeing apply the modified design of the B777‑200LR main landing gear drag brace, or an equivalent measure, to prevent fuel tank rupture, on future Boeing 777 models and continuing production of existing models of the type.’
The rupture of the rear spar resulted in a breach in the centre fuel tank.  Based on the knowledge at the time, the design breakaway scenario was accepted when the aircraft was certificated and found to be in compliance with the requirements.

The current CS 25.721 (a) requirements stated that:

‘…The overloads must be assumed to act in the upward and aft directions in combination with side loads acting inboard and outboard.  In the absence of a more rational analysis, the side loads must be assumed to be up to 20% of the vertical load or 20% of the drag load, whichever is greater…’

Although, as part of the B777-200 certification, this criteria was met as part of the EASA Certification Review Item (CRI) there is no such requirement in the FARs.  This generated a safety recommendation:

‘Safety Recommendation 2009-095

It is recommended that the Federal Aviation Administration amend their requirements for landing gear emergency loading conditions to include combinations of side loads.’
The analysis by Cranfield Impact Centre (CIC) also showed very different failures resulting from landing on soft ground as opposed to a hard runway surface.  In the soft ground accident simulation, the results showed that only one of the fuse pins failed.  A delayed build-up of shear forces in the pins (when compared to impact with hard ground) prevented most of them from reaching their failure loads.  This delaying action allowed the fuse pins to continue transferring loads into the rear spars and resulted in distortion in the region of the drag brace attachment.

It was concluded, that the difference in outcome in the simulation from that of the accident was due to the soil characteristics in the model being different to those of the soil at the accident site.  Had the soil strength in the model been greater, it is probable that more fuse pins would have failed and the rear spar distortions would have been less.  However, the analysis did indicate that landing gear interaction with soft ground can substantially modify the breakaway sequence.

Dynamic FE modelling is a novel and complex task.  The analysis carried out by CIC had a number of limitations and ultimately did not accurately reproduce the accident outcome.  Further research is required in order to fully understand the effects of soft ground on the landing gear breakaway and the dynamics of the fuse pin loading.

The current requirements do not explicitly differentiate between landings on different types of surfaces and the resulting dynamics.  Emergency landings may be performed onto soft surfaces either outside the airfield boundary, or beside the runway itself.  To consider different type of surfaces in the landing gear design requirements, a safety recommendation was made:

‘Safety Recommendation 2009-096

It is recommended that the Federal Aviation Administration, in conjunction with the European Aviation Safety Agency review the requirements for landing gear failures to include the effects of landing on different types of surface’.

‘Cases & Cautions’ – lessons learned

Within this accident investigation the impact dynamics work was limited scope but was, overall, successful and helped to formulate a number of safety recommendations.  The exercise was undertaken with the experience of previous cases and, indeed, the G-YMMM experience underlined the lessons which, over 20 years have been remarkably consistent in applying computational impact dynamics:
1)
Use of computer-based impact tools can add real value to the accident investigation.  This is as a supplement to other approaches, not as a substitute and, compared with other investigation costs, it can be expensive.
2)
The modelling process must fit into the timescale of the accident investigation so it is important to start early and to make clear decisions on technical alternatives.

3)
There is no substitute for the helpful co-operation of the aircraft manufacturer - it is pretty much essential.  (If there are injuries involved, a co-operative medical investigator is essential too).

4)
The accident investigator must work closely and frequently with the specialist impact analyst throughout the investigation. 
5)
Accidents lending themselves to computational impact approach are infrequent, but the lessons are widely applicable and add substance to safety recommendations.
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