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FOREWORD

The purpose of this manual is to encourage the uniform application of the Standards and Recommended Practices
contained in Annex 13 and to provide information and guidance to States on the procedures, practices and techniques
that can be used in aircraft accident investigations. Since accident investigations vary in complexity, a document of this
kind cannot cover all eventualities. The more common techniques and processes, however, have been included.
Although this manual will be of use to experienced and inexperienced investigators alike, it is not a substitute for
investigation training and experience.

This manual will be issued in four separate parts as follows:
Part | — Organization and Planning;
Part Il — Procedures and Checklists;
Part Il — Investigation;
Part IV — Reporting.

Because this manual deals with both accident and incident investigations and, for reasons of brevity, the term “accident
investigation”, as used herein, applies equally to “incident investigation”.

The following ICAO documents provide additional information and guidance material on related subjects:

— Annex 6 — Operation of Aircraft
(Part | — International Commercial Air Transport — Aeroplanes,
Part Il — International General Aviation — Aeroplanes,
Part Il — International Operations — Helicopters);
— Annex 9 — Facilitation;
— Annex 12 — Search and Rescue;
— Annex 13 — Aircraft Accident and Incident Investigation;
— Manual of Civil Aviation Medicine (Doc 8984);
— Human Factors Training Manual (Doc 9683);
— Safety Management Manual (Doc 9859);
— Manual on Accident and Incident Investigation Policies and Procedures (Doc 9946);
— Human Factors Digest No. 7 — Investigation of Human Factors in Accidents and Incidents (Cir 240);
— QGuidance on Assistance to Aircraft Accident Victims and their Families (Cir 285);
— Training Guidelines for Aircraft Accident Investigators (Cir 298); and
— Hazards at Aircraft Accident Sites (Cir 315).

This manual, which supersedes Doc 6920 in its entirety, will be amended periodically as new investigation techniques
are developed and new information becomes available.
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Readers are invited to submit material for possible inclusion in subsequent editions of this manual. This material should
be addressed to:

The Secretary General

International Civil Aviation Organization
999 University Street

Montréal, Quebec

Canada H3C 5H7
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Chapter 1

INTRODUCTION

1.1 INVESTIGATION PROCESS

1.1.1 Accident investigation is a systematic process whereby all of the possible causes of an adverse event are
evaluated and eliminated until the remaining causes are identified as applicable to that investigation. Furthermore,
during the investigation, if other deficiencies are identified that were not part of this accident, the investigation team
should note them and provide this information to the applicable authority, even though it may not become part of the
official investigation report. Although many accidents appear to be similar to others, this may be misleading. Therefore, it
is imperative that investigators keep an open mind so as not to focus on one aspect and thus overlook another. Because
accidents are infrequent, investigators must take every opportunity to obtain training with air carriers, military, aircraft
manufacturers and other accident investigators so as to retain currency and acquire the best methods for investigation.
Many large air carriers and aircraft manufacturers have established accident investigation resources that should be
consulted in support of periodic training. Air carriers and aerodromes conduct periodic emergency exercises, and these
also provide an opportunity for the accident investigators to utilize these scenarios for training. In the event of an actual
accident or serious incident, these relationships will be useful to the investigators in efficiently determining the causes.

1.1.2 Investigation of accidents consists of three phases (see Figure IlI-1-1):
a) collection of data;
b) analysis of data; and

c) presentation of findings.

v

\4

Collection of data Analysis of data Presentation of findings

Figure llI-1-1. Investigation process

1.2 COLLECTION OF DATA
1.2.1 The initial phase of the investigation process should focus on defining and obtaining data relevant to the
accident. In particular, highly perishable data should be given priority. Data collection will often develop into an on-going
process as more is learned about events surrounding the accident. Therefore, data collected early in the investigation
may be combined with other data collected at later stages as a method of reaffirming and validating possible contributing
factors. Types of data to be collected include:

a) accident particulars;

b) meteorological;

n-1-1
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c) technical; and

d) human factors.

Collection of accident particulars
1.2.2 Important reference data must be collected to facilitate collection of meteorological, aircraft performance
and air traffic control data. Primary sources of such data shall be obtained from flight plans, Air Traffic Services (ATS)
radar data, navigation and topographical charts. Data collected should include:
a) date (UTC and LMT);
b) time (UTC and LMT);
c) location;
1) general location;
2) grid reference; and
3) elevation and topography;
d) departure point;
e) cruising altitude or flight level; and

f)  destination and intermediate stops (with ETAs and ETDs), and radar tracks.

Collection of meteorological particulars

1.2.3 The forecast and local weather conditions may have significant importance on both the flight conditions
and the aircraft performance. This will include the atmospheric conditions, sun or moon locations, wind and any unusual
considerations such as volcanic ash, smoke, windshear, visual illusions or icing, along with take-off or destination
considerations that may have impacted the take-off or landing profile, such as rushed departure or additional fuel
reserve due to expected delays or diversions.

Collection of technical particulars

1.2.4 This data is provided from the investigation at the accident or incident site along with maintenance and
manufacturing records, onboard data collection devices and laboratory analysis of aircraft components. This information
may also provide a course for synthetic flight reconstruction and simulation. Other related indicators may be uncovered
from maintenance reports and review of similar incidents from accident and incident databases.

Collection of human factors particulars
1.2.5 Human factors information is sometimes the most difficult in fatal accidents because there are few

witnesses to interview to confirm what actions and conditions the flight crew were experiencing. Interviews with
maintenance and co-workers can be very emotional and challenging. The results of autopsies and reconstruction of
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crew actions from cockpit voice recordings and air traffic control tapes may provide indicators to flight crew actions.
Systems failures may also require interviews with maintenance and ground service personnel. These interviews should
be conducted as soon as possible while their knowledge remains clear and is uncontaminated by conversations with
other workers.

1.3 DATA ANALYSIS

Data analysis is conducted in parallel with data collection. Often the analysis of data initiates additional questions that
require further data collection, simulation and consultation. Seldom do the results of an analysis show an isolated cause
with a specific resolution. Regular discussions between the various investigation team members is necessary so as to
collect and process all the necessary data.

1.4 PRESENTATION OF FINDINGS

Accident reports should be provided in the format identified in ICAO Annex 13 for inclusion in the ADREP database.
Often the findings of incident investigations can be more useful and provide greater safety benefits than those of
accident investigations.







Chapter 2

WRECKAGE INVESTIGATION

2.1 ACCIDENT LOCATION

211 The location of the accident site must be determined and recorded. It is important to identify the point of
impact and, if not at the same location, the position where most of the wreckage is located and the extent of the
wreckage field. This can most easily be done by the use of a Global Positioning Satellite (GPS) receiver and
aeronautical charts or aerial photographs. GPS receivers are available in several forms. Small, portable receivers are
sufficiently accurate to identify the accident site location and even general distances between objects in the debris
pattern. See 2.3.3 of this chapter for detailed discussion of plotting with GPS receivers.

2.1.2 Location can also be achieved by plotting the bearings and distances from known positions on a large-
scale map or by using aerial photography of the accident site in conjunction with a suitable map. The elevation of the site
should be determined along with any significant gradient in the accident area. In some circumstances, and when terrain
is deemed to be significant in the investigation, it may be desirable to have a profile of the terrain prepared by a surveyor.
Maps of the local area and appropriate aeronautical charts should be used to establish the location of the accident in
relation to airways facilities and to airports. Airport lay-out charts and approach charts should be used in connection with
accidents occurring during the approach or take-off phases of flight.

2.2 ACCIDENT INVESTIGATION PHOTOGRAPHY

Introduction

2.21 Photography is an important element of the investigation process. Clear, well composed photographs allow
the investigator to preserve perishable evidence, substantiate the information in the report, and illustrate the
investigator’s conclusions. Every accident investigator needs a basic knowledge of photography. This allows the
investigator to take quality photographs or to communicate effectively with a professional photographer in order to obtain
photographs that contribute to a clearly written report.

Equipment

222 When selecting equipment, the investigator should keep in mind that aircraft accident sites are not always
conveniently located. The investigator never knows how far the equipment has to be carried, what harsh conditions will
be encountered during operations or if electrical power or telephone and internet access will be available. An
investigator’s equipment should be compact and lightweight to make it easily portable and it should be easy to use under
any conditions.

223 Cameras. The camera should be durable and reliable. It must have enough features to fulfill the
photographer’s needs. The controls should allow for easy operation, even when the photographer is wearing gloves. The
camera shutter should synchronize with an external electronic flash attachment. Its lens should have sufficient zoom
range to accommodate most situations, and should provide macro capability — the ability to take close-up photographs.

1n-2-1
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If the camera depends on electrical power for its operation, extra batteries should be available. There are a number of
different types of cameras available to the investigator but, whatever the format of the camera selected, it is essential
that the person taking the photographs have experience taking outdoor photographs under adverse and traumatic

conditions.

a)

Disposable cameras are made by nearly every major manufacturer of photographic film in the world.
They are simple to use. Many have a built-in electronic flash. The camera is turned in to the
processing laboratory and is not returned to the user. The user gets the negatives and prints, and can
have the photographs scanned and stored digitally. These cameras take good, clear photographs as
long as they are used within their design parameters. The lenses on these cameras are fixed focus,
and cannot be used for close-up photography. There is no provision for adjusting exposure to account
for different lighting conditions, other than activating the flash. The flash is powerful enough to be
effective for working distances of two to three metres. These cameras are inexpensive, small and
compact, very simple to use, and make good photos. If the investigator has a more complex camera, a
disposable camera makes a good backup in case the primary camera becomes inoperative.

Point-and-shoot cameras are more versatile than disposable cameras. The ones currently on the
market are usually fully automatic and therefore the camera makes focus and exposure adjustments
itself. Many have zoom lenses. Some have macro capability. They use either film or digital medium.
These cameras are versatile, compact, lightweight, easy to use and available for harsh weather
conditions. They are an excellent choice for investigators who are new to photography.

Single lens reflex cameras are so called because a mirror between the camera’s lens and the film or
light sensor directs the light coming through the lens to a focusing screen that is used by the
photographer to compose and focus the photograph. In essence, the photographer sees what the
camera sees. These are the most versatile cameras available to date and, with the proper
accessories, can handle almost any photographic task in accident investigation. They require the most
knowledge of photography and experience in their use on the part of the investigator in order to be
used effectively. Single lens reflex cameras are available that use either conventional film or digital
medium.

Video camcorders are extremely useful to investigators. Modern ones are light and compact and the
video digital medium can be edited on a computer using simple-to-use software. Investigators should
use video recorders to record fire fighting and rescue activities at the accident, to make notes during
the accident site walkthrough, to record the steps in removal of wreckage, loading it on the vehicles,
and unloading the vehicles into a hangar or other storage area. At least one video camera should be
used to record the steps involved in component teardowns.

224 Accessories make the task of photographing wreckage easier and help the photographer improve the
quality of the photographs. Here is a list of accessories useful to accident investigators.

a)

Lenses. Accessory lenses may be auxiliary, which mount on the camera’s primary lens, or
interchangeable, in which case the primary lens is removed and another is installed. A zoom lens with
a range of 28mm to 135mm for a 35mm film camera, or its equivalent for a digital camera, that also
has macro focusing capability, is ideal. Having all these features combined into one lens reduces the
need to carry heavy accessories.

Flash. Flash is useful for filling shadows in bright sunlight. Most point-and-shoot and many single lens
reflex cameras have a flash built into the camera. These provide supplementary illumination for use in
marginal lighting conditions, but usually are not powerful enough to fill shadows when photographing
in bright sun. Since they are part of the camera, the photographer has no control over the angle of the
light when using one. The best flash attachment for an investigator is one that can be detached from
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the camera and aimed independently. Flood lights, photographic lighting or video camcorders with low
light capabilities are useful at night or in low visibility conditions.

C) Filters. These attachments mount on the front of the camera’s lens and filter the light that reaches the
film or sensor. The ones most useful to investigators are the UVa, UVb, skylight, and polarizer. Many
photographers install a UV or skylight filter over the lens to protect it from dust, moisture, salt spray or
other hazards. UVa and UVb filters remove ultraviolet light which is rendered on film as blue, causing
the photographs to appear hazy. Skylight filters are useful when taking pictures in shade and
counteract the tendency of the light from the blue sky to influence the color of the photograph. A digital
camera can normally compensate for this by adjusting the white balance. The polarizer is useful for
reducing reflections off water, glass and other materials. It will not, however, reduce reflections off
metal surfaces. Check the camera’s instruction manual.

d) Camera supports. The most commonly used camera support is the tripod. Select one that is both light
and sturdy. It should have a full range of elevation adjustments including the ability to position the
camera close to the ground to enable the investigator to take close-up photos of wreckage on the
ground.

e) Cable/remote release. This attachment enables the photographer to take the picture without inducing
movement in the camera that can cause a blurred image.

f)  Notebook. A notebook or other means of record keeping is necessary. Take notes that will allow you
to identify each photograph by subject matter and significance. Some cameras also allow for date/time
marking which can be useful in record keeping.

Film and electronic media

225 Some investigators still use film as their recording medium; however, digital media are rapidly taking over
chemical film as the medium of choice for investigations. High quality digital cameras provide clear, top quality
photographs that are easy to archive, edit, and insert into briefing materials and reports. With digital media, the
investigator has the photograph immediately available; there is no delay for processing and printing of the film. The
investigator has physical control over the images from the start, eliminating the chance of loss or damage to film or
compromise of proprietary information. The investigator can immediately view the picture and determine if it is
acceptable or if another view is necessary. Also, because of the large capacity of new digital cameras, several hundred
photographs can be retained, or multiple memory devices easily carried allowing almost unlimited numbers of digital
photographs at minimal expense. These can be transmitted over the internet by simply attaching them to an e-mail.
Cellular telephones now have this option and could be used by investigators at various locations of a disbursed site to
rapidly exchange visual images.

What to photograph at the accident site

2.2.6 The general rule in accident site photography is to start with the most perishable evidence and work to the
least perishable evidence. Appendix 1 to Chapter 2 is an investigator’s checklist for accident site photography.

227 Begin by using a video camera to record firefighting and rescue activities. Place the camcorder on a tripod
and zoom the lens back to cover the whole site. Turn it on and let it record continuously. For a response that takes a
long period of time, be ready to change tapes as they are consumed. If you have more than one video camera, get video
from as many vantage points as possible without interfering with the response activities. The video will be valuable later
for a number of uses. It will provide a record of the response. Investigators can use the video to determine what damage
was caused by responders and what damage was caused by the accident itself. The video can be used to train fire



11-2-4 Manual of Aircraft Accident and Incident Investigation

fighting and rescue crews. If you can do so without endangering yourself or interfering with the response, photograph
other perishable items of evidence such as ground scars and skid marks.

2.2.8 As soon as the fire is extinguished and the accident site is declared safe for investigators to enter the area,
photograph any remaining skid marks and ground scars. The local medical examiner will begin removing the human
remains, if any, from the scene. All pieces of human remains should be photographed and catalogued before they are
moved. Any other medical evidence such as tissue smears on wreckage should be photographed as soon as possible.
Additionally, document any damage to private property.

2.2.9 The next step is to take aerial photographs of the site. An easy and effective way to accomplish this is to
use a contractor who specializes in aerial photography. If you hire an aerial photographer, make sure the photographer
understands exactly what information you need to capture. If you take the photographs yourself, an effective way is to
use a helicopter. When taking photographs from a helicopter, remember to secure yourself and your equipment. Hold
the camera so that the lens axis is as near to the vertical as possible. Take several photos from each position using
different exposures. Use a high shutter speed to obtain the clearest images. Do not allow the camera to touch the
helicopter’s structure during exposure because this will allow the vibrations from the helicopter to be transmitted to the
camera, degrading the clarity of the image. Have a piece of equipment, such as a vehicle, in the photos to provide a
sense of scale. If possible, take aerial photos at different times of the day. The different shadow patterns will reveal
different details.

2.2.10 During the initial walkthrough of the accident site, it may be helpful to have an assistant carry a video
camcorder. Record initial impressions as video notes with a voice accompaniment. This can also be used as a briefing
tool for newly arriving members of the investigation team, and to hazardous material mitigation crews and medical
personnel for the recovery of passenger fatalities.

2.2.11 The next major photography task is to photograph the wreckage. If the wreckage is concentrated in a small
area and all of it is easily seen from a single vantage point, photograph it from all cardinal and intermediate compass
points. The photographer should stand the same distance from the center of the wreckage while taking each photograph.
Be sure your notes reflect the direction you were facing at the time. If the wreckage is spread out over a large area, it
may not be practical to photograph the whole scene. In this case, photograph each significant piece or group of pieces
of wreckage. As a minimum, take a photograph from all cardinal compass points, then move closer to show details. Be
sure to note the location of the piece or group of pieces of wreckage on the accident diagram. Take photos that illustrate
damage to the components, fracture surfaces, and witness marks. The photographer or investigator should never try to
reassemble broken parts as this may destroy the fracture surface and disturb the evidence of the cause of the failure.
When the wreckage is removed from the site or if it is moved to provide access to other evidence, be sure to photograph
it before it is disturbed. Whenever major pieces of wreckage are moved from the site, use a video recorder to record the
process of preparing them for transport, loading them onto the vehicle, and removing and setting them up at the
destination. Whenever components are dismantled or cut open, record the process on video if possible. Other significant
pieces of evidence to be photographed include evidence of fire, heat discoloration of structures, structural fractures,
switch positions, and circuit breakers. Any damage to nearby trees and foliage should be photographed, as well as
ground scars from pieces of wreckage after the aircraft initial breakup. Photograph the impact point from a vantage point
that is along the flight path of the aircraft. Anything found in the wreckage that should not be there should be
photographed. Also photograph anything that has a critical component missing. For instance, if the investigation reveals
a missing cotter pin on a critical fastener, photograph that fastener and also photograph one that shows a normal
installation.

2212 Environmental conditions should also be documented if there is any possibility that weather, sun angle,
visual illusion or lack of visual reference may have contributed to the accident. This would require not only the
documentation of weather conditions as soon as possible at the time of the accident, but to recreate the sun or moon
angle and conditions at another date under the same representative conditions. This may also be accomplished by
simulation, especially when controlled flight into terrain is being investigated, so as not to hazard another aircraft in
attempting to recreate the accident conditions.
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2.2.13 Considering the cost of an aircraft accident and its investigation, photography is inexpensive. Take as
many pictures as needed. Take one photo at the normal exposure, then take the same subject at half, then double, the
camera’s indicated exposure. Photographers call this technique “bracketing.” It ensures that at least one photograph will
be properly exposed. Move your flash attachment, if you’re using one, to have the subject illuminated from several
different directions. Take notes along with the photographs. The notes must contain enough information to later identify
each photograph and its significance. This is not as important when using a digital camera, as each photograph can be
reviewed immediately to see if it contains the necessary information.

How to take a good photograph

2.2.14 To take a good photograph, a photographer must consider five variables: composition, subject lighting,
lens focus, lens opening, and shutter speed. Familiarity with the photographic equipment is essential, and practice under
adverse conditions is recommended. In addition to photographing accident and incident training sessions or classroom
conditions, aircraft accident photographers can also cross-train with industrial fire fighters or criminal investigation units
for additional experience.

2.2.15 Composition is the arrangement of the subject in the photograph. Here are some hints for effective
composition. Move in close. Make your subject fill the frame as nearly as possible. Remove extraneous details and
distractions. This is not always possible in accident photography, as other evidence may be damaged in the process. To
get around this problem, photograph each piece and the distracting elements as found, then cover distractions with
fabric or move the piece to where it can be photographed without a distracting background. A sheet of canvas in a
contrasting shade or colour makes a good background. Include a ruler, measuring tape, or common object of known size,
such as a pencil, in the picture to give the viewer a sense of the subject’s size. Take your photograph from several
different angles to ensure it contains all the necessary information. Digital cameras have an advantage here. They allow
the investigator to review the photographs immediately to see if they contain the necessary information and are of
sufficient technical quality.

2.2.16 The next consideration is lighting. The best light to photograph wreckage is soft, diffuse and even. An
overcast day is usually perfect. Shadows will not obscure details and the diffuse light will not cause excessively bright or
distracting reflections off metal surfaces. These conditions might not be present at an accident site, so the investigator
must control the light in other ways. If a small piece of wreckage is in bright sun, photograph it as found. Use a skylight
filter or the camera’s white balance to counter the slight blue cast characteristic of shade. Finally, the investigator can
use flash to fill any shadows. Figures llI-2-1 and 11I-2-2 illustrate the effect of fill flash. Most automatic camera/flash
combinations are designed with a setting for filling shadows in strong sunlight.

2.217 Properly focused images are essential to effective photographs. Most modern cameras focus automatically,
and many allow the photographer to override the automatic focus feature and focus manually. The general procedure is
to select the most important part of the subject and focus on that part. Then compose the picture in the camera’s
viewfinder and take the photograph. If your camera has automatic focusing, it probably has a “focus lock” feature that
allows the photographer to lock in the focus on a selected part of the frame and then recompose the picture. See your
camera’s instruction manual for how to use this feature on your camera.

2.2.18 The lens opening controls the intensity of the light on the film or sensor. The lens opening marked on the
adjustment ring (a number such as 1.2, 1.4, 2, 2.8, 4, 5.6, 8, 11, 16, etc.) is simply the focal length of the lens divided by
the diameter of the lens opening. The lens opening numbers are called F-stops. The light intensity on the film or digital
sensor decreases as the numbers get higher, and each successive F-stop concentrates half as much light as the
previous one. In dim light, photographers use a wide lens opening and, conversely, they select a small lens opening in
bright light. Most modern cameras have a feature that will select the lens opening automatically. There are times when
the photographer will find it advantageous to select the lens opening manually. Selecting a wide lens opening will
decrease the depth of field of the image. Depth of field is the distance from the nearest point to the most distant point in
the image that is in acceptable focus. Conversely, closing the lens to a narrow opening (called “stopping down”)
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Figure lll-2-1. This photograph illustrates the problem of taking photographs on a clear day
with bright sunlight as the only illumination. It was made to illustrate heat damage to the turbine section.
Note that most of the detail of the damage is lost in the shadows.

Figure lll-2-2. This photograph was made using a flash attachment powerful enough to illuminate
the shadowed areas of the photograph on a clear day under full midday sun.
The damage to the engine turbine section is clearly visible.
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increases depth of field. Investigators can use this characteristic of all lenses to their advantage. While selecting a small
lens opening can keep everything in the image in acceptable focus, the investigator may wish to open the lens to
intentionally make distracting elements of the photograph out of focus, and concentrate the viewer’s attention on a single
element in the composition. See Figures 1lI-2-3 and I1I-2-4 for examples of how lens opening affects depth of field. If you
choose to manually control the lens opening, you'll have to select the appropriate shutter speed. The camera may be
designed to do this automatically. Check the camera’s instruction manual for “aperture preferred” exposure control.

2.2.19 Shutter speed controls the amount of time the light falls on the film or sensor. Shutter speeds are usually
expressed in fractions of a second and, on most cameras, the speeds on the selector control are marked in increments
(1, ', V4, 1/8, 1/16, 1/30, 1/60, 1/125, 1/250, 1/500, 1/1000, 1/2000, 1/4000, etc.), where each successive marked speed
is half the duration of the previous one. There are a number of techniques for selecting the appropriate shutter speed. A
speed of 1/(ISO speed) of the film or selected sensitivity of the digital sensor is usually a good starting speed. For
example, for a film speed of ISO 100, use a shutter speed of 1/125 s. In order to avoid image degradation due to camera
shake, select a speed that is at least 1/(lens focal length). When using a lens whose focal length is 100 mm, use a
shutter speed at least 1/100 s or 1/125 s. If you chose to manually control the shutter speed, you will have to select the
appropriate lens opening. The camera may be designed to do this automatically. Check the camera’s instruction manual
for “shutter priority” operation.

Suggestions for better investigation photographs

2.2.20 Ensure your subject is identified. The best technique is to write the identifying information on a large index
card and place it adjacent to the subject so that it appears in a corner of the photograph. Take good notes as to subject
and significance of each photograph. Investigators may take thousands of photographs during an investigation. Good
notes allow the investigator to retrieve and identify important photos. Include a ruler or object of known size in the
photograph to give the viewer a sense of the object’s size.

2.2.21 Hold the camera as steadily as possible and press the shutter release as carefully as possible so as not to
shake the camera. When using a slow shutter speed or taking macro photographs where the depth of field is very
narrow, place the camera on a tripod to prevent movement from degrading the image or casting the subject out of focus,
and use the cable or remote release.

2.2.22 Take most of the photographs in color. Occasionally, objects like fracture surfaces and structural cracks
show up better in black and white. In that case, digital photographs can be converted from color to black and white by
using the editing software in the computer.

2.2.23 Small pieces of wreckage may have an irregular shape that makes it difficult to position them on a work
surface. To aid in positioning these objects, a bag of rice or dried beans covered by a piece of neutral-coloured fabric

may be used to hold and position the subject.

2.2.24 If the subject is a damaged or defective component, photograph a normal component for comparison.

Coordinating with a professional photographer
2.2.25 Ensure the photographer is aware of what to expect at the crash site, has an understanding of site hazards
and has all the necessary personal protective equipment and knows how to use it. The photographer should know not to

disturb anything in the crash site. Here is a list of suggested equipment and supplies the photographer should bring:

a) two 35mm single lens reflex cameras or two full-featured digital single reflex cameras; and
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Figure lll-2-3. This photograph was made with the lens at a relatively small aperture for
maximum depth of field. Note that everything in the frame is in clear focus.
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Figure lll-2-4. This photograph was made with the lens at a relatively wide lens opening.
Note that the crossbar in the lower foreground is out of focus. The instrument panel is in clear focus
and the viewer’s attention is drawn to the instrument panel.
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b) Zoom lenses covering 28-135mm focal lengths for a 35mm film camera or equivalent for a digital
camera
Macro lens
Powerful external flash that can fill shadows in strong sunlight
Exposure/flash meter
Tripod
Cable release
Polarizing, UVa/b and skylight filters
Gray card, color scale
20 rolls of 35mm, 36 exp colour negative film or equivalent digital storage
Extra batteries to support that volume of photographic activity
A sturdy case to provide portability for the equipment and protection from the elements.

Everything on this list is a basic tool of the trade for a professional photographer and virtually all photographers carry
these items on assignments.

2.2.26 This section has covered the basic techniques of accident investigation photography. There are many
other photographic techniques that may be of value to the accident investigator. These techniques are explained in the
numerous books available in book stores and photo specialty stores. Many are explained in the instruction books that
are supplied with the cameras. Read the instructions that come with the camera and several books on photographic
technique. Practice using all the photographic equipment in the investigator’s kit until its use becomes second nature.
This will allow the investigator to make the best use of available time and obtain the best possible photographs. Utilize
the equipment frequently to ensure it operates correctly.

2.3 WRECKAGE DISTRIBUTION

2.31 The investigation at the accident site should begin with an assessment of the wreckage with particular
attention to ensuring that major structural and flight control surfaces are within the wreckage pattern. In a cursory
examination of the site determine that the major structural members are present: wings, vertical and horizontal tail, the
correct number of engines, the correct number of propellers and propeller blades, etc. As the initial survey continues, it
should be determined whether all flight control surfaces are present as well; ailerons, flaps, elevators, trim tabs, spoilers,
etc. As the number of surfaces may be quite extensive, a common practice is to have each member possess a simple
diagram of the aircraft (usually obtainable from the operator’s or maintenance manual). As each structural section is
identified and each flight control surface is found, the appropriate part of the illustration can be “coloured in”. Later, all
illustrations can be compared to assure the investigation team that the entire aircraft is at the site. The lack of a major
section, or control surface may be indicative of a loss prior to impact and the effort to recover the missing parts should
begin as soon as possible, hence the need to accomplish this basic inventory early in the investigation.

23.2 An assessment of the basic terrain features surrounding the accident site should be made prior to detailed
analysis. If the terrain rises where the impact occurred, the evidence of impact may indicate a steeper angle than would
exist if the terrain were level or descending. Similarly, if the area is heavily forested, the degree of impact may be greater
than if the area were devoid of large structures or vegetation.

2.3.3 The investigators should determine the scope of the aircraft breakup. If extensive, this may be
accomplished by a site walk-through. Beginning at the point of initial contact with the ground, the investigator should
attempt to determine a basic breakup direction and begin walking that line. Identification of structure or parts along the
path can be made, noting whether they are straight ahead or to the left or right. A preliminary sketch of the wreckage
might be made without great effort as to scale. When the last parts are noted in the line walked, it might be assumed that
no other parts exist further down. The investigator should continue the line for some distance assuring that what was
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suspected to be the last parts are, in fact, so. Frequently, heavy objects having great inertia may lie well beyond the
normal wreckage pattern. Once the length boundary is determined, the investigator should similarly determine the width
to either side. All investigative efforts can then be concentrated within an established boundary. This facilitates
investigative assignments and assures that investigation team members do not stray beyond the boundaries without
coordination with the investigator-in-charge. In the case of in-flight breakup or mid-air collision, radar data may be useful
to identify the initial debris field and extent of wreckage disbursement. This will also be vital in over-water accident site
determination.

Retrieving recorded media

234 Field investigation should begin with the determination of all recorded media carried on board the aircraft.
In addition to flight data recorders and cockpit voice recorders, investigators should be aware of any other data storage
which may provide valuable information. Such media may be contained in quick access recorders, and non-volatile
memory in printed circuit boards. Manufacturer and operator representatives should be consulted for this identification.
Installation locations and appearance should be well understood before making any wreckage survey so that these
valuable sources of evidence can be identified and retrieved before data is further compromised by time and conditions.
Any special handling information for media, such as water immersion or static-safe bagging, should be included prior to
handling or removing the component. Flight and engine performance data may have been transmitted to the air carrier
operations or maintenance facility through an automated data-link reporting mechanism, and should be made available
to the investigation team.

Staking the wreckage

235 As identification of small parts is made, and especially as objects are removed, the investigator should
place a visible stake in the ground to identify the location. This maintains the integrity of the accident site for future
activities such as returning to the location later to have an expert remove a small, damaged part or to find something
related to an object previously removed.

2.3.6 Care should be taken to utilize stakes that are visible to the investigators. Common practice at airports is to
have a supply of small wire stakes with colored flags at the top. The advantage is that many stakes can be carried out to
the accident site. However, if the foliage is extensive at the site, the flags may not be visible, making them less usable.
At the other extreme, stakes provided to investigation teams have been as large as a 2-inch by 2-inch by 4-foot wooden
stake. While such a stake can be easily seen once placed, it requires a heavy hammer to place it into the ground firmly.
In addition, an investigator cannot carry many stakes at once, making repeated trips to the supply necessary. This is not
to say that these extremes are not useful in certain environments, but the investigator should strive to use the best
stakes for the site at hand, not just what was initially provided.

2.3.7 As each stake is placed, it should be identified with a unique identification number and its number and
significance noted in a log. A master log can be assembled by the investigator-in-charge so that return to specific
locations or identification of distribution patterns can be made. When several investigators set out to examine the site
and stake significant parts, it might be useful to assign a numbering system to each investigator. For example, one
investigator is assigned stakes numbering 1-99, another is assigned stakes 100-199, and so on. In this way, no two
stakes have the same number and a master distribution chart can be made. Care should be taken with the identification
of the stake so the information remaining on it is not lost. A weather-proof tag with the stake number and an identification
of the object written upon it is useful. An effective method is to issue a “permanent” marker to each member so that the
identification number and object description can be placed on both sides of the stake. These markers should retain the
information for the time an investigation team needs them.

2.3.8 As mentioned above, stakes should be placed to allow return to small parts for later removal or placed
whenever something is removed for further examination. Stakes should also be placed where human remains are found
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and removed. In all cases, a photograph with the stake and object together may prove useful later. In addition,
significant ground scars might be staked. If the ground scar is long, it may be useful to put a stake at either end.
Similarly, if the scar has a curve or a significant pattern, it may require multiple stakes to be able to duplicate the pattern
after the ground has been altered and/or covered by wind, precipitation or equipment movement. Consideration should
also be made for marking items in swamps and heavy undergrowth where normal stakes and tags will not be visible.

Using Global Positioning Satellite (GPS) location

2.3.9 As the availability and accuracy of Global Positioning Satellite (GPS) receivers improves, their use at the
accident site makes it easier to accomplish the tasks at hand. Where previously a survey team had to return to the
accident site and plot the position of wreckage/stakes for the investigators, the investigation team can now combine the
initial wreckage debris identification and staking effort with an associated position entered into a GPS system’s database.
The final chart (see 2.3.4) then becomes a matter of combining locations from the different GPS plots into a useful chart
during the investigation.

2.3.10 The accuracy of GPS receivers varies with the technology involved. Military GPS receivers may be able to
plot positions accurately down to centimetres or inches. Commercially available hand-held receivers may only be able to
determine position as close as three to five metres (10-15 feet). However, it should be noted that during a survey, while
the positions of all the surveyed points may only be within five metres (15 feet) of absolute accuracy, the surveyed
positions of points remain constant and maintain their relative positions. Caution should be taken to ensure all the charts,
GPS receivers and surveyed positions use the same geodetic survey databases in the most current revisions to
eliminate or minimize errors and confusion from various data/reference sources.

2.3.11 Since the reference satellites may be different or in slightly different positions when the surveying was
done, it is important that surveying of all the relevant positions be done at the same time and with the same GPS
receiver. If the previously captured geographical position is not available (documented), the investigator should establish
one stake for this purpose.

2.3.12 While the different models of portable GPS receivers make specific instructions irrelevant to this manual,
there exist some common capabilities. Some units also have terrain features which can be particularly useful in adverse
conditions or in widely disbursed accident sites. Most units allow locations to be entered into the GPS receiver database
as numbered “waypoints”. These waypoints are sequentially numbered automatically by many GPS receivers,
eliminating the need for time-consuming data entry. However, some units allow short descriptive terms to be entered.
This should be done only when doing so provides meaningful information that cannot be duplicated later.

2.3.13 The number of waypoints available varies, but it is likely that more points will be identified during the field
examination than a single GPS can hold. For this reason, a download of the points to a computer on a daily basis (or
when full) should be made into a discrete file. The waypoints can then be cleared before the next venture into the field
allowing a full availability of the waypoint assignments.

Wreckage distribution chart

2.3.14 After the initial study of the general scene of the accident has been made and photographs taken, the first
step in the actual investigation is usually that of plotting the distribution of the wreckage. In simple terms, this is done by
measuring the distances and bearings of the main wreckage and also of the scattered parts of the wreckage, including
the contents of the aircraft, survivors and victims and all impact and ground markings, and then recording this
information on a chart to a convenient scale.
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2.3.15 While in many accidents the preparation of a wreckage distribution chart is a task considered to be well
within the capabilities of an investigator, if a GPS plotting has not been accomplished, consideration should be given to
employing the services of a qualified surveyor when the circumstances of the accident are such that there has been
extensive scattering of the wreckage.

2.3.16 The preparation of a wreckage distribution chart is worthy of painstaking effort to ensure its completeness
and accuracy, for the study of the completed chart may suggest possible failure patterns or sequences, and the
significance of later findings may often depend upon reference to the original chart. It will not only be used as a
reference document throughout the investigation but also will remain a most important document for inclusion in the
investigator’s dossier to supplement the written report.

2.3.17 In determining the type and amount of information to be included on the chart of any specific accident, the
investigator must be guided by the circumstances surrounding the particular accident, but in most cases the chart should
record the locations of all major components, parts, accessories and freight, and the locations at which the accident
victims were found, or survivors located and, if available, their identities. The initial contact markings and other ground
markings should also be indicated on the chart with suitable reference to identify the part of the aircraft or component
responsible for the marking. When terrain features appear to have a bearing on the accident or on the type or extent of
structural damage, they too should be noted on the wreckage distribution chart. Pertinent dimensions, descriptive notes
and also the locations from which photographs were taken add to the completeness of the chart.

2.3.18 The preparation of a wreckage distribution sketch may be accomplished in various ways, but the following
are some examples of simple methods:

a) when the wreckage is concentrated in a small area, distances and bearings (magnetic) can be
measured from a central point of the wreckage. The plotting of the items can be made on a polar
diagram (see Appendix 2 to Chapter 2);

b) when the wreckage is scattered, a base line can be laid out usually along the main wreckage ftrail,
dependent upon the terrain, and distances measured along the base line from a reference point and
then perpendicularly from the base line to the scattered pieces of wreckage. A chart is then prepared
from this information using a suitable scale. The use of squared paper may be useful in preparing
simple plots (see Appendix 2 to Chapter 2).

2.3.19 Where there are many pieces of wreckage the presentation of the chart can be simplified by using a letter
or a numeral for each item and preparing a suitable index for inclusion on the chart (see Appendix 4 to Chapter 2).

2.4 EXAMINATION OF IMPACT MARKS AND DEBRIS

2441 The marks of first impact of the aircraft with the ground should be found. From these and the distribution of
the wreckage, it can usually be determined which part of the aircraft struck the ground first. The path of the aircraft may
be deduced by careful examination of ground marks or scars upon trees, shrubs, rocks, poles, power lines, buildings, etc.
Wing tips, propellers or landing gear leave tell-tale marks or torn-off parts at points of contact with fixed objects. Ground
scars used in conjunction with height of broken trees or brush will assist in establishing the angle and attitude in which
the aircraft struck the ground. Examination of the victims of the accident and the contents of the aircraft can also assist
in establishing angle, attitude, and speed at impact. The general state of distortion and “telescoping” of the structure will
permit an investigator to deduce whether the aircraft crashed at high or low speed. Usually only local damage occurs at
low speed impact, but at high speed wings and tail become buckled and foreshortened. Cases have occurred in which
the aircraft has been completely buried in a deep crater, with only a few twisted fragments dispersed adjacent to the
impact site. Short straight furrows running out from each side of the crater told where the leading edges of the outer
wings had hit the ground while traveling almost vertically downwards at very high speed. When engines have not
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penetrated into the ground, their vertical descent speed has probably been small, but the aircraft might have been
travelling very fast at a shallow angle and, in such circumstances, the wreckage will be spread far along a line from the
mark of first impact. If the wreckage is widely scattered along the flight path, this may indicate that some structural
disintegration had occurred before impact with the ground. It is usually possible to form a preliminary mental picture of:

a) the direction, angle and speed of descent;

b) whether it was a controlled or uncontrolled descent;

c) whether the engines were under power at the time of impact; and

d) whether the aircraft was structurally intact at the point of first impact.

2.4.2 The extent of the damage to the wreckage will give some preliminary indication of the evidence that can be
obtained from it by subsequent detailed examination. If structural disintegration in the air is suspected, it is essential to
plan the investigation to ensure that all information which will help to trace the primary failure is extracted from the
wreckage before it is moved. In such circumstances aircraft wreckage may be scattered over several miles of woodland,
field, marsh, or built-up area and may be difficult to locate. Search parties should comb the district and the search should
be continued until all significant components have been found. The cooperation in the search of military personnel,
police, schools and local residents should be requested, but at the same time searchers should be informed of the need
to report the location of pieces of wreckage without disturbing them. This will enable the investigator to examine and
determine the exact location of such pieces as they fell to the ground. Light detached portions of low density tend to drift
in the direction of the prevailing wind at the time of the accident whilst dense objects will be less affected by wind effects,
and knowledge of this direction may save time in locating aircraft pieces. No piece of wreckage should be disturbed or
removed until:

a) its position is recorded;

b) an identification number is painted on it on an undamaged area, or in the case of small portions, a
label attached; and

c) notes are made of the manner in which the piece struck the ground, what the nature of the ground
was, and whether it hit trees or buildings, etc., prior to this.

2.4.3 Such notes and photographs will be very valuable when a later detailed examination is made and may help
to separate ground impact damage from other damage. A special search should be made for any part of the aircraft not
accounted for at the accident site and if it cannot be located the fact must be recorded.

244 In the case of accidents associated with wheels-down landings, tire marks should be carefully recorded
and examined. The width of the tire imprint of each wheel and the density of the color of the marks should be noted. The
tire marks may well provide evidence of braking or skidding or sliding and, in particular, may provide a clue to a hydro-
planing situation. A hydro-planing tire may leave a very distinctive whitish mark on the runway. These tracks are the
result of a scrubbing action which is provided by the forces under the tire during hydro-planing.

245 It should never be overlooked that the victims of an aircraft accident, if objectively examined in the same

manner as the aircraft wreckage, may reveal important information relating to aircraft speed, aircraft attitude at impact,
sequence of break-up, etc. This is referred to in more detail in the human factors investigation.



This is a checklist for photography that can be used at an aircraft accident site. It lists what should be photographed at
the beginning of an investigation, before the scene is disturbed. As the investigation progresses, it will be determined, on

Appendix 1 to Chapter 2

Accident Investigator’s Photography Checklist

the basis of the evidence found, if other photographs need to be taken.

Immediately following the mishap:

Mo~

Fire fighting (Video)

Rescue activities (Video)

Radar and ATC (Recordings)

Weather (forecast and actual conditions)

Once the investigation begins:

© N ORWND

O U g o)
© oo NOONWN—= O

Aerial view of the site (Video)

The site ground view from each cardinal compass position
The site from the direction the aircraft was traveling at impact
Ground scars

Damage to trees and foliage

Skid marks

Photo inventory of major wreckage components

Flight control surfaces and actuators

Landing gear and other hydraulic components

. Cockpit switch positions

. Fire/heat damage and discoloration

. Human remains, injuries, blood/tissue smears on wreckage
. Extra items or items adjacent to items not accounted for

. Close-ups of fracture surfaces

. Close-ups of improperly installed components

. Close-ups of any other items suspected of having contributed to the mishap
. Private property damage

. Steps in removing, opening or cutting apart components
. Any other photos deemed necessary
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Wreckage Plotting Methods

M F
As/ B3\C3
A2 / B2 \cz
\
A1 / B1 \ C1
Grid Polar Single point

Two point Base line

Items to be included on the diagram in addition to location of significant aircraft parts and surface features and
reference marks:

a) magnetic north i)  location of witnesses

b) scale j)  prevailing wind and velocity

c) flight path k) direction of sun and elevation

d) initial point of contact I) location of navigation aids or airports

e) location of major components m) date/time of accident

f)  centreline of wreckage flow n) point of contact for person making the diagram
g) location of crew and passengers 0) type and registration of the aircraft

h) location of fire pattern p) geodesic survey standard (i.e. WGS-84)
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Chapter 3

ORGANIZATIONAL INVESTIGATION

3.1 GENERAL

3.1.1 There has long been an acknowledgement that system breakdowns or safety occurrences may reflect
organizational problems. In recent years there has been a growing awareness that organizational issues such as
management systems and corporate culture must be considered in an aircraft accident investigation.

3.1.2 The objective of the organizational investigation is to uncover characteristics of the organization which,
although remote from the immediate circumstances of the accident, increased the probability of the accident occurring.
These pre-existing, or latent, conditions, if not corrected, could become the cause of additional accidents.

3.2 THE REASON MODEL AND THE ORGANIZATIONAL INVESTIGATION

3.2.1 Accidents require the coming together of a number of enabling factors, each one significant but in itself not
sufficient to breach system defences. Major equipment failures, or operational personnel errors, are seldom the sole
cause of breaches in safety defences. Often these breakdowns are the consequence of human failures in decision-
making. The breakdowns may involve active failures at the operational level or they may involve latent conditions
conducive to facilitating a breach of the system’s inherent safety defences. Most accidents include both active and latent
failures.

3.2.2 Figure IlI-3-1 portrays an accident causation model that assists in understanding the interplay of
organizational and management factors (i.e. system factors) in accident causation. Various “defences” are built into the
aviation system to protect against inappropriate performance or poor decisions at all levels of the system: the front-line
workplace, the supervisory levels and senior management. This model shows that while organizational factors, including
management decisions, can create latent failure conditions that could lead to an accident, they also contribute to the
system defences.

ORGANIZATION
WORKPLACE CREW/TEAM DEFENCES
FACTORS OUTCOME
ORGANIZATION ERROR AND
AND VIOLATION ERARN%RS
MANAGEMENT PRODUCING ACCIDENT

DECISIONS VIOLATIONS

CONDITIONS

Figure llI-3-1 Accident causation model
(Adapted from Prof. James Reason)

1-3-1
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3.2.3 Errors and violations having an immediate adverse effect can be viewed as unsafe acts; these are
generally associated with front-line personnel (pilots, controllers, mechanics, etc.). These unsafe acts may penetrate the
various defences put in place to protect the aviation system by company management, the regulatory authorities, etc.,
resulting in an accident. These unsafe acts may be the result of normal errors, or they may result from deliberate
violations of prescribed procedures and practices. The model recognizes that there are many error-producing or
violation-producing conditions in the work environment that may affect individual or team behaviour.

3.24 These unsafe acts are committed in an operational context which includes latent unsafe conditions. A
latent condition is the result of an action or decision made well before an accident. Its consequences may remain
dormant for a long time. Individually, these latent conditions may appear harmless since they are not perceived as being
system deficiencies.

3.25 Latent unsafe conditions may only become evident once the system’s defences have been breached. They
may have been present in the system well before an accident and are generally created by decision-makers, regulators
and other people far removed in time and space from the accident. Front-line operational personnel can inherit defects in
the system, such as those created by poor equipment or task design; conflicting goals (e.g. on-time service vs safety);
defective organizations (e.g. poor internal communications); or bad management decisions (e.g. deferral of a
maintenance item). Effective safety management efforts aim to identify and mitigate these latent unsafe conditions on a
system-wide basis, rather than by localized efforts to minimize unsafe acts by individuals. Such unsafe acts may only be
symptoms of safety problems, not causes.

3.2.6 Most latent unsafe conditions start with the decision-makers, even in the best-run organizations. These
decision-makers are also subject to normal human biases and limitations, as well as to very real constraints of time,
budget, politics, etc. Since some of these unsafe decisions cannot be prevented, steps must be taken to detect them
and to reduce their adverse consequences.

3.2.7 Fallible decisions by line management may take the form of inadequate procedures, poor scheduling or
neglect of recognizable hazards. They may lead to inadequate knowledge and skills or inappropriate operating
procedures. How well line management and the organization as a whole perform their functions sets the scene for error,
or violation-producing conditions. For example, how effective is management with respect to setting attainable work
goals, organizing tasks and resources, managing day-to-day affairs, communicating internally and externally, etc.? The
fallible decisions made by company management and regulatory authorities are too often the consequence of
inadequate resources. However, avoiding the costs of strengthening the safety of the system can facilitate accidents that
are so expensive as to bankrupt the operator.

3.2.8 For a comprehensive review of the Reason model, refer to Circular 247, Human Factors, Management and
Organization.

3.3 THE SIX “M” MODEL FOR ORGANIZATIONAL INVESTIGATION

3.3.1 Organizational investigation is to discover the effect of management actions and decisions on operations,
maintenance and support activities. Therein, we find the influences present before an accident. The factors directly
affected by management decisions and the interrelationship between them is critical to discovering the systemic factors
that either led to the accident sequence of events or, at least, failed to intervene with adequate defenses. Figure 111-3-2
illustrates these factors.
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MONEY

MANAGEMENT

Figure lll-3-2. The Six “M” Model for Organizational Investigation

Formulation of the Mission

3.3.2 At the heart of the interrelationships are three factors which, together, provide the basis for the aircraft
operation (the Mission) directly, the Man, the Machine and the Medium. Investigation into each of these individual factors
is straight-forward and addressed in other sections of this manual. However, how the organization influences these
factors should be investigated separately.

a) The Man. Ultimately, if the accident flight was not conducted by the owner and operator directly, some
organizational process was involved in selecting and designing the methodology used by this
particular individual for the actions involved. It should be understood here that any discussion of “the
Man” is not limited to the pilot or crew members. It may well apply to maintenance, dispatch, air traffic,
designer personnel or any other personnel involved with the operation of aircraft, including
government oversight.

Under this concept, the organizational policies on employment, scheduling, preparation for the
individual’s activities, supervision of these activities and procedures for discipline should be
scrutinized. For example, while a crew member may be directly responsible for obtaining sufficient rest
prior to flight, the management organization may not have effective policy to protect that period and, in
fact, may interrupt the rest period without consideration for the fatigue that may result. In this case, the
organizational influence may well be identified as contributing to the overall effect.
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b) The Machine. While this normally refers to the aircraft, this area includes any equipment used to
support the aircraft during maintenance or pre-flight preparation. Additionally, the equipment used to
respond to the post-accident environment may also be considered. Again, direct investigation as to
adequacy of the equipment is straightforward. However, how the organization involved procured the
equipment, how the equipment is maintained and how individuals are trained in its use should be the
focus of the organizational investigation. Selection of the particular equipment is an organizational
decision. For example, if the equipment was a work-around because the organization had not
procured the correct support equipment, then the organizational influence was directly involved.

c) The Medium. This area includes the conditions under which the other actions take place. This area
may include the weather at the time the actions were taken and whether the actions took place during
daylight or during periods of darkness. If in-flight, these may include whether the flight was in visual
meteorological conditions or operating under instrument conditions.

3.3.3 The interrelationship of the above factors is just as critical as the components themselves. These
interfaces often become barriers to information exchange or coordinated management oversight.

a) The Man-Machine interface. This area takes into that account any organizational actions which
combine a piece of equipment with an individual who is in some way incompatible with that equipment.
In aircraft, the design of the cockpit cannot accommodate all sizes of human beings. Designers use
certain standards to allow the majority of individuals access to all controls or the ability to fully use the
equipment. If an individual is too large, too small, has insufficient strength or another limiting factor,
the organization should consider these limitations when selecting the individual or the equipment.

b) The Man-Medium interface. The activity that surrounds the accident sequence should be considered
in light of how the individual had to cope with the environment. For example, if the particular
maintenance activity being investigated took place during the day, it may have involved activity under
intense sun, involving blowing dust or precipitation and if the organization took no action to reduce the
risk of error under these conditions, then the organization would be found contributing.

c) The Machine-Medium interface. Compatibility of the equipment to effectively operate within the
medium is central to an organization’s decision to use the equipment. For example, it would not be
prudent to operate an aircraft into an airfield when the only available runway was less than the
certificated minimum field length. If the organization failed to consider the limitations under the
environmental conditions anticipated, then their its contribution is significant.

3.34 Together, these factors form the Mission: the activity the aircraft was engaged in at the time of the accident.
The organization is responsible for assigning men, machines and conducting the anticipated activities in the existing
medium. Acceptance of the risks involved make the organizational influences contribute to the accident analysis. The
Mission may be simply to fly from point A to point B, but the choice of time, route and conditions to alleviate any
anticipated risks set the stage for the events which ultimately led to the accident. If the task assigned to the aircraft and
its crew is beyond the experience of the individuals involved, it is up to the organizational structure to provide adequate
defenses to preclude undue risks.

Management

3.3.5 Organization’s management administers the elements that make up the basic factors. This should include
all levels of supervision from the most senior management officials to the supervisors of individuals directly involved. It
encompasses all the factors discussed above because management at all levels promulgates the policy and standards
of behaviour that create the corporate culture. This culture may be tolerant of deviations to existing rules when faced
with an adverse or risk-increasing situation. Alternatively, the culture may be open to communication of these factors
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only to be thwarted by middle management indecision or interference. When encountered by the investigator, it must be
determined whether the risk associated with the culture issue is directly or indirectly involved in the sequence of events
leading to the accident. If so, it must be examined for causality. If not, then procedures reporting discovered deficiencies
which have accident potential should be considered for the report.

3.3.6 Management issues should also be considered externally to the principle organization as well. In many
cases, industry or government oversight organizations which issue, control and/or monitor operating certificates have
their own influence on the way a latent condition or accident may occur. Just as it may be understandable when an
individual faces a dilemma created by management’s insistence on riskier actions, the entire organization’s management
may be influenced by an enthusiastic or an uninvolved oversight organization to the detriment of normal cautions
afforded in the rules.

3.3.7 Procedures. Some areas governed by management or the oversight of the employees’ actions might
include procedures, as most organizations involved in aviation activities are required to establish procedures to assure
regulators that operations and maintenance actions will be handled in an efficient and safe manner. Investigations into
operations and maintenance should take these procedures into account. The organizational investigator must look for
systemic issues that might lead procedures to create a safety problem — one that may not have been overcome by the
individual’s actions.

a) These may include changes in flight operations requirements by operations between individual States.
While ICAQO procedures are designed to simplify these transitions, it is left to the individual States to
create their own operational regulations. Aircraft transitioning between States may find conflicting
procedures which must be complied with in addition to operating within their own State’s guidelines.

b) An organization may further restrict their operations by having procedures that “ensure” compliance
with regulations and make management of personnel easier, for example, how an organization
handles the crew’s rest periods.

c) Additionally, because many regulators require that operating procedures are in an operator's own
format, the longer an organization operates a particular piece of equipment, the longer the
organization has published their own procedures and has added steps that make their unique
operating environment easier to handle. Additional procedures to combat corrosion may be
implemented if the aircraft is continuously operated in a high moisture environment. Conversely, the
anticorrosion procedures may be minimal when the aircraft is operated in a very low humidity
environment. Over time, procedures originally issued by the manufacturer may become significantly
amended by individual organization manuals and procedures. The organizational investigator must
look for this gradual shift in procedures and the application of changing procedures from the origin (the
manufacturer) to the implementation (the operator). Standardization and harmonization of these
documents across a larger organization is a significant administrative burden that needs to be rigidly
enforced, especially if there is not a central reference library. Otherwise, the various parts of the
organization are acting under different versions and revisions of operative procedures.

d) The transfer of information from detailed guidance contained in manuals and handbooks into
operator’s flight checklists or maintenance work cards should be examined with great care. An
organization transfering critical data may inadvertently delete or re-arrange an action in a checklist or
workcard. This action may leave the individual without adequate reference to apply the procedure
correctly, especially when activity has increased in tempo such as during an in-flight emergency.
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Funding

3.3.8 The term “funding” refers to the adequacy of resources. Given sufficient resources, organizations rarely
expose their aircraft, personnel or the public to unnecessary risks. As resources become scarce, methods to stretch the
remaining resources to keep the organization operating are employed. While these methods may not present an obvious
risk increase, over extended periods the application of resource-saving techniques may create a management culture
that allows an unacceptable risk to enter the picture with a disregard for its impact or with an acceptance of that risk as
“normal operating procedures.”

3.3.9 Issues (beyond the obvious of financial resources) should be examined in this context.

a) Availability of human resources. The availability of sufficient personnel to perform required functions is
one area that should be investigated when a deviation from accepted practice occurs. In some cases it
has been discovered that while crew members or mechanics were well qualified, there were
insufficient numbers of them to keep the existing regulations in perspective. When human resources
were limited, compromises in qualifications, crew rest or other scheduling was the common result.

b) Quality of human resources. Similar to the discussion above, at times the experience level of the
various personnel should be evaluated in light of the accident sequence. While the worker and the
supervisors may be individually qualified, their ability to continue quality work depends on the
appropriate ratio of workers to supervisors and the experience levels of each. For example, one
organization demonstrated that a specified number of maintenance personnel were employed.
However, the organizational investigator found that among these employees, the number of
supervisors was extremely short, while the number of trainees was higher than ideal. Another
condition might exist where there are sufficient supervisors, but they are mostly assigned to daytime
duties, when the majority of maintenance activities are conducted at nighttime with minimum
supervision. Numbers of employees do not necessarily equate to the quality of work performed.

c) Acquisition of parts and other commodities. In organizations under the pressure of inadequate
resources, alternative methods of obtaining needed parts may be used. While the quality of parts may
present the investigator with another problem completely, the organizational investigator is looking for
the mind-set that puts safety at risk by using alternative methods. For example, an organization
requiring parts to put the aircraft back into service was found to have taken the parts from another
aircraft. While the practice alone does not increase risk, the fact remained that the aircraft from which
the parts had been taken was becoming a “parts store” in order to delay the purchase of the needed
parts. Eventually the paper trail of parts removed and re-installed became unwieldy and a breakdown
in documentation occurred. This led to the accident aircraft having parts that were not documented in
the maintenance logs and which led to installation errors.

3.4 POTENTIAL PROBLEMS IN AN ORGANIZATIONAL INVESTIGATION

3.4.1 As occurrence factors become increasingly remote from the immediate time and place of the accident, the
potential subjectivity of the investigation increases, as do the opportunities for disagreement amongst those with a stake
in the investigation. This is not, however, justification for avoiding controversial organizational and systemic issues.

3.4.2 It should also be borne in mind that several organizations may be implicated in an accident, each with its
own level of involvement. The organizational factors relating to each of these organizations should be considered
separately.
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343 In most cultures, there is a strong tendency to search for culpable individuals after an accident and a
corresponding reluctance to consider the role institutions such as companies or government organizations may play.
The organizational investigator must resist such pressures, yet still consider how an effective organizational investigation
can be conducted consistent with the national culture.

3.5 METHODOLOGY

3.5.1 Since each organizational investigation is unique, it is not desirable to prescribe in detail how each
investigation should be conducted. The method section below describes how the Reason model can be applied to an
accident investigation. This model provides a useful checklist to ensure that issues are explored and can assist in writing
up findings in a form that is consistent with publications such as Circular 247, Human Factors, Management and
Organization and Circular 240, Investigation of Human Factors in Accidents and Incidents.

3.5.2 The Reason model is not the only possible method or framework that can be used in a systemic
investigation. Other methods such as Management Oversight and Risk Tree (MORT), Human Factors Analysis and
Classification System (HFACS) and Threat and Error Management framework (TEM) may be useful and the
organizational investigator should not feel compelled to limit the investigation to one particular model. The importance of
using a systematic model or process is to ensure a thorough consideration of ALL aspects of the investigation, without
pre-judging the causes or responsibilities for the deficiencies leading to the event.

The application of the Reason model to accident and incident investigation

3.5.3 The organizational investigator will often rely on other groups to identify active failures, local factors and
failed or absent defenses. As this information becomes available, the organizational investigator will be in a position to
consider the underlying organizational and systemic factors which enabled the situation to develop.

354 In the event of a major investigation, there may be daily briefings which will enable the organizational
investigator to become aware of the progress of other groups. It may be appropriate, however, for the organizational
investigator to arrange for a member of each group to act as a contact and report information which may have a bearing
on organizational issues.

3.55 In the early stages of the investigation, the organizational investigator may need to attend or review key
interviews conducted by other groups such as ATC or Operations. This will ensure that potential organizational issues
are not being neglected during the interview. As the investigation progresses there may be a need to conduct interviews
specifically directed at organizational issues.

3.5.6 In addition to relying on information from sources such as interviews and documents, the organizational
investigator may choose to collect information via additional means such as structured survey interviews or
questionnaires.

3.5.7 The organizational investigator should develop a listing of the organizations that played a role in creating
potential local or systemic factors. For example, if the accident is remote from the organization headquarters, there may
be an intermediate level of supervision involved. Similarly, when outsourcing is used, for example, for aircraft
maintenance, there may be several contractual relationships established involving multiple organizations. In this case,
the relationship between each organization should be well understood to identify breakdowns in the management
oversight and communications. Finally, as the investigator comes to understand the organization’s structure, there must
be consideration of the government relationship with the organizations related to the issuing and continued oversight of
the operations and/or maintenance certificates.
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3.5.8 Potential organizational weaknesses may become apparent during the investigation. Yet these
organizational weaknesses may have had no role in the development of the accident. If no evidence subsequently
emerges to link these weaknesses with the active failures, local factors and defenses of the accident scenario, the
organizational investigator should not list these weaknesses among the accident factors. Such findings should, however,
be included in the accident report and, if applicable, they should be the subject of a safety recommendation. It might be
appropriate to place such findings under the category of “additional information” in the accident report.
Potential local and systemic issues

3.5.9 In the following section, potential areas of concern are linked with possible questions which could guide an
organizational investigator. These are by no means the only potential topics to be considered as part of an
organizational investigation.
Corporate goals
3.5.10 Most organizations operate with goals which conflict from time to time, such as on-time performance and
fuel saving. The manner in which the organization recognizes the conflict and balances goals with one another may be
significant to the occurrence.

Does the organization have a formal statement of goals?

What are the performance expectations of owners, shareholders or government?

Does the organization have a quality policy?

Does the organization have a safety policy?

Organizational structure

3.5.11 This area includes factors relating to the structure and systems of the organization.
Do problems stem from the structure of the organization?
Are management responsibilities clearly defined?
What actions by managers and other staff are rewarded?

What actions by managers and other staff are punished?

Communications
3.5.12 Would the accident have been less likely if internal communications were better?
Do field stations communicate with headquarters?

Is upper management aware of operational realities?
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Planning
3.5.13 Does the organization operate in a short term environment?

Does the organization have difficulty in anticipating events?

Control and monitoring
3.5.14 Are there adequate systems in place to inform management of key performance indicators?

Does the organization have a hazard identification and risk management policy/programme?

Design of systems and components
3.5.15 Design factors are included as systemic factors because the design of systems and components is
normally an activity remote from day to day systems operation. Some systems may not have been “designed” at all, but
may have developed over time. Systems which are complex to the extent that their workings are not understood by
operators (opaque systems) can be particularly problematic.
Did the designers receive feedback on the adequacy of the design?
Were there opportunities to modify the design?
Do operators understand the systems they use?
If complex technical systems are involved, is there a single person who has a general understanding of
system operation?
Corporate memory
3.5.16 Have there been recent mergers or takeovers?
Does the organization have a well maintained corporate memory?
Are there events remembered in the “folklore” of the organization which still influence the functioning of the
organization?
Procedures
3.5.17 Is there a conflict between informal norms and formal procedures?

Would the organization fail to function if procedures were strictly adhered to?

Are there local orders/instructions that may conflict with organizational orders/instructions?
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Resources

3.5.18 Does the organization have the resources to recruit and train staff, maintain equipment and operate
responsibly?

Has the organization undergone a significant reorganization, or has it recently undertaken a significant
reorganization that has resulted in the re-distribution of resources to different parts of the organization?
Regulation
3.5.19 How frequently do regulators visit the organization?
Are the regulators capable of administering the regulations?
Do the regulators have an available range of measures (such as sanctions) to encourage compliance?

Does the regulator require and oversee the organization’s Safety Management System?

Adaptation to new technology

3.5.20 Has the organization reacted appropriately to new technologies?

Corporate culture
3.5.21 Does the organization condone risk taking?
Is safety an important goal of the organization?
Does the organization have a history of correcting problems?

Does the organization have a history of ignoring or covering up problems?

Safety management

3.5.22 Does the organization have a safety management programme?
Does the organization have a quality assurance programme?
Is there a safety department? If so, to whom does it report?
Has the organization recently been subject to an outside audit?

Has there been a formal hazard analysis of the operation?
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3.6 FINAL CONSIDERATIONS

3.6.1 To be effective, investigations must consider the role of organizational factors, yet the investigation of such
factors is likely to be heavily reliant on subjective judgment.

3.6.2 One of the most important subjective considerations in an investigation is knowing when to stop. Accident
factors may be found far removed in time and distance from the accident itself and it may be difficult to know how widely
the organizational investigation should extend. Such a decision will be influenced by the legal framework within which
the investigating authority operates. A useful rule is that when the organizational investigator begins to arrive at
circumstances which are beyond the control of managers, the investigation has exceeded reasonable bounds.







Chapter 4

OPERATIONS INVESTIGATION

4.1 GENERAL

411 The operations investigation is concerned with the investigation and reporting of the facts relating to the
history of the flight and to the activity of the flight crew before, during, and after the flight in which the accident occurred.

41.2 While not addressed herein, in addition to the flight crew, the investigation should be extended to those
personnel who are directly involved with the operations of the aircraft. These individuals, such as flight operations
officers or dispatchers, should be examined when their role in the planning and execution of the flight operations is
involved. Therefore, while the following centers on the flight crew, the same investigative effort should be undertaken
when such personnel are involved.
4.1.3 The major areas involved in the operations investigation are as follows:

Crew histories

Crew qualifications/proficiency

Crew flight, duty and rest period

Task management, crew resource management (CRM)

Personal equipment

Flight planning

Weight and balance

Maps, charts and navigation databases

Operating guidance

Witnesses’ interviews

Final flight path determination

Sequence of flight
414 There is a close link between the work in the operations investigation and that in other investigation areas
— for instance the flight path of an aircraft as reconstructed from air traffic control information and witnesses’ statements
should be compared with the flight path derived from the flight recording. Such corroboration, whenever possible,
constitutes one of the principles of a properly executed investigation, namely, cross-checking the validity of information

from one source against information on the same subject derived from a different source. Flight tests in connection with
some of the major areas listed above, e.g. flight path, performance, handling characteristics, are often of considerable

1-4-1
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value to clarify or confirm some points of detail not only in relation to matters of direct concern to the Operations Group
but matters interrelated with structural loading, operation of systems, engines, etc.

41.5 Some topics are directly related to the operations investigation, but are addressed as separate areas in
this manual. For example, weather, air traffic services, communications, navigation, and aerodrome facilities are covered
in Chapter 5. Similarly, aircraft performance is addressed in Chapter 6.

4.2 CREW HISTORIES

421 A study of the facts pertaining to the crew forms an important part of both the operations and human
factors investigations. Because these two aspects are closely related, a high degree of coordination in the collection and
evaluation of the relevant facts is required to achieve the best possible use of the information collected.

Personal record
422 The following information should be obtained in respect of each crew member on duty:
a) name, age, gender;

b) duty performed on board (pilot-in-command, co-pilot, navigator, flight engineer, load master, purser,
flight attendant, etc.);

c) general record of aviation career (initial and subsequent training, specialized training, courses
followed, employers and sequence of duties carried out, conditions under which various licenses and
ratings were obtained, validity of licenses held, earlier accidents or incidents and causes thereof);

d) medical history (including recent illness or interruption of flight activity, last medical examination,
investigation of fatigue factor such as duty and rest time within the 28 days preceding the accident.
Investigate the activities within the last 7 days and the last 72 hours prior to the accident); and

e) overall experience and experience on aircraft type involved in accident (examination of flight logbooks,
total flying times (day and night, instruments if relevant — total, within last 90 days, last 28 days and
last 24 hours prior to the accident), type of ground training (flight simulator, etc.) and flight training, last
proficiency checks and ground and flight checks including knowledge of emergency procedures,
emergency evacuation drill, evaluation by supervisors, controllers or operators); and

f)  experience on the route or on the aerodrome where the accident occurred (familiarity with the route,
IMC or VMC conditions encountered previously, number of landings or take-offs, knowledge of
procedures).

423 In order to gather this information, the investigator has to obtain statements from other flight crew members
who have flown with the person concerned, and make use of the recordings of communications exchanged during
earlier flights, as well as readout of flight data recorded on board during preceding flight stages. The extent to which any
of the above information is required will depend on the particular nature of the accident under investigation. Interviews
with next of kin can also allow the investigator to get valuable information on the crew history.
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Activity before, during and after the accident

424 The evaluation of the crew members’ activities is not solely of interest to those concerned with the
operations investigation; in many instances such an evaluation is also relevant to the human factors, evacuation, search
and rescue and fire prevention investigations.

a) Activity before the accident. The investigator should examine specifically:

1) activities within the last 7 days and the last 72 hours prior to the accident with particular reference
to psychological factors that might have a bearing on the performance of the crew members, their
physical condition in relation to the work/rest cycle and meal irregularity, particularly if there had
been a substantial change of longitude on a recent flight.

2) circumstances and distance involved in the journey to the airport before commencing crew duties
and each crew activity in preparation for the flight, (computation of aircraft weight and balance,
fuel load, navigation flight plan, weather briefings, pre-flight checks, etc.)

3) the activities and watch-keeping schedule during the flight. This information is usually obtained
from statements of surviving crew members and/or recordings or statements regarding air/ground
communications.

b) Activity during the accident. In the light of the information obtained above, the investigator should
endeavour to reconstruct the role and behaviour of each of the crew members during the sequential
phases of the accident itself. It is also important to examine, in conjunction with the Human Factors
Group, the contribution made by such factors as the cockpit layout, types of control levers, switches,
etc. Similar considerations need to be kept in mind for review of the crash injury and/or survivability
aspects.

c) Activity after the accident. Obviously the role of the investigator and the information useful for the
conduct of the investigation are not limited to the history of the flight and of the accident. The following
points should also be considered:

1) activities of the crew immediately following the accident (physical condition immediately after
impact, conditions under which the crew evacuated from the aircraft, participation of crew
members in the evacuation of passengers and organization of rescue, etc.)

2) subsequent activities (medical examinations and checks already carried out or planned, ground
and flight competency tests, various testimonies).

4.3 CREW QUALIFICATIONS/PROFICIENCY

4.31 Investigators should determine each crew member’s level of qualifications to determine whether the flight
was conducted in accordance with the crew’s experience or training. Similarly, many areas of crew activity require
events to be performed regularly and with specific frequency. Initial qualifications alone do not indicate a level of
proficiency necessary to accommodate the flight conditions encountered. Applicable regulations for the State granting
certificates need to be reviewed and compared against crew training records, evaluations, and log-book entries, as
appropriate. Investigators should be guided by the regulations, but not required to accept them as adequate. For
example, carrying passengers for night flights usually requires a specific number of take-offs and landings at night within
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a specific period. A pilot making the required number of take-offs and landings immediately prior to a night passenger-
carrying flight may be qualified, but proficiency may be questioned. When this discrepancy becomes the focus of an
investigation, the investigator may be required to turn to the regulatory authority to review the establishment of the
regulation.

43.2 Several major air carriers operate into airports that require specific crew qualifications and proficiency for
the conditions presented. Training and frequency of operations is usually recorded in operators’ training records.

4.4 CREW FLIGHT, DUTY AND REST PERIOD

441 There are State regulations on the length of a crew flight and duty period and the amount of rest expected
prior to commencing flight activities. In conjunction with the Human Factors Group investigation, the adequacy of crew
rest periods should be evaluated. In the cases of long flight and duty periods or extended operations, the management
of the crew duty period may become a factor. Operators keep records of crew flight, duty and rest time. Information on
crew activities and rest can also be obtained by looking at hotel records and interviewing next of kin. The investigator
must, however, respect the privacy of such information.

442 When evaluating crew rest periods, the time away from work is not, in itself, an adequate measurement.
Investigators should examine the amount of that time available for sleep, the facilities afforded crew members to obtain
rest, and whether interruptions in the rest cycle played a role in overall crew fatigue.

4.5 TASK MANAGEMENT, CREW RESOURCE MANAGEMENT (CRM)

451 Frequently it is not enough to evaluate crew actions during an emergency situation with regard to the
single emergency action performed or required. Investigators need to look at the total situation requiring crew attention.
If the necessary actions are performed without distractions or other conditions present, the procedure required is usually
straightforward. When the necessary action is required amidst many competing conditions, the efficiency of crew
decisions becomes more complicated. With actions required during emergency operations, how well the crew prioritizes
the conditions and required actions is a factor in how procedures are accomplished. At the extreme, “task saturation”
may exist wherein some actions are not performed or even recognized. Where inappropriate crew procedures were
performed, these may be the result of recent transition or cross-training in dissimilar aircraft with different emergency
response procedures.

452 Most commercial crews are well trained in the concepts of Crew Resource Management (CRM) which is
designed to effectively communicate conditions and required actions between crew members. Effective CRM has been
shown to reduce the potential for task mis-prioritization and even stimulate correct decision-making processes. While
practiced and evaluated during training, the crew communications should be investigated to determine whether CRM is
applied efficiently or whether the condition deteriorated for some reason allowing necessary communications to be
inhibited.

Human-machine interfaces

453 Effective design principles are brought to bear when designing the aircraft crew stations. Controls are
designed to be accessible when necessary and instruments and warning lights placed for effective visibility. Height,
weight, reach, and range of motion are to be considered when designing placement of controls and displays. However, it
is nearly impossible for any aircraft to be designed for ALL potential crew members. Frequently, older aircraft were
designed to accommodate smaller humans than modern aircraft. Currently, most aircraft have been designed for control
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accessibility for humans of heights from 157 cm to 193 cm. Investigators should evaluate the crew member’s
anthropometry in light of access to the controls needed during the situation encountered. Experience has shown that
individuals that are larger (or smaller) than the designed anthropometry may have difficulties performing actions as
designed. For example, it is not uncommon for a person of small stature to need seat pads or blocks on rudder pedals to
effectively move the controls; conversely, these extensions may restrict full control movement.

4.6 PERSONAL EQUIPMENT

4.6.1 All equipment provided or taken by crew for use in performance of their duties needs evaluation for
effectiveness and appropriateness. Whether equipment was present is a consideration but, more importantly, was the
equipment used when called for and did it function as intended? ltems such as smoke hoods, goggles, or oxygen masks
are intended for use under specific conditions. If used, did the equipment function as designed, or were there factors
which prevented it from providing the protection necessary? Age, condition, wear, and fit should be evaluated based on
the individual’s personal attributes. For example, oxygen masks require a good seal to provide uncontaminated oxygen
for the crew member when smoke or fumes are present. The presence of facial hair may make this seal difficult.
Similarly, shoulder harnesses or seat belts that are worn from long-term use may not restrain the occupant during
deceleration as designed.

Access to controls

46.2 Similar to the discussion of human-machine interface, the ability of a crew member to have access to
required controls may become a factor. If a specific control is placed on the flight deck for the use of only a particular
crew member, the other pilot may not be able to use it at all during the situation. The most common example is that the
nose gear steering tiller is normally placed for the use by the left seat occupant alone.

Visibility in/out of crew station

4.6.3 Unless the pilot is surrounded by a clear canopy system, structure may inhibit visibility and the ability of the
crew member to see on-coming traffic. Even with a full clear canopy, the area below the fuselage is usually not visible
unless the crew makes manoeuvres in order to acquire objects below. Investigators should evaluate the crew member’s
ability to see objects if their presence is part of the accident scenario. Structure and objects placed in the field of view
will also make acquisition of on-coming objects more difficult. In some areas of the windscreen, only one eye is able to
detect objects outside the aircraft. Heads-up displays and instrumentation placed in the normal field of view will
necessarily restrict visibility. See Figure 111-4-1.

46.4 In the same way, the ability of a crew member to see instruments, warning lights or switch positions across
the cockpit may need to be evaluated. For example, an instructor pilot who requires corrective lenses for use in the
cockpit may find instrument flight difficult in a small training aircraft if the instruments to be focused on are primarily in
front of the student pilot. There have been cases where the seating position of the pilot not-flying has inhibited the ability
of the crew to notice an annunciator light illumination. Sun glare can also prevent crew members from seeing objects
outside the aircraft as well as instruments, lights and switches in the cockpit.

4.7 FLIGHT PLANNING

4.71 For many operations, a flight plan is prepared and filed with air traffic control agencies. This will provide the
investigator with certain specific data which will require detailed examination. Additionally, in the case of commercial
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Figure lll-4-1. Captain desigh eye and ambinocular vision areas.
Shaded areas represent structure and are not visible with either eye
unless the captain moves from the normal design eye position.

operations, the flight crew usually establish, with the assistance of flight operations officers, a detailed technical flight
plan or navigation log that can be used to advantage by the investigator. A copy of this document is usually retained by
the operator. In the case of accidents involving navigational factors or fuel consumption questions, it will be necessary to
check technical flight plans and navigation logs and ensure that the graphical or tabulated data (or computer programme)
from which they were derived were relevant to the particular circumstances of the intended flight, such as weather,
aircraft type and model, cruising height, etc.

4.7.2 Although the question rarely arises in connection with commercial flights operating a planned service, it will
often be useful, especially in the case of light aircraft flights operated on demand and training flights, to endeavour to
ascertain what were the crew’s intentions regarding the flight and the various manoeuvres planned.

4.7.3 Despite the best planning, changes to routing, weather, unanticipated traffic, etc. may alter the flight profile.
Once the flight deviates from that planned, any flight planning considerations change along with it.

4.7.4 Flight into conditions that are beyond the qualifications and the skills of the pilot will likely result in disaster.
While organizational planning and crew training are expected to circumvent these potentials, occasions arise where the
result indicates a flight beyond the established limits. One of the most common examples in light aircraft accidents is
continued flight into instrument conditions by a pilot who is not instrument-rated or in an aircraft not equipped for
instrument flight. While the decision to continue is the primary factor, the investigator should attempt to find the rationale
that made it an acceptable choice for the crew or supporting personnel.
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4.8 WEIGHT AND BALANCE

4.8.1 A weight and balance sheet based on the planned flight and weather conditions may have been prepared.
Generally, commercial flights use a standard form for these calculations but this is rarely the case in respect of light
aircraft. The investigator must take the following into account and produce and check this form or reconstruct it. When a
form is not available, the investigator will have to use documentation provided by the manufacturer:

a) most recent weighing of the aircraft;

b) fuel and oil carried (check refuelling, testimony of fuel pump operators, fuel orders, earlier flights —
take samples for analysis in conjunction with power plant investigation);

c) crew and passengers carried (check manifest, tickets issued, customs or immigration documentation,
statements of witnesses to embarkation, persons embarked or disembarked at earlier stops,
assessment of standard weights or ascertain actual weights);

d) cargo and loading (check manifests, customs, mail and forwarding agent’s documentation, baggage
taken over from other flights, weight of packages salvaged, statements from persons witnessing or
performing loading at the last airport of landing and at preceding airports, distribution among the
various baggage compartments, etc.)

482 Weight and balance at the time of the accident will be deduced from the above basic information according
to the circumstances of the flight and from the distribution and weight of cargo as determined from the wreckage
examination, together with the location and weight of passengers and crew as determined from the wreckage
examination (including pathological examination where necessary).

4.8.3 The setting in the cockpit and the position of the variable tailplane, or the trim tabs, if appropriate, should
be checked against the setting and position appropriate to the calculated weight and balance of the aircraft at the
moment of the accident. Variations from predicted setting may indicate a weight and balance shift not normally
encountered. Fuel transfer problems and incorrect estimates of passengers or cargo mass have been implicated in
aircraft handling difficulties or accidents stemming from a center-of-gravity outside of the aircraft limitations.

4.9 MAPS, CHARTS AND NAVIGATION DATABASES

491 It may be necessary to establish what maps and charts were provided for navigation purposes and to
examine their adequacy and accuracy in relation to the navigation effort involved in the flight. This might also include an
analysis of where the charts differ in any important respect from the Standards in Annex 4, since “uniformity” is basic to
intelligent chart use. The limitations associated with maps of a particular nature, e.g. those specially produced for use
with automatic radio navigation devices, should be critically examined. It may also be pertinent to examine the functional
interrelationship of the various charts designed for different phases of the operation, where it is evident that some
disorientation may have taken place. It may also be relevant to consider the ability of flight crews to handle the maps
and charts provided in the confined environment of their operating positions and whether adequate lighting was available
for their illumination. Modern aircraft show maps and charts on displays in the instrument panel along with navigation
information from the aircraft Flight Management System (FMS) or Global Positioning System (GPS). The database for
these systems should be inspected to determine if they are accurate and up-to-date.

49.2 As appropriate to the phase of operation in which the accident occurred, the investigator should check:
Plotting charts

Radio navigation charts
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Terminal area charts

Instrument approach charts
Aeronautical charts (topographical)
Visual approach charts

Landing charts

Aerodrome charts

Aeronautical navigation charts
Charts from the internet

Electronic flight bags

RAMS and navigation aid availability

GPS databases

4.10 OPERATING GUIDANCE

Flight manual

4.10.1 The basic source of information concerning aircraft performance is the flight manual, the provision of which
is a requirement as a Standard in Annex 6. Whilst in most cases this information will prove to be adequate for normal
investigation purposes it may be necessary, in certain cases, to examine the data from which flight manual performance
is determined in order to establish its validity to the particular circumstances of the accident flight. In that event a detailed
research into the records of the appropriate airworthiness authority and the aircraft manufacturer may be necessary. The
flight manual is usually divided into sections as follows:

Section 1 — General

— contains amendment records, general arrangement drawing, other dimensional data, registration
particulars, conversion tables/graphs, definitions.

Section 2 — Limitations
— contains limitations of weights, fuel loading, floor loading, centre of gravity, atmospheric
conditions (ambient air pressure and temperature), powerplant operation, airspeed and Mach
number, crosswind (maximum velocity and direction) manoeuvres, minimum crew, maximum
number of occupants, electrical system and auto pilot limitations, etc.

Section 3 — Emergency procedures

— contains essential operating procedures for emergency conditions which are foreseeable but
unusual and demand immediate and precise action.
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Section 4 — Normal procedures

powerplants (engines and propellers)
fuel system

engine lubrication system

fire extinguisher system

electrical systems

hydraulic systems

pneumatic systems

ice protection systems

flight direction systems

flying control system

automatic pilot

procedure for severe turbulence
pressurization system and air conditioning

oxygen system

Section 5 — Performance

sections in the following order:

General
Minimum Equipment List

Take-off procedures and speeds

includes procedures appropriate in the event of malfunctioning that are not contained in Section 3
and should normally include the following items:

Procedures which are accepted as being part of basic airmanship will not normally be included.

contains quantitative data relating to aircraft performance and which is normally presented in sub-

Performance limit (Take-off Weight/Altitude/Temperature (WAT limit) as limited by climb

requirements)
Take-off climb gradients

Take-off field lengths
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Net take-off flight path data

En-route data

Landing procedures and speeds

Landing performance climb limit (Landing WAT limit)
Landing climb gradients

Landing field lengths

Additional special performance data

Pilot Operating Handbook (POH), Standard Operating Procedures (SOPs) or checklists

4.10.2 While the Pilot's Operating Handbook (POH), Standard Operation Procedures (SOPs) or crew checklist
should be derived directly from the flight manual, investigators should examine the references available to the crew
when applying procedures. In abbreviating procedural guidance, checklists frequently omit clarifying information. While
important to achieve brevity, certain details, when omitted from the checklist, may change the application timing or
conditions when the procedural step should be considered independently. It is not adequate to assume that all clarifying
information represented in the flight manual will be recalled during the application of an emergency procedure.

4.10.3 Steps listed in the POH or in the SOPs should reflect directly the steps outlined in the flight manual. If
discrepancies exist, the investigator should try to ascertain when the deviation occurred. For emergency procedures the
difference may go unnoticed for a lengthy period — usually until the emergency procedure is applied.

4104 Investigators should be alert when coming across a procedure assigning certain steps to be implemented
during a different phase of flight. Such procedures should have some clarifying statement in the flight manual that states
that a step should be taken at a certain point but it should specify exactly when that step should be taken and it should
repeat the step at the appropriate point in the checklist. For example, a DC-9 accident stemmed from the deployment of
the air brakes prior to touchdown. This system functioned as a result of a procedure undertaken just after takeoff which
included pulling a controlling circuit breaker. A flight manual discussion included a comment that the circuit breaker
should be reset during taxi “after landing.” This step was included in the “Approach and Landing” phase of the checklist
without any clarifying statement. The crew reset the circuit breaker at the time sequence for before-landing procedures
which resulted in the air brake deployment and subsequent hard landing.

Compliance with instructions

4.10.5 Whilst it is not the function of an aircraft accident investigator to become involved in the disciplinary
aspects of the enforcement of regulations and instructions, it is a necessary part of the operational investigation to
establish whether the applicable directives were complied with. The directives should also be examined to establish
whether, in the light of the accident, they were proper and adequate for safe operations, and whether they were
presented in a format easily understood. In examining these matters it is important to distinguish between what material
has mandatory effect and what is advisory. The directives may have many different forms including the following:

National legislation

ICAO Annexes
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ICAO Procedures for Air Navigational Services
Operations Manual

Flight Manual (and SOPs)

NOTAMs

Aeronautical Information Publications (AIP)
Operators instructions to flight crew
Information Circulars

Aircraft Manufacturers’ notices

Airworthiness Directives

Service Bulletins

4.11 WITNESS INTERVIEWS

4.11.1 The investigator should bear in mind that in some States it may be the responsibility of the police to
interview witnesses during an accident investigation.

411.2 It may be desirable because of the circumstances of the accident to form a Witness Group for locating
witnesses and interviewing them. If such a group is formed it normally concerns itself with interviewing “eye witnesses”
located in the vicinity of the accident. Interviewing appropriate to other groups, e.g. Structures, Operations, etc., is
generally performed by an investigator within that group.

4.11.3 Collecting evidence from witnesses is one of the investigator's main tasks; information thus obtained can, if
fact, furnish a lead as it goes hand-in-hand with the material evidence unearthed in examination of the site and the
wreckage, and can complement it or clarify it. The investigator must not, however, overlook human fallibility, and must
exercise great caution when analyzing statements that obviously conflict with established material evidence. The use of
an aircraft model may often be advisable when interviewing eye witnesses.

4.11.4 A philosophy of interview rather than interrogation is desirable in the questioning of witnesses by the
investigator. A witness who is placed at ease, is confronted with the need for air safety and accident prevention and is
encouraged to tell the story freely without interruption or intimidation, will normally willingly narrate the observations.

4.11.5 The need for expert interpretation should not be underestimated whenever the investigator interviews a
witness and the mother tongue is not common to both persons: the standard of communication may be satisfactory for
social conversation but slight intonations in the witness’s evidence or detail which may have technical significance can
easily be lost because of inadequate translation by the witness, the investigator, or other than an expert interpreter.

4.11.6 If relevant to the accident, written statements should be obtained from personnel involved in the provision
of air traffic services or flight service for the aircraft involved in the accident. This also applies to those people
responsible for the operation and maintenance of navigation aids used by the aircraft. Efforts to locate witnesses should
never be confined solely to the phase immediately preceding the accident but should cover all matters including not only
the condition of the aircraft, but also human factors. Any statement that might throw light upon one single point in the
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investigation can be important; the investigator should not be confined to locating witnesses in the immediate vicinity of
the accident site but should seek statements relevant to the whole path of the flight, as well as from flight crew and
passengers (and, where appropriate, their families), the operator, the manufacturer, responsible services and other
sources. In some cases the use of powerful mass media such as the press, radio and television will assist in obtaining
statements supplementing those already volunteered by persons coming forward or contacted by local authorities.

4.11.7 Depending on the type of statement to be collected (information on refuelling or description of the apparent
sequence of in-flight disintegration) or the quality of witness being interviewed (garrulous, imaginative, shocked,
reluctant) the statement may have to be taken under varied conditions, which the investigator must evaluate. While the
purpose of the investigation should be explained, it is not normally desirable for statements to be taken in an
interrogatory form.

4.11.8 The facilities at the investigator’s disposal may be anything from a simple notebook, typing, stenographic
or stenotype assistance, to portable or standard recording equipment. Suitable office accommodation or proper
transportation may be necessary, as well as appropriate instruments and equipment for studying maps, charts and
photographs.

4.11.9 In connection with the determination of a probable flight path, flight tests commonly referred to as “fly-bys”
are often employed for the purpose of refining and correlating witness observations. For example, an aircraft similar to
the one involved in the accident can be flown on a selection of flight paths while ground witnesses, accompanied by
investigatory personnel, observe. The witnesses are then asked to compare these flight paths with their memory of the
one flown by the aircraft involved in the accident. Valuable information concerning probable altitude (or height, as
applicable), course and attitude can often be derived by this means. In some accidents it may be an advantage to use a
helicopter to determine the flight path: this method is useful where a witness can relate the position of the helicopter to a
fixed object on the ground. A series of such observations will enable a plot to be made which will accurately reflect the
flight path. Whenever possible, two-way radio communications between the investigator and the aircraft making the “fly-
bys” is desirable.

4.11.10 The following general principles should be borne in mind.

a) Statements should be taken as soon as possible after the accident; they can always be amplified later
if necessary, but first statements are usually the most accurate (events are still fresh in the memory
and interpretive processes have had less time to work).

b) It is always very useful to hear witnesses at the place where they happened to be at the time of the
accident. This can be very helpful, not only for a clearer understanding of the statement but also for
obtaining additional details (especially in the case of statements concerning the aircraft’s flight path
and the accident environmental conditions). It is most helpful for the investigator to use a compass
and inclinometer to assist in documenting accurately the eye witness observations.

c) ltis strongly recommended that discussions with witnesses be in isolation in order to avoid influencing
other witnesses. Also, wherever possible, witnesses should be encouraged to refrain from discussing
their evidence amongst themselves before it has been recorded. Joint discussions can usually be
arranged subsequently if required.

d) No statement should be discarded out of hand. A statement from a witness experienced in aviation is
not necessarily the most valuable, and the investigator should not overlook statements from other
witnesses who were similarly situated. A statement from a child can be extremely useful but great care
should be exercised in collecting and examining it. National laws concerning the taking of statements
from persons under age should be kept in mind.
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e) Discussions with witnesses may to a certain extent be conducted in two stages: in the first stage the

4.11.11

4.11.12

4.11.13

investigator should as far as possible let the witness recount with his or her own words events as seen
by the witness (without interruption except to keep the witness to relevant matters); in the second
stage the investigator may need to ask questions to clear up any doubtful points or to raise others (but
they should never be phrased in such a manner as to suggest the answers).

It is a sound practice for the investigator to be accompanied by a person who can take down the
statement or use a tape recorder to record the statement. This leaves the investigator free to
concentrate solely on what is being said and therefore to concentrate on questions to be asked, if any.

The following information should be recorded where relevant:

personal data regarding witness (surname, given names, employee identification number, address,
telephone number, age, occupation, experience relevant to the statement);

time of observation (if noted, otherwise as determined in relation to other events);

location of witness at time of observation (pinpointed on a map if necessary);

anything heard or observed concerning the aircraft itself and, if relevant, other nearby aircraft
according to the stage of flight, such as: position of flaps, trim, taxiing, run-up, brakes on start,
initiation of rotation, climb angle, estimated speed, estimated altitude, points overflown by the aircraft,
headings, manoeuvres, position of flight controls, landing gear, falling objects, flames from exhaust,
fire or smoke, light signals, anti-collision and cabin lights, landing lights, touchdown point, use of
brakes, reverse thrust, any seemingly abnormal noise, phenomena or movement, etc.;

position of the main and any scattered wreckage;

position of bodies (condition of seat belts, etc.);

any sketches that the witness may be able to provide to illustrate his or her statement;

any photographs or videos taken;

rescue operation reports;

if withess knows of other witnesses, their names and addresses; and

signature on one copy of the statement and of any sketches made.

The investigator should record on the statement the date and place where it was taken and possibly the
investigator’s own name and capacity.

Finally, for ease of reference, the assembled evidence should be accompanied by a map indicating the
location of each witness at the time of the accident and a key for referring back to their individual statements.

4.12 FINAL FLIGHT PATH DETERMINATION

The reconstruction of the last stage of the flight, i.e. the accident phase, necessitates close coordination between many
groups of the investigation but it is the primary concern of the operations investigation. The intention should be to build
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up a complete picture of the final events as they occurred and in proper sequence and evaluate their interrelationship.
The period of time to be covered will depend upon the circumstances; in general terms it should commence at a stage
where the flight departs from normal safe operation and it can terminate when the inevitability of the accident is
indisputably apparent. This need not necessarily be the time of crash impact, for example in the case of a structural
failure in cruising flight, once the wings have broken off, the accident is inevitable; similarly, in an unrecoverable “jet-
upset” situation, once the aircraft is too low to regain a normal attitude without grossly exceeding many limitations the
accident is bound to follow. In take-off and landing accidents, however, the crash impact will be the terminating event
and it may be necessary to use this as the starting point of the reconstruction and work backwards for the purpose of
synchronizing the various sources of information which may have been established on a sequential basis by other
investigation groups. The flight recorder investigation will provide the basis of the reconstruction and the radiotelephony
recording will provide the necessary link with related activities on the ground. The structures investigation should be able
to determine the aircraft configuration and the human factors investigation may add to that evidence. It may also
establish certain important considerations regarding the condition or operating efficiency of the flight crew. The
powerplants investigation should be able to indicate the degree of engine power being developed at the time of impact
and the systems investigation should be able to contribute to the aircraft configuration determination in some detail.
Finally the reconstruction should be considered in the environment indicated from an evaluation of all the witnesses’
statements and in the meteorological conditions determined by the weather investigation.

4.13 SEQUENCE OF FLIGHT

4.13.1 The enumeration of the above information (Sections 4.2 to 4.12 above) should bring to light the items of
importance in the operations investigation in relation to the other areas of accident investigation. Indeed, the synthesis of
all the data obtained by the operations investigation is the main contribution to any flight reconstruction. It may also
happen that the particular characteristics of the accident necessitate not only the reconstruction of the accident flight but
other previous flights.

4132 Although the investigation will have to devote particular attention to the phase in which the accident
occurred (see Section 4.12 above) it will usually be desirable to discuss the development of the entire flight. Moreover, in
many cases, the investigator will find it advantageous to conduct an overall review of every major area of the operations
investigation covering each part of the flight. For example, during the en-route phase, such areas as the flight crew, air
traffic services, weather, flight planning, aircraft performance and witnesses’ statements will all furnish specific
information related to the en-route phase which may need to be developed depending upon the nature of the accident.

4.13.3 The data contained in the aircraft flight recorders and radar records can often be used to rapidly develop a
computer generation of the flight path, linked to crew actions and support personnel instructions. This can assist in the
identification of when and where the flight deviated from its planned course, or at what point the manoeuvres exceeded
the limits of the aircraft structure or the limits of human physiology.




Chapter 5

AIRCRAFT OPERATING ENVIRONMENT

5.1 INVESTIGATION OF METEOROLOGICAL CONDITIONS

5.1.1 Despite technological advances in weather forecasting, dissemination and presentation of weather related
meteorological (MET) data, MET conditions continue to be identified as a contributing factor in aviation occurrences
worldwide. Therefore, an accident investigation in which MET conditions are an important contributing factor will benefit
from the formation of a separate group which includes qualified personnel with specialized training in meteorology.
Where a separate group is not considered appropriate, it may be appropriate to request a specialist meteorological
report from a qualified (and non-involved) meteorologist. Whether or not this course of action is taken, the following
matters will need to be considered.

Collection of meteorological data

51.2 Exact MET products and data collected will vary from State to State, due to availability of data (i.e. sparse
in remote areas) and the complexity of the MET phenomena associated with the occurrence. However, there are a
number of observation and forecast data that should be collected. It is recommended that data be collected for a period
of 12 hours preceding an occurrence and a few hours following the occurrence to aid in identification of trends and
analysis of continuity.” It is essential that both the forecast and observed MET conditions be accurately documented.
513 Given the increase in multi-institutional, cooperative meteorological research projects and the reliance of
private institutions on MET data, there are many sources of data to be considered during an investigation. These data
sources include:**

a) State’s meteorological services;

b) civil aviation services;

c) military weather services;

d) private weather companies;

€) universities;

f) TV and radio stations;

1. If applicable, data should be collected and analyzed pertaining to MET conditions faced by surviving occupants and Search and
Rescue (SAR) missions.

2. Bureau Enquétes Accidents (de France), (1995). Weather: Chapter 3 — Operations investigation. In Manual of aircraft accident
investigation. Draft submission to the ICAO Accident Investigation Methodology Study Group — Memorandum No. 26. Montreal,
Canada: ICAO.

3. National Transportation Safety Board (NTSB), (2002) Appendix H - Group chairmen checklists. In Aviation investigation manual -
Major team investigations. Washington, DC.

1-5-1
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g) utility companies;

h) agricultural sites;

i)  MET research centres;

j)  MET operational tests;

k) air quality monitoring networks;
[) internet sites, webcams;

m) video recordings;

n) witness testimonies (ground and airborne), and air accident investigation services (FDR and CVR
read-out and analysis); and

0) surviving aircrew or passenger statements.

Observations

51.4 The actual MET conditions prevailing at the time and location of the accident and, if pertinent, along the
route may be derived from a variety of data such as:

a) routine and special aerodrome meteorological reports;*
b) sea state and buoy data;

c) surface MET observations;

d) precipitation records;

e) barograph records;

f)  wind records;

g) ceilometer records;

h) RVR records reports on the state of runway;

i) Synoptic surface charts/ Streamline Analysis charts;
j) camera images/video recordings, web cameras;

k) upper air charts of pressure, wind and temperature;

[) thickness, vorticity and vertical velocity charts;

4. Data relating to the location of observation stations and meteorological sensors should be gathered.
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m) upper air observations;

n) stability indices analysis charts;

o) routine and special aircraft reports (AIREPs (PIREPs in North America));
p) meteorological RADAR data (i.e. precipitation and Doppler wind data);
g) MET satellite images/data;

r) lightning data;

s) recordings (i.e. VOLMET broadcasts, ATIS, CVR, FDR data);

t)  conditions of natural light (i.e. twilight, moonlight); and

u) data from Low Level Windshear Alert Systems.

5.1.5 In addition, valuable information may often be derived from local meteorological station observations, other
aircraft in flight, witnesses’ statements or expert examination of the wreckage (hail damage, ice accumulation, etc.)

5.1.6 In various States, Aeronautical Meteorological Personnel are required to make special MET observations
whenever they are aware that an accident is likely to occur or has occurred on the aerodrome or in its immediate
vicinity.5 The investigator should pay particular attention to such special observations when available.

51.7 The selection of observational data to be collected and reviewed will be dependent upon the
circumstances of the occurrence being investigated. It is most desirable that the investigation examine the original rather
than copies of the recorded observational data.

Forecasts

5.1.8 The forecasts of MET conditions pertinent to the accident should be documented. Dependent upon the
nature of the occurrence, some or all of the following types of forecasts may require review:

a) aerodrome forecasts (TAFs and amended TAFs);

b) forecasts of area QNH (if applicable);

c) marine forecasts;

d) forecasts of upper-air pressure, temperature and wind;

e) forecasts of MET conditions at surface/Gradient Wind Streamline (if applicable);
f)  meteorological warnings (including civil/public);

g) SIGWX forecasts;

5. ltis desirable that such standing arrangements be made in anticipation of an accident occurring.
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h) Volcanic Ash and Tropical Cyclone Advisory information;

i)  forecasts of thickness vorticity and vertical velocity;

j)  forecasts of stability indices;

k) forecasts of icing;

[) forecasts of turbulence;

m) AIRMET;

n) SIGMET;

o) GAMET; and

p) aerodrome and wind shear warnings.
5.1.9 In connection with SIGWX forecasts, special attention should be paid to any SIGMET information
messages (information on the occurrence or expected occurrence of specified hazardous en-route MET phenomena
such as thunderstorm, severe turbulence, wind shear) which may have been issued and which would have been
applicable to any part of the flight.

Briefing and flight documentation
5.1.10 A copy of any MET and aeronautical documentation covering the flight should be obtained for study.
Particular attention should be paid to the currency and accuracy of all such operational information that was requested
by and/or provided to the flight crew in the preflight preparation and during the flight.
5.1.11 Statements should be obtained from personnel who supplied any operational information to the crew both
prior to departure and while en-route. Emphasis should be placed upon determining whether the crew was adequately
informed regarding hazardous MET conditions.
Post-flight analysis
5.1.12 An assessment should be obtained from a qualified (and non-involved) meteorologist of the MET
conditions throughout the flight resulting from an analysis of all the MET information brought to light in the investigation.
Careful consideration should be given to the possibility that hazardous phenomena may have been present which were
not readily apparent from the forecasts and observations available at the relevant time, particularly in the case of en-
route occurrences involving structural failure. Such phenomena might include mountain wave effects, tropical cyclones,
severe turbulence, freezing rain, volcanic ash, etc. Where the weather is considered to be a contributing factor,
specialist plotting of a cross sectional flight profile should be obtained.
Adequacy of service

5.1.13 Emphasis should be placed upon determining whether the crew was adequately informed regarding

hazardous MET conditions. The observing, forecasting and briefing facilities involved and the services provided should
be examined with a view to determining whether:
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a) pertinent regulations and procedures were satisfactory, available, and adhered to;®
b) disparities existed between workload and staffing;

c) forecasts and briefings were accurate and made effective use of all known and relevant information;
and

d) communication of information to the relevant aeronautical personnel was accomplished without delay
and in accordance with prescribed procedures.

Adequacy of flight documentation and messages

5.1.14 In particular, localized, frequently observed MET phenomena at an aerodrome may be listed in flight
supplements as a warning to aircraft. These flight supplements are often used for flight in visual meteorological
conditions (VMC). However, these same warnings may not be included in documents relating to flight in instrument
meteorological conditions (IMC) for the same aerodrome. Therefore, comparison of such documents should be made so
as to highlight possible disparities. As an example, a flight supplement for an aerodrome surrounded by rough terrain
with frequently strong winds may warn of possible mechanical turbulence. However, this warning may not be in
approach plates used in IMC. In addition, investigators must also consider the possibility that frequent use of these
particular aerodromes may breed complacency and thus the exclusion of such information.

5.1.15 Aside from flight documentation, consideration to messages in flight must also be given. For instance, most
pilots receive SIGMETSs via radio and thus lack a hard copy for thorough analysis. Such data should be examined for
clarity and brevity and whether they facilitated understanding and use of messages given conditions of flight. In addition,
there are possible limitations to reports (e.g., AIREPs/PIREPSs). These limitations are particularly relevant to reports of
icing and turbulence, given that their interpretation is subjective.

Operating norms and policy

5.1.16 Norms, whether organizational, group or individual may significantly influence behaviour and operations. In
relation to MET conditions, an investigator should analyse the various organizations, groups and norms of the aircrew (if
possible). Particular attention should be paid to norms and policies relating to the dissemination of information, and
analysis of data, for instance, a possible norm of pilots failing to read dispatch reports in their entirety due to their
considerable length. This norm of seeking only certain data may have restricted the comprehensiveness of weather
briefings provided.

5.1.17 Regulatory body’s and operator’s operational policies regarding flight in hazardous weather conditions and
the operational reality should be analysed for disparity. Such analysis may also be applied to industry norms (e.g.
penetration of thunderstorms in terminal areas).” The forecast and observed MET conditions should be compared to any
limitations on aircraft or aircrew, including regulatory and company policies.

6. It should be noted that there can be limitations to reporting regulations. Further, disparities can exist between aeronautical and
civil/public severe weather warnings that could be a causal factor.

7. Rhoda, D. A, & Pawlak, M. L. (1999). An assessment of thunderstorm penetrations and deviations by commercial aircraft in the
terminal area. (Project Report NASA/A-2). Springfield, VA: NTIS.
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Availability of data
5.1.18 Each investigation will differ in relation to the availability of data. This may be a result of scarce reports in
remote areas and inadequate data collection networks. There may also be limitations of technology used to collect,
display and disseminate data. In such cases an investigator may be forced to utilize considerable innovation in analysis
techniques and tools. In such situations, it may be useful to consult various colleagues, experts and researchers in these
areas. It is also advisable to look for information and advice from the various existing and available sources of MET
information (WAFCs, VAACs, TCACs, MWOs, etc.).
Collection of occurrence particulars
5.1.19 Important data must be collected (e.g. time of occurrence, route) to facilitate or complement collection of
MET information. For instance, it is obvious that the date and time of an occurrence must be known to gather correct
data. Primary sources of such data shall be obtained from flight plans, Air Traffic Services (ATS) radar data, navigation
and topographical charts. Data collected should include:
a) occurrence date (UTC and LMT);
b) occurrence time (UTC and LMT);
c) occurrence location;
1) general location;
2) grid reference; and
3) elevation and topography;
d) departure point;
e) cruising altitude or flight level;

f)  destination and intermediate stops (with ETAs/ATAs and ETDs/ATDs); and

g) radar tracks.

Collection of technical data

5.1.20 Collection of technical data may include the breakdown and testing of MET instrumentation and
collaboration with other groups to gather data on aircraft instruments (e.g. altimeter). Data should also be collected with
regards to the State’s, operator’s, and ATS’ tools, (e.g. radar technology, high-resolution satellite imagery, numerical
weather prediction (NWP) models).

Collection of human factors data

5.1.21 Human factors data, from a MET standpoint, should be collected to gain not only insight into aircrew
decision making but also organizational oversight and omissions that may have contributed to the occurrence.
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5.1.22 Copies of any MET documentation covering the flight should be obtained for study. Particular attention
should be paid to all MET information that was requested by and/or provided to the flight crew in the pre-flight
preparation and during the flight. In addition, statements from personnel who supplied MET information to the crew both
prior to departure, whilst en-route, and at the destination (if applicable) should be obtained, with emphasis on the
acknowledgement by the crew of the existence of forecast hazardous MET conditions.

5.1.23 Statements of personnel and documentation relating to the coordination and dissemination of MET data
should be collected. Such data, both intra- and inter-organizational, should be collected from organizations such as the
appropriate ATS agency, the State’s weather service, and the aircraft operator (e.g. airline, flight school). In addition,
data relating to staffing levels and personnel’s workload, for all organizations, should also be collected if applicable.

5.1.24 Statements from the operator and documentation relating to MET training of the aircrew should be
collected. Data relating to the operator’'s operational policy in relation to flying in hazardous MET conditions should also
be collected. Additionally, data regarding norms (unwritten expected practices) relating to the type of MET products used
by the operator’s aircrews and dispatchers should be collected. For instance is it regular practice to analyse satellite
imagery? Data relating to aircrew norms for analysing dispatch reports should also be collected.

Analysis of data

5.1.25 An analysis of all data collected should be made by a qualified (and non-involved) person with specialized
meteorology training, and with, in some instances, other groups (e.g. human factors/human performance). Careful
consideration should be given to the possibility that hazardous phenomena may have been present which were not
readily apparent from forecasts and observations available at the relevant time. Such phenomena might include
tornadoes, severe turbulence, freezing rain, low-level wind shear and volcanic ash. Analysis should also examine
technical equipment and human factors data for possible influences.

Analysis of occurrence particulars

5.1.26 It is imperative that an analysis of the accident particulars precedes the analysis of MET conditions. For
instance, information regarding the elevation will be required for the calculation of pressure altitude®, and knowledge of
location and terrain will aid in the analysis of possible local weather effects. Data on natural light conditions combined
with the occurrence date and time will aid the possible identification of local winds (e.g. land/sea breeze, katabatic
winds). Further, comparing flight plan data against radar tracks may provide clues to conditions faced by aircrews. The
meteorology group may benefit from collaboration with the performance group on aspects such as aircraft speeds, which
again may point to conditions faced by aircrews. For instance, a low aircraft ground speed (GS) despite a tailwind
component may point to the crew slowing to the turbulent penetration speed (Vg) providing a possible indication of
significantly turbulent flight conditions.

Analysis per phase of flight

5.1.27 Following the analysis of all the data collected, understanding of the atmosphere must be related to each
phase of flight, namely:

a) taxi, takeoff to top of climb;

8. ‘Pressure altitude’ is the term most often used internationally; however, in some States the term ‘pressure height’ is used. It should
be noted that these terms are synonymous.
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b) en-route data; and

c) top of descent, approach, landing, and taxi. This method, in large measure, should provide the
investigator with considerable physical understanding of the atmospheric conditions during different
phases of the flight.

Analysis of technical data

5.1.28 There are many items which may have restricted the accuracy and comprehensiveness of meteorological
data provided to aircrews, State weather agencies, ATS units, and operators.

5.1.29 If the accuracy of MET information is suspect, investigators may break down and test MET instrumentation.
In winter, consideration should also be given to the possibility of ice accretion on MET instrumentation. For instance,
during periods of freezing precipitation, ice accretion may reduce the efficiency or cause complete failure of
anemometers, thus restricting the validity of wind data. These same considerations may be applied to aircraft
instrumentation. In such cases, weather investigators may benefit from collaboration with other groups.

5.1.30 Technology for gathering and displaying MET information may vary from State to State and thus
examination of the capabilities and limitations of such tools (e.g. radar technology, high-resolution zoom satellite imagery)
should be analysed. Consideration must also be given to possible limitations of technology as a result of atmospheric
phenomena, for instance, aircrews flying into thunderstorms, and areas of hail, as a result of false radar returns caused
by radar attenuation due to absorption.

5.1.31 Weather forecasting has seen a general improvement aided largely by greater NWP model accuracy and
by the availability of World Area Forecast System (WAFs) forecasts globally. Despite this improvement, model limitations
possibly restricting the accuracy of forecasts must be considered.

Analysis of human factors data

5.1.32 Comparison of forecast conditions, aircrew actions, and the investigator’s identification of possible hazards
may suggest possible issues with aircrew judgement. However, simply stating that the pilots flew into adverse MET
conditions does little to explain why. The investigator, together with the human factors/performance group, must
endeavour to identify why the aircrew’s decisions made sense to them at the time. There are a number of human factors
barriers to effective aircrew weather decision making. Such barriers may include lack of knowledge due to inadequate
training or poor provision of MET information, and operating norms.

5.1.33 The overall process of occurrence investigation within the human factors field is similar across many
methodologies. However, differences arise in their particular emphasis of the techniques. Whilst some focus on
management and organizational oversights and omissions, others consider human performance/error problems (on the
frontline) in more depthg. Both levels must be examined to permit a comprehensive analysis.

9. Livingston, A.D., Jackson, G., and Priestley, K. (2001). Root causes analysis: Literature review. Suffolk, UK: HSE Books.
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5.2 INVESTIGATION OF AIR TRAFFIC SERVICES

5.2.1 General

5.21 It may be desirable because of the circumstances associated with the occurrence to form a separate air
traffic services group which includes an air traffic services specialist investigator. Where a State does not employ or
have access to an air traffic services specialist investigator, an experienced (and non-involved) air traffic services officer
may be considered to provide specialist advice and assist the investigator-in-charge to investigate all aspects of air
traffic services in relation to the occurrence. It may be convenient and practicable to include other related areas such as
communications, aerodrome facilities, and navigation (in so far as the latter is concerned with ground equipment) within
the sphere of the investigation to be conducted. In preparation of the final report, relevant factual information derived
from the air traffic services investigation may be inserted into the applicable section(s) as appropriate.

5.2.2 Air traffic services has, as its objectives, the prevention of collisions between aircraft, preventing collisions
between aircraft and obstructions on the manoeuvring area, expediting and maintaining an orderly flow of air traffic,
providing information useful for the safe and efficient conduct of flights, and notifying appropriate organizations of aircraft
in need of search and rescue aid. Where appropriate, the investigation should address all aeronautical and operational
information services obtained from, and/or delivered by, service providers.

5.2.3 Detailed event transactions and detailed event reconstruction should provide evidence to verify progress of
the flight from the planning stage, through the various functions exercised by the relevant air traffic service providers, e.g.
ground control, aerodrome control, departure control, area (or air route) control, and approach control, to the occurrence.
In some circumstances it may be necessary to continue the investigation beyond the actual occurrence, e.g. in the case
of search and rescue actions, or in-flight emergencies involving air traffic services. The air traffic service investigation
should consider the use of simulators, computer graphics and video facilities, wherever possible, in the occurrence
reconstruction.

5.2.4 It may be necessary to investigate the efficiency and effectiveness of the air traffic service, particularly in

an occurrence involving aircraft proximity violations in the air or on the manoeuvring area. In this event the following
aspects should be considered and closely examined:

a) siting of and visibility from the control tower;

b) adequacy of accommodation of associated ATS centres and units;

c) ATS personnel, including appropriate number, qualifications (licenses) and supervision of personnel;
d) work and rest schedules of ATS personnel;

e) adequacy of specified procedures and practices including the provision of separation minima
depending on the approval status of the aircraft in RVSM airspace; and

f) adequacy of equipment including ATS surveillance systems, signal lights, binoculars and anti-glare
devices.

5.25 Determination of the precise time of the occurrence is important. It is likely that the first indication of the
approximate time of the occurrence will be obtained from the air traffic service centres and units in communication with
the flight. When the transcripts of the radiotelephony communication recordings become available it is usually possible
to establish within about one minute the time of the occurrence. Sometimes greater accuracy is possible. If the aircraft
was fitted with equipment such as a flight data recorder, a voice recorder or automatic dependent surveillance
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equipment it will normally be possible to narrow down the occurrence time to within one or two seconds. It is of
importance to determine the time period to be examined by the investigation as this will define the extent of data,
records and personnel involvement.

5.2.6 In the event of an occurrence involving flight into terrain, the recordings of a seismometer, located
sufficiently close to the occurrence site to detect the impact, may be available to establish the time of the occurrence
with great accuracy. Every effort should be made to determine as precisely as possible the time of an occurrence in
order to be able to make use of information derived from the synchronization of recorders with the time base of the
radiotelephony recording.

527 The air traffic services specialist group shall take into consideration that the evolution of the air transport
industry, associated with the evolution in the ATM systems and concepts may represent a challenge for investigation
purposes, considering that sometimes the responsibility for the provision of determined service will change, according to
the contract for provision of the particular service, e.g. separation, that will be updated during the real time operations.

5.2.8 With the evolution of the ATM systems and concepts, complexity will be also added to the whole system,
and an investigation process will need to verify quite closely the service delivery management to define the correct
actors of a determined occurrence and in this case all the ATM community could be involved taking into account that any
participant of the ATM community may have had an important participation in a process that ended in an occurrence and
this will add complexity to the investigation process.

5.2.9 More and more the ATM system is gaining complexity. The traditional methods of science and analytical
philosophy are not sensitive enough to the dynamics of complex ATM systems. Analytical methods, deductive logic,
formal rule-based procedures and closed algorithms may not be sufficient to complete an occurrence investigation. A
connectionist approach will be necessary, because this approach is intrinsically more sensitive to the complexity of the
ATM system envisaged by the Global ATM Operational Concept. Some key characteristics that will contribute to the
complexity of the ATM system will be its distributedness, self-organization and the operation on local information without
central control.

5.2.10 On the other hand, the availability of a system-wide information management will help the data collection
necessary for the investigation.

Personnel histories
5.2.11 A study of all the facts pertaining to the air traffic services forms an important part of the air traffic service
investigation and may also be relevant to specific operations and human factors investigations. Because these aspects
are closely related, a high degree of co-ordination in the collection and evaluation of the relevant facts is required to
achieve the best possible use of the information collected.

Personal record

5.2.12 The following personal information should be obtained in respect of each air traffic service officer involved
in the occurrence:

a) full name;
b) contact address and telephone numbers;

c) date of birth;
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d) type of air traffic services license/certificate;

e) total length of service;

f)  length of continuous service at relevant location;

g) ratings held and dates obtained;

h) operating position occupied at the time of the occurrence;
i)y  proficiency check records;

j)  medical history (recent illness, last medical examination, investigation of fatigue factor including an
assessment of duty time and rest time within the 28 days preceding the occurrence and particularly
within the last week and last 72 hours);

k) initial and continuation training (including assessments); and
[)  use of corrective and/or anti-glare lenses.

5.2.13 In order to gather this information, the investigator may have to obtain a number of statements (possibly
from other air traffic service officers who have worked with the person concerned), and make particular use of previous
relevant air traffic service recording data relating to earlier flights, as well as readout of on board flight data recorded
during preceding flight stages. The extent to which any of the above information is required will depend on the particular
nature of the occurrence under investigation.

Activity before, during and after the occurrence

5.2.14 The evaluation of the air traffic services personnel activities should be done in the same way as the
evaluation of the personnel activities in the operations and human factors investigations. The following should be
considered:

a) Before the occurrence. The air traffic services investigation should examine specifically:

1) activities within the 72 hours prior to the occurrence with particular reference to psychological
factors that might have a bearing on the performance of the relevant air traffic services personnel,
their physical condition in relation to the work/rest cycle and meal irregularity and an assessment
of their sleep patterns;

2) circumstances such as distance travelled in the journey to the location of the air traffic services
centres and units including preparation activity prior to commencing duty; and

3) the activities and workload since commencing duty at the workstation. This information can
usually be obtained and substantiated from statement and/or hard copy and/or electronic data
recordings;

b) During the occurrence. In the light of the information obtained above, the investigation should
endeavour to reconstruct the role, workload and behaviour of each of the relevant air traffic services
personnel during the sequential phases of the occurrence itself. It may also be relevant to examine, in
conjunction with the human factors group, the contribution made by such factors as the workstation
layout, the operating environment, flight progress display, facilities presentation and controls, etc.; and
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c) After the occurrence. The role of the air traffic service investigation and the information useful for the
conduct of the investigation may not be limited to establishing the history of the flight and of the
occurrence. The activities of the air traffic services personnel immediately following the occurrence
such as the organization of search and rescue where relevant, relief from operational duty, etc. should
be evaluated.

Flight planning

5.2.15 For many operations, a flight plan is prepared and filed with air traffic service units. This will provide the air
traffic service investigation with certain specific data which will require detailed examination. Additionally, in the case of
commercial operations, the flight crew usually establish, with the assistance of flight operations officers, a detailed flight
plan or navigation log that can be used to advantage by the investigation. A copy of this document is usually retained by
the operator. In the case of occurrences involving navigation or aircraft performance factors, it will be necessary to check
flight plans and navigation logs and ensure that the graphical or tabulated data (or computer programme) from which
they were derived were relevant to the particular circumstances of the intended flight, such as weather, aircraft type and
model and cruising height.

5.2.16 Although the question rarely arises in connection with commercial flights operating a planned service, it will
often be useful, especially in the case of light aircraft flights operated on demand and training flights, to endeavour to

ascertain the crew’s intentions regarding the flight and the various manoeuvres planned.

5.2.17 Where it is necessary to investigate the efficiency and effectiveness of the flight planning processes, the
following aspects should be considered:

a) flight planning requirements;
b) flight plan submission, type and content;
c) operation planned; and

d) operational information obtained/provided.

Airways facilities

5.2.18 The air traffic services investigation should also address and report upon all factual information relating to
the operational status and serviceability of the airways facilities in the period before, during, and after the occurrence. In
doing so, the air traffic services investigation should establish, record and verify the accuracy of all relevant information
by use of a checklist. Some or all of the following items may be relevant depending upon the relevant airways facilities
and technology status:

a) aeronautical information processing;

b) meteorological information displays;

c) surveillance data processing;

d) flight data processing;

e) local and wide area data processing;
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f)  aeronautical fixed telecommunications network;

g) aeronautical telecommunications network;

h) aeromobile ground/air/ground voice communication and data links;
i) inter- and intra-unit voice communication and data links;

j) local and remote facility monitoring and status register;

k) dynamic air route planning and processing;

[) satellite navigation and communications;

m) conflict/collision probe and avoidance; and

n) facility diagrams, drawings and operator notes.

Communications facilities, procedures and phraseology

5.2.19 Communications facilities utilized by air traffic services (and these may vary with the characteristics of the
sector entered by aircraft) are either recorded or reported in listening logs by the services concerned. However, the air
traffic services investigation must not overlook the possibility of obtaining further communications evidence from other
sources such as the aircraft flight data and cockpit voice recorders, other aircraft whether on the ground or in flight
and/or other civil and/or military ground stations listening on the same frequency(ies). Furthermore, when appropriate, all
voice and data link communications on the operator's communication network should also be investigated including
commercial providers of aeronautical communications information.

5.2.20 Analogue and digital recorders are provided by most States for ATS centres and units. Recordings may
cover not only air-ground voice and data link communications, but also voice, radio, satellite and land line
communications between the various ground services or stations (aircraft movement and control coordination
exchanges, exchanges between ATS and meteorological officers, fire-fighting vehicles, etc.). Recorders may be either
“audio activated” (economical on recording medium which runs only during message transmission, but chronology may
in some cases be somewhat difficult to review because opening syllables may be obscured) or “continuous” (high
demand on recording medium which runs even between messages, but chronology can be easily reviewed with
continuity of time normally also available).

5.2.21 With either kind, simultaneous multi-track recorders allow for the input of synchronized time signals in any
of a number of forms (hook-up with a talking clock provided as an accessory to the recording machine or for other
purposes: coded or plain language time signals). This provides an exact chronological reference datum as the
recordings on the different tracks are naturally synchronized. National regulations governing the preservation of such
recordings vary somewhat, the minimum period being in the order of 30 days. It is desirable, however, for the air traffic
services investigation to ensure as early as possible in the investigation — preferably by prescribed standard operating
procedures to cover the possibility of an occurrence — that all recordings likely to be associated with the flight are
removed from the normal day-to-day system and placed in safe-keeping pending instructions. It is also highly desirable
that any transcript of the relevant recordings be performed under the supervision of a member of the air traffic services
investigating team (in respect of security, these comments also apply to all documents associated with the flight). A
useful technique may be to develop a sequence time line of communications events originating from both aeromobile
and ground stations, including intercommunications exchanges.
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5.2.22 Where such recordings exist, they represent a very important source of information for the air traffic
services investigation. The read-outs are, as a rule, fairly easy but call for certain essential precautions:

a) extreme care must he exercised in handling and storing master records (the risk of deterioration or
obliteration must always be borne in mind);

b) a wise precaution is to make, wherever possible, one or more copies of the master record and to use
these copies for most of the playbacks when it is not essential to use the original recording;

¢) in reconstructing the timing for all documentation, the same reference datum must naturally be used
throughout, and the air traffic services investigation will therefore be responsible for fixing the datum
point and establishing any differences between times quoted or used in the recordings from various
sources; and

d) it will be necessary to synchronize all communications recording time datum with that on the flight
recorders from the aircraft.

5.2.23 The transcripts of the readouts are likely to be used by persons who have not listened to the tapes which,
moreover, may come from various air traffic service centres and/or units; certain specific data should therefore be
provided with each transcript and a uniform presentation should be adopted:

a) an introductory page should indicate the origin of the recording, the frequency or frequencies
recorded, the period covered by the transcript, reason for making that transcript, persons responsible
for it and where and when it was made (possibly the location of the master records); and

b) each succeeding page may contain at least the following columns:

1) time indications;

2) sending stations;

3) receiving stations;

4) material which was read out without difficulty;
5) doubtful or unintelligible material; and

6) remarks of the person(s) responsible for the transcript.

5.2.24 For ease of reference, the air traffic services investigator may find it useful to underline in the text of the
message the word or words spoken at the moment of each time signal.

5.2.25 The air traffic services investigation should also address and report upon all factual information relating to
the operational status, performance and serviceability of the communications facilities, including standard operating
communications procedures and phraseology for a period relevant to the occurrence. By carefully noting the quality of
the communications, the air traffic services investigation may make further analysis of the communications to determine
other useful aspects for the investigation or for forwarding to the operations group. For example it may be possible to
determine microphone sources, meteorological phenomena (rain, lightning, static, etc.), background noise, interference
via spectrographic analysis and particular individuals’ levels of anxiety by change in voice and/or pitch/tone. Calculation
of line-of-sight relative to aircraft and transmitter/receivers may also provide useful range information. Journalization or
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expectation errors (readback/hearback) by aircrew and air traffic services personnel should also be examined as
contributing causal factors. Dependent upon the nature of the occurrence, some or all of the following items may be
relevant to communications aspects:

a) air-ground-air in use (VHF, UHF, HF, data link, etc.);

b) air-ground-air outlet sites, elevations, networks, configuration aid coverage diagrams;

c) terrestrial and satellite controlled intercommunications;

d) calibration of ATS equipment;

e) frequencies and propagation characteristics;

f)  telephony and microphone techniques;

g) calling, replying and acknowledgment standard operating procedures;

h) unit/service identification;

i) clear, unambiguous standard operating procedural words, phrases and language used in
communications; and

j)  readback/hearback errors or omissions.

Navigation

5.2.26 Where relevant, the navigation aspects of an investigation may be of concern to the air traffic services
investigation. The navigation capabilities or equipment notified as carried in the aircraft should be checked against the
aircraft records. The navigation facilities may comprise terrestrial components such as NDBs, VOR, DME, ILS, LORAN,
ATS surveillance systems equipment and space-based GNSS and its augmentation. The air traffic service investigation
should also investigate the navigation aspects of an occurrence involving aircraft equipped with sole-means global
positioning sourced navigation systems.
The following features should be considered in respect of each terrestrial navigation facility examined:

a) location (geographic co-ordinates);

b) identification signal;

c) power output and supply;

d) monitoring and warning system(s);

e) equipment calibration and radiation pattern;

f)  operating and maintenance schedules, and their notification (AIP, NOTAMSs);

g) normal level of performance;

h) interference(s);
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i) past complaints, interruptions and failures (crew, operation, etc.); and

j)  statements from relevant personnel including other aircrew who used these aids.
5.2.27 When navigation information is obtained through GNSS, the investigation will need to rely on recorded
GNSS information both for the augmentation system and for the GNSS core system constellation used for the operation.
The parameters to be recorded are dependent on the type of operation, augmentation system and core elements used.
All parameters available to users within a given service area should be recorded at representative locations in the

service area.

5.2.28 For GNSS core constellations, a recording of the following monitored items should be available for all
satellites in view:

a) observed satellite carrier-to-noise density (C/No);

b) observed satellite raw pseudo-range code and carrier phase measurements;
c) broadcast satellite navigation messages, for all satellites in view; and

d) relevant recording receiver status information.

5.2.29 For SBAS, the following monitored items should be recorded for all geostationary satellites in view in
addition to the GNSS core system monitored items listed above:

a) observed geostationary satellite carrier-to-noise density (C/No);

b) observed geostationary satellite raw pseudo-range code and carrier phase measurements;
c) broadcast SBAS data messages; and

d) relevant receiver status information.

5.2.30 For GBAS, the following monitored items should be recorded in addition to the GNSS core system and
SBAS monitored items listed above (where appropriate):

a) VDB power level;

b) VDB status information; and

c) broadcast GBAS data messages.
5.2.31 When there is any reason to suspect that a navigation aid may be involved as a causal factor, the air traffic
services investigation should request, without delay, special ground and flight checks. Standardized checks should be
prescribed by States and performed on navigation aids if they were being used, or if there is any possibility that they

were being used, by an aircraft involved in an air safety occurrence.

5.2.32 In addition to reviewing the result of special ground and in-flight checks, the investigation should study the
records of former routine checks (site evaluation, commissioning and recent periodic checks).

5.2.33 Attention should be drawn to the value of the checks in regard to possible differences between the state of
the equipment used at the time of the occurrence and the state of the equipment at the time of ground or in-flight check.
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Aerodrome facilities

5.2.34 Where it is relevant to the particular occurrence, the air traffic services investigation may have to examine
and verify the status of many aerodrome facilities used by or available to the aircraft involved in the occurrence.
Amongst the items that may need to be checked and verified are the following:

a) characteristics of the runway(s) in use;

b) characteristics of the movement areas;

c) surrounding terrain, obstructions and meteorology characteristics;

d) aerodrome diagrams;

e) lighting and guidance signage;

f)  electronic surface movement detection systems;

g) standard, contingency and emergency operating procedures;

h) visual and electronic navigation aids;

i) communications networks;

j)  environmental conditions; and

k) facility status register.

Aircraft performance

5.2.35 The air traffic services investigation should establish, record and verify the accuracy of all information
relevant to actual performance of the occurrence aircraft, in particular the flight planned performance should be
compared to actual performance achieved. Valuable information may be derived from recorded data, observations,
photographs, eyewitnesses, or from other air traffic services personnel or aircrew in the vicinity.

5.2.36 The selection of data to be collected and reviewed will be dependent upon the circumstances of the
occurrence being investigated. However, it is most desirable that the investigation examine the original rather than
copies of the recorded data wherever possible. It may be necessary, in certain cases, to have the Operations Group
examine the data from which flight manual performance is determined in order to establish its relevance to the particular
circumstances.

5.2.37 The air traffic services investigation should establish, record and verify the accuracy of all information
relevant to its activity in relation to the conformance of the flight. This may include determination of expected outcomes
originating from any air traffic services control instruction, information or advice compared with the actual outcomes.
Reconstruction of horizontal and vertical profiles of the flight by use of factual data may be a useful tool in determining
the air traffic service officer’'s knowledge and expectation of the aircraft performance in the air traffic service system. For
example, was the clearance instruction within the capability of the aircraft performance envelope, or was the aircraft
directed towards hazardous weather or terrain, etc. Dependent upon the nature of the occurrence, some or all of the
following items may be relevant:

a) knowledge of aircraft performance and limitations;
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b) reconstruction of relevant flight profiles;
c) flight plan validity and conformance;
d) horizontal and vertical navigation; and

e) aircraft physical operating environment emergency operations.

Standard operating procedures and practices

5.2.38 Whilst it is not the function of an air traffic services investigator to become involved in the disciplinary
aspects of the enforcement of regulations and instructions, it is a necessary part of the investigation to establish whether
the applicable directives, operating standards, procedures and practices were complied with. All relevant material should
also be examined to establish whether, in the light of the occurrence, they were proper and adequate for ensuring safety
of operations, and whether they were presented in a format easily understood. It may be necessary to also consider the
safety lessons and preventative aspects of recommending a review of the existing directives, operating standards,
procedures and practices or development of new material. In examining these matters it is important to distinguish
between what material has mandatory effect and what is advisory. The directives, operating standards, procedures and
practices may have many different forms. It is important to consider and evaluate all aspects of the investigation such as
expedition of traffic processing, off-airways dynamic or direct tracking, vectoring and holding manoeuvres which may be
causal factors. Items that should be checked and verified may comprise a combination of the following:

a) national legislation;

b) ICAO Annexes;

c) ICAO Procedures for Air Navigation Services;

d) air traffic services manuals and instruction circulars;

e) workstation/sector handbooks and/or instructions;

f)  copies of any pertinent letters of agreement;

g) map/chart of area of responsibility;

h) co-ordination requirements with other units;

i) aeronautical information publications;

j)  applicable aircraft proximity standards;

k) NOTAMs;

[) flight progress preparation, processing and displays;

m) level change and non-standard flight levels procedures; and

n) communications, navigation and surveillance procedures.
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Witness interviews

5.2.39 The air traffic services investigator should bear in mind obligations to comply with the laws of the State in
which the air safety event occurred and that in some States it may be the responsibility of the police to carry out witness
interviews. It may be desirable because of the circumstances of the occurrence to form a witness group for locating
witnesses and collecting their statements. If such a group is formed it normally concerns itself with interviews with “eye
witnesses” located in the vicinity of the occurrence: the witnesses’ interviewing appropriate to other groups, e.g.
structures, operations, is generally performed by an investigator within that group. Collecting evidence from witnesses is
one of the investigator's main tasks; information thus obtained can, in fact, furnish a lead to obtaining further evidence or
complement and/or clarify evidence already presented. The air traffic services investigation must not, however, overlook
human fallibility, and must exercise great caution when analyzing statements from witnesses that obviously conflict with
established material evidence or attempts to divert the focus of the investigation from accident prevention and safety
enhancement.

5.2.40 States should determine if written statements should be obtained from all personnel who were involved in
the provision of air traffic services for the aircraft involved in the occurrence. The air traffic services investigation should
consider the benefits derived from a reconstruction of the occurrence and a complete briefing (walkthrough) of the facts
surrounding the occurrence, including the involvement of any other air traffic service facility. It is important to replay the
original recordings to assist in orientation of the circumstances of the occurrence in real time. At this early point in the
investigation, the investigator needs to assimilate the knowledge that the various air traffic services personnel have of
the circumstances and events associated with the occurrence so that the investigation can be effectively planned. It
would then be appropriate for the investigation to establish a timetable and list of the personnel to be interviewed and to
arrange an appropriate interview facility.

Flight reconstruction

5.2.41 ATS surveillance systems and/or synthetic digital data constitute vital information for reconstructing the
progress of relevant aircraft and presenting horizontal and vertical navigation profiles for analysis. This may also require
analysis of other aircraft not directly involved in the occurrence.

5.2.42 Various recording and replay systems have been developed by States. Such systems vary from one which
consists of time-lapse filming (one frame per sweep) of the spots representing moving aircraft on display screens, to
digital electronic technology recording defined parameters in binary formats. The data is normally retained for at least a
month and replayed only in the event of an occurrence.

5.2.43 The reconstruction of the relevant stage of the flight, i.e. the occurrence phase, necessitates close
coordination between many areas of the investigation but it may be of equal concern to the Operations Group. The
intention should be to build up a complete picture of the final events as they occurred in proper sequence and evaluate
their interrelationship. The period of time to be covered will depend upon the circumstances; in general terms it should
commence at a stage where the flight departs from normal operational parameters and it can terminate at either the time
of the occurrence or a subsequent time which is significant to the investigation. Where it is desired to synchronize
display and audio programmes, the starting point must be clearly defined. This information may also form an essential
link with information obtained by other investigation groups and will provide the basis of the reconstruction when
combined with available recordings of all related activities on the ground and on-board the aircraft.

5.2.44 Dependent upon the nature of the occurrence, some or all of the following items may be relevant:
a) separation standard;

b) relative tracks;
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c) horizontal and vertical proximity;

d) surveillance services available/provided;
e) evasive actions;

f)  flight conditions;

g) collision avoidance systems available; and

h) aircraft proximity assessment.

Sequence of flight
5.2.45 The reconstruction of ATS surveillance system data may bring to light items of importance in the
Operations investigation in relation to the other areas of the occurrence investigation. It may also happen that the
particular characteristics of the occurrence necessitate not only the reconstruction of the occurrence flight but other
previous flights.
5.2.46 Although the investigation will have to devote particular attention to the phase in which the event occurred,
it will usually be desirable to evaluate the development of the entire sequence of the flight. Display reconstructions can
also assist the investigation of occurrences such as near mid-air collisions and provide data for establishing aircraft
proximity. The air traffic services investigation should be aware of possible software and display anomalies such as:

a) target swapping;

b) data block swapping;

c) swapping of target tracks with other aircraft and/or false targets;

d) incorrect data blocks;

e) display clutter;

f)  data blocks becoming detached from assigned targets; and

g) displaced target symbols.
5.2.47 Dependent upon the nature of the occurrence, some or all of the following items may be relevant:

a) displays facilities;

b) symbols;

c) data blocks, leader lines and orientation;

d) control settings;

e) display operator notes;

f)  aircraft identification procedures;
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g) sensors inputs;

h) display mapping;

i)  coverage diagrams;

j)  terrain clearance charts;

k) SSR code;

[) system display track number;
m) system alerts and alarms; and

n) point of closest approach.

Flight profile reconstruction

5.2.48 In occurrences such as aircraft proximity violations, mid-air collisions and flight into terrain, the air traffic
services investigation should establish, record and verify the actual horizontal and vertical flight profiles of the aircraft
concerned. Reconstruction will be limited only by information derived from all available recorded data sources obtained
by air traffic services or on-board recorded systems where available. The reconstruction should be cross checked with
any witness statements.

5.2.49 The selection and availability of data will be dependent upon the particular circumstances of the
occurrence being investigated. However, it is most desirable that the investigation examine the original rather than
copies of the recorded data wherever possible. It may also be necessary, in certain cases, to have the operations group
examine and obtain aircraft performance data in order to establish and compare the flight path profile reconstruction with
manufacturer’s data and its relevance to the particular circumstances.

5.2.50 The air traffic services investigation should establish, record and verify the accuracy of all information
relevant to the conformance of the flight in the horizontal and vertical planes. The reconstruction may include
determination of actual and expected outcomes originating from any air traffic services control instruction, information or
advice directed to the occurrence aircraft. Reconstruction of horizontal and vertical flight profiles which include a
combined timeline and geographic location reference obtained from verified data may be a very useful tool for the air
traffic services investigation in developing the progress of the aircraft through the air traffic services system.

5.2.51 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to the
reconstruction of the flight profiles and variations between actual and planned flight profiles:

a) horizontal trajectory and deviations;

b) vertical trajectory, deviations and altitude busts;
c) rate of climb/descent;

d) ground speed(s);

e) estimated/actual time intervals; and

f)  waypoints and geographic graticule.
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ATS duties and functions
5.2.52 The air traffic services investigation should establish, record and verify all documentation relating to local
orders and/or instructions prescribing the duties and functions of all relevant air traffic services operating positions
directly or indirectly involved with the occurrence. The investigation should also consider the effectiveness of the above
documentation and the standardization aspects to ensure that communication of relevant information to the aircraft
concerned and other relevant air traffic services personnel was accomplished without delay and in accordance with
prescribed standard operating procedures.

5.2.53 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to each
air traffic services officer or workstation connected with the specific occurrence:

a) duties and functions;
b) area of responsibility;
c) air traffic management responsibilities; and

d) co-ordination responsibilities.

Work practices and staffing
5.2.54 It may be desirable because of the circumstances associated with the occurrence for the air traffic services
investigation to examine the actual work practices and staffing situation in the period surrounding the occurrence. Where
documentation is available, it should be collected and verified. Such documentation should be supported by statements
from relevant personnel as appropriate to the circumstances of the occurrence.

5.2.55 The pertinent work practices and staffing issues relating to the occurrence should be examined with a view
to determining whether:

a) applicable regulations and standard operating procedures were satisfactory and were adhered to;
b) differences existed between workload and human resource; and
c) effective use was made of all known and relevant information.
5.2.56 Dependent upon the nature of the occurrence, some or all of the following items may be relevant:
a) prescribed work practices;
b) actual and required staffing requirements;
c) licensing and staffing qualifications/requirements;
d) recency and ratings qualifications/requirements; and

e) initial and continuation training.
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Workstations

5.2.57 As well as investigating the operating environment of the aircraft, it is essential that the air traffic services
investigation extends to the relevant aeromobile and associated workstations. It will be necessary to investigate not only
the efficiency and effectiveness of the air traffic services detailed event transactions and detailed event reconstruction to
provide evidence verifying progress of the flight, but also the human-machine interface aspects of the system as a whole.
In doing so it is important to clearly define the start and end points for the investigation of the actual occurrence.

5.2.58 The air traffic services investigation should establish the operating configuration and ergonomic aspects of
the workstation in use in addition to operational information and situational awareness displays. Collection, collation and
verification of all relevant elements such as flight progress displays, maps and charts, hardware, software systems,
facility controls and presentation are essential items in reconstruction scenarios.

5.2.59 It is important to critically examine workstation systems and sub-systems to determine their adequacy in
relation to the particular occurrence and possible effects on other similar future events. It may also be relevant to
consider the relevance of adequate illumination, workload and distractions in the vicinity of the workstation. Consistency
of documentation held by air traffic services personnel and aircrew should be examined, e.g. maps and charts. These
aspects should include an assessment of issues which could be forwarded to the Human Factors Group.
5.2.60 Dependent upon the nature of the occurrence, some or all of the following items may be relevant:

a) display maps and charts;

b) air situation and flight progress display;

c) operational information display;

d) workstation ergonomics;

e) workstation modifications, serviceability, active systems configuration and operational status;

f) communications systems configuration and operational status; and

g) headset and microphone facilities.

Traffic processing sequence — Tactical and strategic

5.2.61 Investigation of all the facts pertaining to the air traffic services tactical and strategic traffic processing
sequence should be considered an essential element in the reconstruction of the history of the flight.

5.2.62 Information obtained, such as unauthorized horizontal and/or vertical excursions and violations may also
be relevant to specific operations and human factors investigations. Because these aspects are often closely related,
careful collection, collation and evaluation of the pertinent facts is required to achieve the best possible use of the
information collected. The tactical processing sequence will normally be recorded in some media and verified by careful
analysis of data and personnel statements. The strategic processing sequence and planning may be a more difficult task
and may require more selective in-depth interviewing techniques to ascertain anticipated traffic processing and
expectations of outcomes.

5.2.63 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to
determining tactical (short term/immediate) and strategic (long term/later) processing effects and outcomes:
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a) terminal airspace approach and departures;

b) enroute airspace;

¢) holding and diversions;

d) traffic flow, speed control and level assignments;
e) on and off-airway flight paths;

f)  air traffic information management; and

g) air traffic sequencing and priorities.

Traffic disposition

5.2.64 The air traffic services investigation should try to establish and reconstruct the actual traffic disposition for
a defined time prior to an occurrence and at the actual time of the occurrence. Recorded flight progress display data will
normally provide all essential information to permit reconstruction of the horizontal and vertical traffic disposition for
analysis. It is equally important that the air traffic services investigation not only reconstruct the actual traffic disposition,
but that air traffic services personnel be given the opportunity to present their views and/or estimation of the situation.
For example, an aircraft may have unintentionally been assigned a heading or level different to that intended by the air
traffic service person with jurisdiction for the aircraft.

5.2.65 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to
reconstructing the traffic disposition and possible variations of actual and planned flight paths for each active aircraft:

a) airspace jurisdiction;

b) ATS routes and waypoints;

c) range;
d) azimuth;
e) level;

f) track;

g) holding pattern;
h) meteorological effects; and

i)  vertical and horizontal separation minima.

Information flow coordination and aircraft movement messages

5.2.66 The provision of safe, orderly and expeditious air traffic management is totally dependent upon exchange
of timely and accurate information flow, coordination and distribution of aircraft movement messages throughout the air
traffic services system. This process is as important as the information and instructions provided to aircrew and forms an
essential element of any air traffic services investigation. It requires:
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a) athorough understanding of mutual responsibilities;

b) careful application;

c) comprehensive training; and

d) unambiguous communications.
5.2.67 In order to gather this information, the investigation may have to obtain a number of statements from
personnel concerned, and make extensive use of air traffic services’ recorded data. The extent to which any of the
above information is required will depend on the particular nature of the occurrence under investigation. Dependent
upon the nature of the occurrence, some or all of the following items may be relevant in ascertaining information flow,
co-ordination and distribution of aircraft movement messages to, from, or between, co-located/remote air traffic services
personnel and units:

a) unit responsibilities;

b) inter-unit communications;

c) intra-unit communications;

d) distribution of aircraft movement and control messages;

e) frequency change management;

f)  phraseology;

g) readback/hearback errors and omissions; and

h) flight progress display data and notations.

Situational awareness

5.2.68 Numerous aircraft and operational displays, when combined with effective and efficient communications
and facilities, provide air traffic services personnel with the cues to devise and deliver essential instructions and
information to aircraft. In some situations, aircraft maintain predefined flight path trajectories on published airways and,
in others, the aircraft may be in user-preferred trajectory (4-D). In practice, any one air traffic services unit may have
jurisdiction of a mixture of aircraft moving in four dimensions. Understanding of the situational awareness forms an
integral part of the air traffic services investigation. Information obtained, such as real or perceived differences in the air
traffic services personnel’'s awareness of aircraft disposition and range may also be relevant to specific operations and
human factors investigations. Many of these aspects are often closely related and careful collection, collation and
analysis of the information is required.

5.2.69 Dependent upon the nature of the occurrence, some or all of the following items may be relevant:
a) active and pending traffic disposition;
b) flight progress display;

c) communications;
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d) facility control and presentation settings;

e) aircraft performance;

f) actual and expected meteorological situation;

g) airspace operational configuration, instructions and limitations; and

h) terrain and other obstructions.

Separation assurance techniques

5.2.70 Effective tactical and strategic air traffic management techniques, procedures and practices are essential
elements for the implementation of separation assurance techniques in the air traffic services system. Separation
assurance as distinct from achieving separation becomes significant in any air traffic services investigation where
prescribed aircraft proximity standards have been violated due to human or system failures. There are many situations
where aircraft proximity standards could be violated even where all aircraft comply with their given instructions or
information. For example, two aircraft operating at the same correct level may be converging on the same waypoint at
the same estimated time. However, it is usually left to a matter of timing for air traffic services units to recognize,
respond and rectify potential aircraft proximity occurrences before a prescribed standard is violated. The air traffic
services investigation should establish if the required separation assurance was in place and if it could have been
maintained in the event of failure of any single, or multiple component failure of the air traffic services system, such as
communications or surveillance facilities.

5.2.71 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to
determining continuous effective planning and implementation of separation assurance techniques:

a) selected procedure for vertical and horizontal separation;

b) tactical and strategic traffic processing including procedures for accommodation of non-approved
aircraft into RVSM airspace;

c) airways and available communications facilities;
d) conflict warning systems;

e) timely execution;

f)  monitoring and surveillance of traffic; and

g) re-evaluation of outcomes.

Workload and distractions

5.2.72 Workload refers to the tasks performed by air traffic services personnel relative to a given set of conditions,
environment and air traffic complexity. It is more subjective than objective in the evaluation process and normally the
individual involved is best placed to assess the workload and any other distractions which may have contributed to an air
safety occurrence. For example, while all air traffic is being processed in a safe, orderly and expeditious manner and
there are no abnormal or emergency situations present, an individual may assess the workload as light. However, if the
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traffic level were reduced by half and the complexity or abnormal operations increased, the same individual may then
assess the workload as moderate or high. On some rare occasions the workload may exceed the capacity of the system
and the individual air traffic services officer to cope, resulting in a serious air safety occurrence.

5.2.73 Distractions in the immediate vicinity of the workstation may also contribute to increased workload
unknown to the individual. For example, high levels of noise may require the individual at the workstation to have to
request repeats of communications exchanges which subsequently reduces information processing time. Equally, poor
communications facilities may make it difficult to obtain a required report or response. Objective evaluation of the actual
workload and any distractions relevant to the occurrence forms an integral part of the air traffic services investigation
and may also be relevant to operations and human factors investigations.

5.2.74 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to
determination of workload:

a) uninterrupted communications;

b) timely coordination;

c) airspace dimensions and configuration;
d) mix of aircraft types;

e) aircraft performance;

f)  operational and non-operational activity in the workstation vicinity;
g) task complexity;

h) fatigue;

i)y facilities status;

j) information queuing and processing time;
k) recognition of task saturation;

[) task reduction techniques; and

m) system alarms and message queue processing.

Conflict detection and safety net

5.2.75 The air traffic services system has many built-in defences which form a safety net to protect it from human
or system error. These defences include requirements to read back specific instructions, waypoint reporting and posting,
one-way ATS route structures, standard levels, standard instrument departure and arrivals procedures and on-board
and terrestrial conflict alerting systems. These defences are intended to ensure that the potential for traffic conflicts
resulting from errors or omissions on the part of aircrew or air traffic services personnel are minimized. However, in
many cases the majority of conflict detection defences and safety net integrity depend upon the tactical and strategic
situational awareness of individuals, i.e. awareness of the “big picture”. Aircraft proximity violations are the result of
failures to detect conflicts or failure of safety net integrity. In the majority of cases the various layers of the safety net
defences act to protect the air traffic services system and participants. For example, should an incorrect clearance be
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directed to an aircraft, the aircrew may recognize and report that the instructions are not applicable or the air traffic
services personnel may detect the error or omission when reviewing or updating the flight progress display. Where
system defences have been breached resulting in an aircraft proximity violation, or collision, there is normally a
sequence of contributing causal factors. The air traffic services investigation is tasked with establishing, recording and
verifying the causal factors and formulating appropriate safety actions. Information relevant to determining how the
conflict was detected and features of the safety net require a checklist. Dependent upon the nature of the occurrence,
some or all of the following items may be relevant:

a) situational awareness;

b) tactical and strategic plan;
c) flight progress display;

d) communications;

e) information flow; and

f)  conflict alert and avoidance systems.

Investigation of airspace management practices

5.2.76 In accidents where the aircraft was involved in, for example, a mid-air collision, a collision with the ground,
or an accident during initial climb or approach, investigators should evaluate how the airspace in the area is managed. In
the case of flight under instrument conditions, or in airspace reserved for aircraft flying under instrument flight rules, the
conformance to national airspace design and clearance is essential to the understanding of the circumstances
surrounding the accident. Many issues under this area involve air traffic services. However, investigators should be
cognizant of the following issues from both an ATS and an aircraft operator perspective.

5.2.77 On almost every occasion, it will be necessary for the air traffic services investigation to establish and
verify all documentation, local orders and/or instructions relevant to the standard operating practices for airspace
management. The investigation should consider the effectiveness of the above documentation and the standardization
aspects to ensure that the applicable airspace management practices relevant to the airspace environment of the aircraft
concerned and any other relevant air traffic services authority were applicable and applied in a correct and timely
manner. In particular the investigation should address the status of the airspace and any special conditions, rules or
procedures in place around the time of the occurrence, e.g. controlled, non-controlled, application of RVSM and
deactivated airspace.

5.2.78 Dependent upon the nature of the occurrence, some or all of the following items may be relevant to
airspace management issues:

a) establishment of airspace and legal status;
b) administrating and controlling authority;

¢) controlled and non-controlled airspace limits;
d) provision of air traffic services;

e) special use, prohibited, restricted airspace and danger areas;
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f)  coordination requirements;

g) airways clearances, block clearances and airspace reservations;
h) traffic priorities;

i) military activities;

j)  national contingency plans; and

k) limits of RVSM airspace and transition areas.

En route

5.2.79 During cruise, the aircraft is usually at an assigned altitude, either given by ATS, or determined by
adherence to specific rules. Aircraft operating under visual flight rules, for example, are to cruise at specific altitude (odd
or even thousand plus 500 ft if flying below FL290) depending on course. Under instrument flight rules, ATS assigns a
specific altitude which conforms to State established clearance from obstacles and other aircraft. Transitioning from one
State or FIR or portion of airspace to another may result in a change in enroute airspace design changes and these
should be evaluated and compared to crew actions.

Terminal procedures

5.2.80 Terminal procedures are based on two factors: performance capability of the aircraft and equipment, both
on the ground and in the aircraft. When an aircrew is assigned a procedure, the controller assumes the aircraft has both
the ability to fly the procedure and the proper equipment for the procedure assigned. This is often communicated in the
flight plan, but it remains the aircrew’s responsibility to accept the procedure cognizant of these factors. For example, it
may be physically possible for a crew to fly a non-directional beacon (NDB) approach requiring two airborne direction
finder (ADF) receivers with only one receiver installed. Without the designated equipment, however, the ability of the
crew to ensure terrain clearance may be circumvented. This may be especially true as global positioning satellite (GPS)
systems become more common. It is relatively simple for a pilot using GPS to fly a ground-track depicted on an
approach for which the aircraft does not have the proper equipment, but terrain clearance and proximity to other traffic
cannot be depicted. GPS approaches have to be certified by the State, like any other procedure.

Climb

5.2.81 During climb to altitude, specific obstacle clearance and gradient of climb may be required. The availability
of published data concerning the procedures is essential for crew understanding of the restrictions that may reduce
these clearances. Design requirements should be evaluated based on the routing, standard departure or vectors
provided by controllers.

Approach and Landing

5.2.82 Like climb, arrival procedures have specific design criteria. A designated runway may have several
approaches available. An arrival procedure designed to establish a flow of traffic may be assigned to ensure terrain
clearance and traffic separation. Deviation in routing, airspeed, or altitude may subject an aircraft to hazards not
depicted in the published procedure.
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5.2.83 If an aircraft was attempting a published approach when the accident occurred, investigators should
attempt to examine the actual approach plate diagram being used by the crew, as there are several sources of published
approaches available. Published approaches are usually designed first by the State agency responsible for this action.
Commercially available approach diagrams utilize these as models, but no further flight testing is normally accomplished.
The commercial vendor may add data to the approach plate, or change how it is depicted.

Non-standard procedures

4.2.84 a) Noise abatement. Many airports have been encroached upon by the population to the extent that
airport management has been forced to require out-of-the-ordinary procedures in order to climb out or
arrive with the minimum of noise to the population below. This procedure normally calls for the crew,
once safely airborne, to abruptly climb in order to be above a pre-established altitude when departing
the airport boundaries. Similarly, a steeper than normal approach may be called for. Still others require
a turn, even at low altitude, to fly over less noise-sensitive areas. While these procedures make sense
in the normal operations world, an aircraft with an emergency may be placed dangerously close to its
safety margins. When the procedure becomes “standard” to a crew operating from the locale
repeatedly, the crew may continue to fly the procedure while dealing with a problem without
considering the effect of the emergency on the procedure. This is a function of awareness and
attention which is discussed under Human Factors in Chapter 16. For example, the crew of an aircraft
sustaining an engine failure after takeoff may deal with the engine failure while still pulling the aircraft
nose-up to follow a normal noise abatement takeoff procedure.

b) Course/clearance changes. In the course of flying either a published approach or departure, it is not
uncommon for an ATS controller to assign an aircraft a vector off the normal routing. Communications
should be evaluated if the accident occurred during this period. Accidents have been documented in
which the aircraft collided with terrain or obstacles due to the pilot relying on the ATS controller to
maintain both terrain, obstacle and traffic separation.

5.3 AERODROME FACILITIES

General

5.3.1 When an accident involves departure from, arrival at or when it occurs within the confines of an aerodrome,
the investigator needs to have the facilities evaluated for contribution to the accident sequence. Criteria established by
ICAO Annex 14 and State legislation are intended to make these facilities as safe as possible for operations of aircraft.
Deviations from established standards need to be evaluated in light of the accident. However, investigators should also
continue to evaluate the standards themselves in case they present some unacceptable risk to the aircraft or occupants.

5.3.2 Due to the continuing evolution of aerodrome standards, it is not always feasible for all airports to meet all
criteria. In some cases, deviations from standards are necessary for continued operation. Investigators should make
themselves aware of any deviations from standards, and the status of the airport in light of current standards. When
permanent hazards have not been corrected, or when decisions have been made to not comply with a specific standard,
the investigator must evaluate these conditions for adequacy.

5.3.3 As circumstances dictate, the investigator may have to examine and verify the condition and status of
many aerodrome facilities used by or available to the aircraft involved in the accident (see Annex 14).
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Runway in use

Runways

5.3.4 When the takeoff or landing is directly involved in the accident sequence, the investigator should evaluate
the following and their potential contribution to the accident sequence:

a)

dimensions (length and width) of runways, stopways, clearways, runway strips, runway end safety
areas (RESA), deceleration areas and shoulders;

location of threshold at the time of the accident;

1) this should address the intentional use of less than the full runway available; and

2) s the position visible from the tower (blindspots)?

runway markings including centre line, side stripe, and touchdown zone markings. Also examine
runway designation, threshold, fixed distance, and taxi-holding position markings. Notice should also
be taken of special markings such as land-hold short markings, acute angle taxiway lead-in lines,
runway displacement and/or relocation markings and any specialized markings for use during low-

visibility operations. e.g. Surface Movement Guidance and Control System (SMGCS);

runway signs including hold-position signs, ILS critical area signs, distance remaining signs and
destination signs, as appropriate;

Lighting;
1) approach (type, dimensions, colour, intensity);
2) VASIs, PAPIs and PLASI (check alignment);

3) runway edge, threshold, and end (colour, intensity and number and locations of inoperative
fixtures);

4) runway centre line and acute-angle taxi centre line (colour, intensity and number and locations of
inoperative fixtures);

5) runway touchdown zone, distance remaining marker illumination and locations, land-hold short
lighting; and

6) Runway environment and background lighting contrast including lighting distractions such as laser
lights or special events;

runway and/or runway end elevation(s) slopes, and gradients);

type(s) and descriptions of surface(s), concrete, asphalt, porous friction course, gravel, etc. Also
describe measurements, depths, and conditions of texture treatments for diminishing the effects of
hydroplaning, such as runway grooves and any friction treatments;

runway surface condition — describe levels, textures and dimensions of contaminants;

1) surface type;
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2) current condition (dry, wet, ice, snow, slush, etc.);

3) excessive rubber buildup;
4) presence of debris (potential for foreign object damage (FOD)); and
5) evaluate the frequency and adequacy of runway sweeping schedules;

i) texture and coefficient of friction measurement, conduct pavement texture measurements and
coefficient of friction evaluations in accordance with Airport Services Manual, Part 2, as appropriate,
utilizing approved continuous friction measuring equipment (CFME);

i) runway bearing strength;

k) aircraft arresting system (presence of military equipment on civil aerodromes and the effect of contact
with it);

I)  obstructions, construction hazards and frangibility. Describe protruding objects and/or ruts, ditches,
holes or depressions within or near safety areas and ascertain the degree of frangibility of near-
runway equipment or markings. Careful examination of frangible object support bases for erosion
which may render the base more of a hazard than the equipment mounted upon it;

m) work in progress (NOTAM or ATIS applicable); and

n) wildlife hazards — history and description of aerodrome programmes for reducing incursions with
aircraft by wildlife. Review relevant NOTAMs or ATIS, if any.

Alternative runways

5.35 Investigators should evaluate all runways available in light of the aircraft condition and the nature of the
emergency, if present. The assignment of the runway by a controller or the selection of a runway by the crew is
sometimes dictated by need, in which case it may be appropriate. In other cases, the assignment or selection was made
for convenience rather than with consideration of the actual requirements. Where pertinent, the factors listed above
should be used to evaluate alternative runways.

Taxiways

5.3.6 The route of taxi to/from an active runway should be evaluated. Similar to runways, the assignment or
selection of the route of taxi should be compatible with the aircraft and the circumstances. Dependent upon the nature of
the occurrence, some or all of the following items may be relevant:

a) bearing strength;

b) dimensional adequacy, shoulders;
c) markings;

d) lighting;

1) taxiway (centre line, edge, surface movement guidance and control and aerodrome sign
illumination, etc.);
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2) aerodrome lighting vaults and control tower lighting panels as appropriate;
3) aerodrome beacon; and

4) obstruction;

e) obstructions;
f)  current condition;
1) dry, wet, ice, snow, slush, etc.;
2) presence of debris (potential for foreign object damage (FOD)); and
3) evaluate the frequency and adequacy of runway sweeping schedules;
g) layout;
1) logical sequencing;
2) ground radar; and
3) blind spots;
h) type of surface and surface qualities; and
i) work-in-progress (NOTAM or ATIS applicable).
Apron or ramp
5.3.7 The condition of the aircraft parking area with regard for the requirements of the aircraft involved should be

evaluated. The following items may be relevant:

a)
b)

c)

d)

bearing strength;

condition;

markings;

1) signage;

2) ‘“red” zones;

3) FOD areas;

4) paintovers; and

5) nosewheel stop markings;

lighting (edge, floodlights, etc.);
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e) obstacles;

f)  jetways;

g) proximity to active runways;
h) vehicle operations;

i) high power areas; and

j)  blind spots.

Other aerodrome issues

Navigation aids (NAVAIDS)

5.3.8 The presence and location of navigation aids is frequently a factor in the successful (or unsuccessful)
departure or approach and landing. The compatibility of aircraft equipment with the NAVAIDS available sometimes
determines the selection of available runway or approach.

Air traffic control

5.3.9 While 5.2 deals specifically with the investigation of air traffic services, investigators should also investigate
the practices and procedures for ground movement. In some cases where air traffic services are limited or non-existent,
ground movement is not monitored by a controlling agency. In this case, pilots are responsible for movement and
clearance to and from active runways and for their own takeoff/landing clearance.

Communications

5.3.10 Communications between aircraft or between aircraft and air traffic services usually necessitates radio
transmissions. Several factors involving communications have been linked to accident factors and, therefore, should be
considered by investigators.

Common frequency

5.3.11 Complex operations sometimes involve communications between multiple controllers or agencies. Use of
multiple frequencies for different parts of the aerodrome as well as for different controllers complicates communications.
In some cases, air traffic communicated with a single controller on two separate frequency bands (VHF and UHF, for
example). This is sometimes the case with the presence of military traffic on civil aerodromes. In this case, each aircraft
overheard only one-half of the communications between an air traffic controller and another aircraft. This may lead to
confusion.

Single frequency approach

5.3.12 When handling an emergency aircraft, it has become increasingly useful to assign a single frequency to
the aircraft. Air traffic controllers utilize this emergency frequency as control of the aircraft is passed from one controller
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to another. This has demonstrated a simplification of procedure from the crew perspective. They are handling an
emergency condition and are less capable of making multiple frequency changes than the respective controllers enroute
to landing.

Language

5.3.13 ICAO standards require pilots and air traffic controllers to have a specified proficiency in English. However,
it is very common for communications in non-English speaking States to be in the native language. This has been found
to be a contributing factor in several aircraft accidents in which communications were not understood by the various
aircraft and controllers involved.

Emergency and rescue services

Civil aerodrome requirements

5.3.14 Annex 14, Chapter 9 identifies the basic requirements for Crash, Fire and Rescue (CFR) at civil
aerodromes. Some of these standards include:

a) fire-fighting service;
1) equipment;
2) personnel; and
3) training;
b) rescue service;
1) equipment;
2) personnel; and
3) training; and
c) water rescue capability, if appropriate to the aerodrome location.
5.3.15 Some of the recommended practices that are key to aircraft accident mitigation include:
a) category for CFR based on largest aircraft;
b) CFR response within two minutes of alarm to end of farthest runway;
C) emergency access roads maintained; and
d) discrete CFR communication system. This system should involve all responding agencies including
the air traffic control tower. However, it has been demonstrated that the ability of the CFR responders

to directly communicate with the aircraft is valuable and should be considered if survival is a factor in
the investigation.
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Mutual aid resources
5.3.16 Aerodrome CFR resources have been expanded by the inclusion of municipal and regional fire fighting and
rescue services. When these services are required by the nature of the accident and are available, it has been
demonstrated that post-accident response is improved. The following conditions should be investigated to ensure
mutual-aid CFR contributed to the overall effort:
a) agency alert and notification;
b) assembly points and routing;
c) compatibility of equipment with aircraft accident conditions;
1) fire fighting; and
2) communications;

d) training of mutual-aid CFR personnel; and

e) inclusion of mutual-aid in command and control assignments.

Documentation

5.3.17 Investigators should retrieve and examine the aerodrome documentation with regard to the above.
Included in this documentation should be:

a) AIP;

b) NOTAMs and current ATIS;

¢) Aerodrome Obstruction Chart (ICAO Type A);

d) adequacy of dissemination of pertinent information; and

e) aerodrome operator records (operations logs, NOTAMs, aerodrome inspection records, planning
documents and minutes, etc.).

5.4 ICING

General

5.4.1 Potentially hazardous icing conditions occur not only in flight but also on the ground prior to flight. Ice
accumulations on the order of a few thousandths of an inch on critical aircraft surfaces have been shown to significantly
reduce aircraft lift. It is essential that an aircraft be aerodynamically clean prior to takeoff. In recent years, a number of
aircraft accidents have been attributed to various aspects of aircraft icing. Large turbojet transport airplanes have not
experienced any significant safety problems during in-flight icing conditions; they have experienced a number of serious
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accidents during takeoff in ground icing conditions, such as snow and freezing drizzle. On the other hand, small general
aviation and commuter airplanes have experienced serious accidents resulting from ice accumulation during in-flight
operations as well as during takeoff in ground icing conditions.

5.4.2 As early as 1950, some States had established civil aviation regulations prohibiting take-off for aeroplanes
with frost, snow, or ice adhering to wings, propellers or control surfaces of the aeroplane. The effects of such icing are
wide- ranging, unpredictable and dependent upon individual aeroplane design. The magnitude of these effects is
dependent upon many variables, but the effects can be both significant and dangerous.

5.4.3 Wind tunnel and flight tests indicate that ice, frost or snow formations on the leading edge and upper
surface of a wing, having a thickness and surface roughness similar to medium or coarse sandpaper, can reduce wing
lift by as much as 30 per cent and increase drag by up to 40 per cent. These changes in lift and drag will significantly
increase stall speed, reduce controllability and alter aeroplane flight characteristics. Thicker or rough ice accumulation in
the form of frost, snow, or ice deposits can have increasing effects on lift, drag, stall speed, stability and control, but the
primary influence is surface roughness relative to critical portions of an aerodynamic surface. Ice on critical surfaces and
on the airframe may also break away during take-off and be ingested into engines, possibly damaging fan and
compressor blades. Ice forming on pitot tubes and static ports or on angle of attack vanes may give false attitude,
airspeed, angle of attack and engine power information for air data systems. It is therefore imperative that take-off not be
attempted unless it has been ascertained that all critical surfaces of the aeroplane, as well as all instrument probes, are
free of adhering snow, frost or other ice formations. This vital requirement is known as the “Clean Aircraft Concept”.

5.4.4 Most aeroplanes used in commercial air transport operations, as well as some other aeroplane types, are
certificated for flight in icing conditions. Aeroplanes so certificated were designed to have the capability to penetrate
supercooled cloud icing conditions and have demonstrated this in flight. This capability is provided either by ice
protection equipment installed on critical surfaces, such as the leading edge, or by demonstration that the ice formed,
under supercooled cloud icing conditions, on certain unprotected components will not significantly affect aeroplane
performance, stability and control. Ice, frost and snow formed on these surfaces on the ground can have a totally
different effect on aeroplane flight characteristics than ice formed in flight. Exposure on the ground to weather conditions
that are conducive to ice formation can cause accumulation of frost, snow or ice on areas of the aeroplane where the ice
protection provided is designed for in-flight use only. In addition, aeroplanes are considered airworthy and are
certificated only after extensive analyses and testing have been accomplished. With the exception of analyses and
testing to ascertain the flight characteristics of an aeroplane during flight in icing conditions, all analyses and certification
testing are conducted with a clean aeroplane flying in a clean environment. If ice formations other than those considered
in the certification process are present, the airworthiness of the aeroplane may be invalid and no attempt should be
made to fly the aeroplane until it has been restored to the clean configuration.

545 Common practice developed by the aviation industry over many years of operational experience is to de-
ice/anti-ice an aeroplane prior to take-off. Various techniques for ground de-icing/anti-icing aeroplanes were also
developed. The most common of these techniques is the use of FPD fluids to aid the ground de-icing/anti-icing process
and to provide a protective anti-icing film to delay the formation of frost, snow or ice on aircraft surfaces.

5.4.6 When conditions existed at the time of the accident that indicate a ground de-icing/anti-icing procedure
should have taken place, investigators should evaluate the adequacy of these procedures and the actual de-icing that
took place.

Ground icing

5.4.7 Research has concluded that fine particles of frost no bigger than a grain of salt and distributed as sparsely
as one grain per square centimetre can destroy enough lift to prevent the aircraft from taking off.



111-5-38 Manual of Aircraft Accident and Incident Investigation

5.4.8 Frost can accumulate on the aircraft surfaces when the surface is below the freezing temperature and
there is enough moisture in the air to cause the water vapour to sublimate directly out of the air, forming small crystals of
ice. Ice can form even when the Outside Air Temperature (OAT) is well above 0°C (32°F). An aircraft equipped with wing
fuel tanks may have fuel that is at a sufficiently low temperature such that it lowers the wing skin temperature to below
the freezing point. This phenomenon is known as cold-soaking. This situation can also occur when an aircraft has been
cruising at high altitude for a period of time followed by a quick descent to a landing in a humid environment. Liquid
water coming in contact with a wing, which is at a below-freezing temperature, will then freeze to the wing surfaces.

5.4.9 Cold-soaking can also be caused by fueling an aircraft with cold fuel. If there is rain or high humidity, ice
can form on the cold-soaked wing and accumulate over time. This ice can be invisible to the eye and is often referred to
as clear ice. Sheets of clear ice dislodged from the wing or fuselage during takeoff or climb can be ingested by aft
fuselage-mounted engines, thereby causing a flameout or damage. Sheets of dislodged clear ice can also cause impact
damage to critical surfaces such as the horizontal stabilizer.

5.4.10 Frost may form selectively on the airplane, accumulating on some surfaces while ignoring others. Most
pilots know that if an airplane is left on the ramp during a subfreezing night, when there is sufficient moisture in the air,
frost will appear in the early morning on the upper surfaces of the airplane. The upper surfaces radiate heat into the
black night sky while the lower surfaces have radiant heat re-radiated back to the airplane from the tarmac.

Precipitation which freezes to the upper surfaces of the airplane

5.4.11 Freezing rain is supercooled water which freezes as soon as it makes contact with a surface which is at or
below water’s freezing temperature. Although it provides a relatively smooth coating on the surface, variations in the
surface can seriously degrade the aerodynamic performance of airfoils, decreasing its lift/thrust-producing capabilities
while increasing drag. Freezing rain is a hazard both on the ground and in the air. While in the air it strikes first on
leading edges, and normally freezes while it flows back with the airstream. On the ground, the flow is downward.

5.4.12 In addition to modifying airfoil aerodynamics characteristics, freezing rain can increase aircraft weight, jam
flight controls and hamper the pilot’s visibility. Although dry snow should blow off an aircraft as soon as it gains sufficient
airspeed, snow which has melted and then refrozen is a much more serious issue. lts irregular shape can seriously
disrupt the airflow over airfoils, decreasing lift and increasing drag. The temperature of fuel in an aircraft’s wings can also
be a factor in the formation of ground ice. If the fuel temperature is below freezing the upper and lower wing skins can be
cooled to sub-freezing temperatures even though the ambient air temperature is above freezing. If liquid water comes in
contact with this sub-freezing structure, a flat thin slab of ice can form.

Consequences of frost on airplane airfoils

5.4.13 Although the effects of frost accumulation on the lift-producing surfaces are not as significant as the effects
of the formation of ice, even a small amount of frost can have a pronounced affect on their ability to produce lift and can
also create drag. The rough surface of frost can greatly affect the nature of the boundary layer, slowing it and increasing
its thickness. Airflow separation will occur at lower than normal angles of attack and coefficients of lift will be reduced at
high angles of attack. The formation of a hard layer of thick frost on the leading edges and upper surfaces of a wing
have been reported to reduce maximum coefficient of lift by as much as 50 per cent.

5.4.14 Stall induced by frost will also occur at lower than normal angles of attack. Thus not only will stall speeds
increase, the accuracy of stall warning devices, which depend on either airspeed or angle of attack, will be degraded.

5.4.15 It is possible for an accumulation of frost to cause the wings to stall when a pilot attempts to take off at
normal takeoff speed. Even worse, it can cause the aircraft to roll rapidly and impact the ground at an attitude which
decreases the chances of crew or passenger survival.
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Effects of freezing rain or snow on airplane airfoils

5.4.16 Freezing rain or frozen snow on the upper surface of a wing can cause an even greater effect (than frost)
on the lift and drag producing abilities of a wing. In addition, the ice can add a significant amount of weight to the aircraft,
weight that was not accounted for when computing the takeoff roll, takeoff speed, and initial climb speed. Ice can also

freeze in the gaps and recesses of the primary and/or secondary flight controls, restricting their movement. Furthermore,
ice can freeze over unheated pitot static ports, denying information to the aircrew and systems which need them.

The clean aircraft concept
5.417 During conditions conducive to aeroplane icing during ground operations, take-off shall not be attempted
when ice, snow, slush or frost is present or adhering to the wings, propellers, control surfaces, engine inlets or other

critical surfaces

5.4.18 A large number of variables can influence the formation of ice and frost and the accumulation of snow and
slush causing surface roughness on an aeroplane. These variables include:

a) ambient temperature;

b) aeroplane skin temperature;

c) precipitation rate and moisture content;

d) de-icing/anti-icing fluid temperature;

e) the fluid/water ratio of the de-icing/anti-icing fluid;
f)  relative humidity; and

g) wind velocity and direction.

5.4.19 They can also affect the de-icing capabilities of de-icing fluids and the anti-icing capabilities of anti-icing
fluids. As a result, a well-defined time for the protection provided by an anti-icing fluid cannot be established.

5.4.20 Numerous techniques for complying with the Clean Aircraft Concept have been developed. Proper and
adequate de- icing, followed by an application of appropriate anti-icing fluid, provides the best protection against
contamination. A visual or physical check of critical aeroplane surfaces to confirm that the treatment has been effective
and that the aeroplane is in compliance with the Clean Aircraft Concept must be carried out.

De-icing and anti-icing methods

5.4.21 A primitive method of ground removal of snow and ice is to sweep off what is loose and then scrape off
what is frozen to the surface. Another method of preventing the accumulation of frost, freezing rain or snow on an
aircraft is to keep the aircraft protected from the elements until just prior to its use, e.g. storing the aircraft inside a
hangar. However if the hangar is unheated or if the aircraft remains outside long enough in subfreezing temperatures,
frost can form on airfoil surfaces and melted snow can refreeze both on airfoils and within the gaps in controls.

5.4.22 The most common method of removing ice or snow from large commercial aircraft is the use of a de-icing
and/or an anti-icing fluid. De-icing fluid is used to remove accumulated snow and ice from the surface of an aircraft.
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Anti-icing fluid, however, is used to prevent or delay the accumulation of snow or ice on an already clean aircraft. Both
use a glycol-based Freezing Point Depressant (FPD) in solution to produce a fluid with a freezing temperature below the
ambient temperature and the aircraft surface temperature.

5.4.23 The addition of glycol decreases the freezing point of a water solution when in either the liquid or crystal
phase. As ice melts into the FPD solution, its strength is weakened and the freezing point of the FPD solution will slowly
rise toward water’s normal freezing temperature.

5.4.24 It should be noted that the relatively high speed, low static pressure airflow over the wing at the high angle
of attack associated with takeoff and initial climb is accompanied by a significant decrease in ambient temperature. This
may cause freezing of water on the wings’ upper surface, water which was just above freezing and was not blown off the
wing during the takeoff roll.

5.4.25 Climbing to altitude as well as absorption of additional freezing precipitation also have the potential to
reduce the temperature of the FDP solution to below freezing. Ground de-icing is not intended to provide any protection
from ice accumulation once the aircraft is in flight.

5.4.26 De-icing/anti-icing is generally carried out by using heated fluids dispensed from spray nozzles mounted on
specially designed de-icing/anti-icing trucks. Other methods include de-icing/anti-icing gantry spraying systems, small
portable spraying equipment, mechanical means (brushes, ropes, etc.), infra-red radiation, and forced air.

5.4.27 De-icing/anti-icing fluids are applied close to the skin of the aeroplane to minimize heat loss. Unique
procedures to accommodate aeroplane design differences may be required.
De-icing and anti-icing checks
5.4.28 The pilot-in-command is responsible for ensuring that the aeroplane complies with the Clean Aircraft
Concept prior to take-off. Certain checks are required before an aeroplane can be safely dispatched. These checks can
be grouped under three main headings:

a) checks prior to the application of de-icing/anti-icing fluids;

b) checks after the application of de-icing/anti-icing fluids; and

c) special checks i.e. following a delayed departure or weather change.

De-icing and anti-icing fluids

5.4.29 The basic function of de-icing/anti-icing fluids is to lower the freezing point of freezing precipitation as it
collects on the aeroplane and thus delay the accumulation of ice, snow, slush or frost on critical surfaces. De-icing/anti-
icing fluids are classed as Type |, Il, lll and IV. Type | fluids have a relatively low viscosity which changes mainly as a
function of temperature. Type Il, lll and IV fluids, however, contain a thickener system and have, therefore, a higher
viscosity which changes as a function of shear force, fluid/water ratio and fluid temperature. Type Il, lll and IV fluids have
better anti-icing properties than Type | fluids.

5.4.30 All de-icing/anti-icing fluids must meet the use criteria established by the operator, fluid manufacturer and
aeroplane manufacturer and must also be manufactured in accordance with ISO specifications.
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Type I fluids
5.4.31 Type | fluids are available in concentrated or diluted (ready-to-use) forms. Concentrated Type | fluids

contain a high percentage of glycol (i.e. ethylene glycol, diethylene glycol, or propylene glycol or a mixture of these
glycols). The remainder consists of water, corrosion inhibitors, wetting agents, anti-foaming agents and sometimes dye.

5.4.32 Type | fluids must be heated to provide an effective de-icing capability. Concentrated Type | fluids must be
diluted with water to achieve a freezing point that is in accordance with the appropriate application procedure. Due to
aerodynamic performance and/or freezing-point considerations, Type | fluids as applied are often further diluted for
application.

Type I, lll and 1V fluids

5.4.33 Type Il and IV fluids are available in diluted and undiluted forms. Undiluted Type Il and IV fluids contain a
significant amount of ethylene glycol, diethylene glycol or propylene glycol. The remainder of the mixture is water, a
thickener, corrosion inhibitors, wetting agents and sometimes dye. The high viscosity of the fluid, combined with the
wetting agents, results in a thick coating when sprayed on the aeroplane. To provide maximum anti-icing protection,
Type Il and IV fluids should be used in an undiluted condition. Type Il and IV fluids, however, are also used in a diluted
condition for de-icing/anti-icing applications at the higher ambient temperatures and low precipitations. For de-icing
purposes, the fluid must be heated.

5.4.34 Type Il fluid can be a diluted Type Il or IV fluid that meets the performance aerodynamic test for turbo
propeller-driven aeroplanes.

5.4.35 Type Il, lll and IV fluids have high viscosity, resulting in @ much thicker coating of fluid on the wings than
Type |. The airflow during the take-off roll exposes these fluids to a shear force that causes a loss of viscosity, thereby
allowing the fluid to flow off the critical portion of the wings prior to rotation.

5.4.36 Falling precipitation will steadily dilute all types of anti-icing fluids until either the fluid coating freezes or
frozen deposits start to accumulate. By increasing the viscosity of the fluid (as in Type Il or V), a higher film thickness
and, hence, a greater volume of fluid can be applied. The greater volume of fluid can absorb more freezing precipitation
before its freezing point is reached and therefore its holdover time is increased. This protective advantage becomes
important during freezing precipitation conditions when longer taxi times are expected. In general, Type IV fluids provide
longer protection than Type Il or IlI fluids.

5.4.37 Under no circumstances shall an aeroplane that has previously been anti-iced receive a further coating of
anti-icing fluid directly on top of the contaminated film. When it becomes necessary to apply another coating of anti-icing
fluid, the aeroplane surfaces must first be de-iced before the final coating of anti-icing fluid is applied.

Handling of de-icing and anti-icing fluids

5.4.38 All fluids must be handled in accordance with fluid manufacturers’ recommendations, health and
environmental regulations, and operator requirements.

5.4.39 The protective properties of Type I, lll and IV fluids will be degraded when the fluid is subjected to
contamination, improper transportation or storage, excessive heating or when exposed to excessive shear forces during
fluid transfer or use.

5.4.40 Quality control methods for handling de-icing/anti-icing fluids, as specified in the approved operator
programme, must be strictly followed at all times.
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Holdover times

5.4.41 Holdover time (HOT) is the estimated time the anti-icing fluid will prevent the formation of ice and frost and
the accumulation of snow on the protected (treated) surfaces of an aeroplane. These holdover times are generated by
testing fluids under a variety of temperature and precipitation conditions simulating the range of weather experienced in

winter.

5.4.42 Numerous factors that can affect the de-icing/anti-icing capabilities and holdover times of de-icing/anti-icing
fluids have been identified. These factors include, but are not limited to:

a) type and rate of precipitation;

b) ambient temperature;

c) relative humidity;

d) wind direction and velocity;

e) aeroplane surface (skin) temperature; and

f)  de-icing/anti-icing fluid (type, fluid/water ratio, temperature).
As a result, a well-defined time for the protection provided by an anti-icing fluid cannot be established.
5.4.43 The operator should publish the holdover times in the form of a table or diagram to account for the various
types of ground icing conditions that may be encountered and the different types and concentrations of fluids used. A
range of holdover times for a particular condition is recommended to account, to some degree, for the variation in the
existing local meteorological conditions, particularly the aeroplane skin temperature and the rate of precipitation being

encountered.

5.4.44 At the completion of aeroplane de-icing/anti-icing, the pilot-in-command will be provided with the following
information:

a) fluid type;

b) fluid/water ratio (Type II, lll or IV only);

c) start time of the final anti-icing application; and

d) confirmation that the aeroplane is in compliance with the clean aircraft concept.
This basic information will assist the pilot-in-command in estimating an appropriate holdover time from the range
provided in the operator’s table. The holdover time begins with the start of the final de-icing/anti-icing application and
ends after an elapsed time equal to the appropriate holdover time chosen by the pilot-in-command.
Updating of holdover time guidelines and de-icing/anti-icing procedures
5.4.45 Holdover times and de-icing/anti-icing procedures are continually updated by an international group of
experts under the auspices of the SAE G-12 Committee on Aircraft Ground De-icing/Anti-icing through its Hold-over

Time Subcommittee. This group of experts is composed of representatives of the world’s airlines, anti-icing fluid
manufacturers, aircraft manufacturers, aviation regulatory authorities and research organizations.
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5.4.46 De-icing/anti-icing fluids are qualified to the appropriate specification by certified laboratories. Qualified
fluids are tested jointly by the United States Federal Aviation Administration (FAA) and Transport Canada to establish
the fluid endurance time data, from which the holdover time guidelines are generated by the Holdover Time
Subcommittee. The de-icing/anti-icing procedures are developed by the Methods Subcommittee who recommend their
approval. The holdover time guidelines and procedures are approved for use by the SAE Aerospace Council. The
approved documents are published by:

a) Transport Canada in an Advisory Circular;

b) the United States Federal Aviation Administration in a Flight Standards Information Bulletin for Air
Transportation (FSAT);

c) the SAE in Aerospace Recommended Procedure ARP 4737; and

d) thelSOinISO 11076.
5.4.47 The FAA and Transport Canada publications are published annually and are usually available prior to the
start of winter in the northern hemisphere. The SAE and ISO publications appear later. The FAA and Transport Canada
also publish a list of the qualified de-icing/anti-icing fluids, together with holdover time guidelines for specific fluids that
have superior performance to the generic tables.

5.4.48 Following are websites where information on de-icing and anti-icing can be found:

a) FAA: www.faa.gov/about/office org/headquarters offices/avs/offices/afs/afs200/

b) Transport Canada: www.tc.gc.ca/CivilAviation/commerce/HoldoverTime/menu.htm
and www.tc.gc.ca/tdc/projects/air/f/tables.htm

c) Society of Automotive Engineers: www.sae.org

d) Association of European Airlines: www.aea.be/press/publications

e) ICAO: www.icao.int/groundice

The ICAO site provides links to other sites where up-to-date information can be obtained. Furthermore, search engines
on the internet are useful to find up to date information on de-icing by typing “de-icing” or “hold over time” in the search
field.

Investigating accidents in which ground icing is a suspected factor

5.4.49 Potential effects of frost contaminants on critical airplane surfaces or equipment should be evaluated when
degraded performance, stability or control of an aircraft shortly after takeoff is coupled with freezing or subfreezing
temperatures and small temperature dew-point spreads or standing water or slush. The investigation should include the
items listed below.
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Inspections used to determine the need for de-icing and anti-icing
5.4.50 Some of the factors to be examined in this include:

a) existence of formal procedures;

b) adequacy of procedures to detect icing in critical areas;

c) visibility of critical areas to include the effects of adequacy of lighting, viewing angles and reduced
visibility from inside the cabin due to wet and/or scratched windows; and

d) training of ground and flight crew performing the inspections.

Procedures used to de-ice and anti-ice the aircraft
5.4.51 Some of the factors to be examined in this area include:
a) the existence of formal procedures for de-icing and anti-icing the aircraft; and
b) compliance with procedures for de-icing and anti-icing the aircraft including the sequence followed to
de-ice and anti-ice the various surfaces, avoidance of surface areas which should not be exposed to
anti-icing fluids, training of ground crews in de-icing and anti-icing procedures and communication of
critical information concerning de-icing or anti-icing to the flight crew.
The type of fluid and concentrations in the solution used to de-ice and anti-ice the aircraft
5.4.52 Some of the factors to be examined in this area include:

a) procedures to ensure the quality of the fluids being used; and

b) procedures to ensure the accuracy of the mixtures used in the solutions applied to the aircraft.

The amount of additional frozen contaminants which the airplane could have collected prior to takeoff
5.4.53 Some of the factors to be examined in this area include:

a) the type, temperature and the rate of the frozen precipitation accumulating/collecting on the aircraft
surfaces;

b) the length of time from the beginning of the de-icing or anti-icing procedures performed on the aircraft;
and

c) other factors which could affect the collection of additional frozen contaminants on airplane surfaces
i.e. wind direction and velocity, cloud cover/sunlight, influence of jet exhausts on melting and freezing
of dry snow, presence of surface water which could splash/be blown into critical areas, use of reverse
thrust which could blow contaminants onto or melt dry snow on critical areas.
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The criteria used by the ground and flight crews to determine that the aircraft
was still free of frozen contaminants prior to takeoff

5.4.54 Some of the factors to be examined in this area include:
a) existence of criteria for determining the need for additional de-icing or anti-icing;
b) adequacy of criteria for determining the need for additional de-icing or anti-icing;
c) adequacy of ground and flight crew training on need for additional de-icing or anti-icing; and

d) implementation of procedures for determining the need for additional de-icing or anti-icing.

In-flight icing

5.4.55 In flight icing can be divided into two types: structural and engine ice. Structural ice degrades the airplane
performance when supercooled water droplets impinge on aircraft surfaces. Ice build-ups can then degrade lift
production, increase drag, reduce propeller efficiency, increase airplane weight and, if shed by the structure on which it
forms, cause damage to systems or structure. Engine ice can degrade thrust or power production by the power plant by
starving it of air.

Structural icing

5.4.56 The hazards associated with in-flight structural icing can be divided into two general areas; aerodynamic
factors and system operations. Of the two, aerodynamic factors is probably the most obvious. Aircraft in flight are acted
on by three forces: the aerodynamic force, thrust and weight. Icing in-flight can affect all three. In addition, in-flight icing
can dramatically influence the pitching moments generated by the airflow over aircraft surfaces. If de-icing or anti-icing
equipment is not available or used, flight into icing conditions can degrade the performance of various aircraft systems.
Some of the more obvious are the engine and the pitot static system. In addition, the performance of communication and
navigation systems which rely on external antennas can also be influenced by the presence of ice. Furthermore,
structural icing on windscreens can degrade the flight crew’s view of the external environment.

5.4.57 Direct evidence of in-flight icing is extremely volatile. By the time the investigators arrive on scene, the ice
will most probably have disappeared due to natural melting or sublimation, accelerated melting in a post-crash fire, or
separation from the structure during the ground impact. Because of the fleeting nature of this evidence, investigators
need to have a good understanding of when in-flight icing can occur and how it can effect an aircraft and its systems.

5.4.58 Two conditions are necessary for structural ice to form on the exterior of an in-flight aircraft. First, there
must be liquid moisture in the air. Second, ambient air and aircraft surface temperatures must be below freezing.
Although water can remain a liquid as low as minus 40°C, most icing occurs between minus 20°C and 0°C. There are
two typical environments which satisfy these requirements: freezing rain or drizzle and supercooled droplets of liquid
water. The freezing rain or drizzle can most often be found in the clear air of a cold air mass which is below an overriding
warm air mass. These conditions can be found along the cold side of a warm front or occasionally behind a slow moving
cold front. Supercooled water droplets are found in clouds, in fact they are clouds. The supercooled droplets range in
size from 5 to 50 microns and are associated with cumuliform clouds or dense layers of nimbostratus clouds. The larger
droplets are associated with cumuliform clouds while the nimbostratus clouds yield smaller droplets. The size and
temperature of the water droplet determines the rate at which it transitions from liquid water to crystalline ice; the smaller
and colder, the faster the transition; the larger and warmer, the slower the transition. The size and temperature of the
droplets is also a factor in determining whether the water freezes into a relatively rough surfaced, opaque and milky
appearing rime ice, or a relatively smooth and translucent clear ice, or a mixture of the two.
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5.4.59 Rime ice is normally associated with small, very cold droplets which freeze immediately on contact with the
airplane surface. Rime ice tends to accumulate first at leading edge stagnation points and is primarily confined to the
leading edges of the structure. If allowed to build up to any significant amount, the rough shape tends to distort the
design shape of aerodynamic structures, greatly altering the intended airflow around the structure. Because of air which
is entrained in the ice, rime ice is “milky” in colour, has a lower density and is generally weaker than clear ice.

5.4.60 Clear ice is normally associated with larger droplets which are at or just a few degrees below freezing.
Because these droplets take longer to freeze, they can flow from the airplane’s leading edges as they freeze. This forms
a sheet of ice which closely conforms to the original shape of the surface. Because of the larger droplet size and the
greater liquid water content associated with the environment in which clear ice forms, it does not entrain air, it has a
higher density than rime ice and is also stronger.

5.4.61 The rate at which ice accumulates on an aircraft varies with the size of the liquid water droplets, the
amount of liquid water per unit volume of air, the speed at which the airplane surfaces are moving through the air, and
the size of the leading edge of the surface moving through the air. Smaller droplets tend to follow the airstream and most
pass over the aircraft surfaces. The momentum of larger droplets impedes their movement with the air and they collide
with the aircraft surfaces.

5.4.62 There are no requirements to certify an aircraft in freezing rain. The more droplets in a cubic foot of air, the
more will collide with the aircraft surfaces. Furthermore, the faster an aircraft moves, the greater volume swept out by
the surfaces. This factor has some limits, however. As aircraft move faster, the leading edges of their surfaces are
heated by the compression of the air near the stagnation points. This can heat the surfaces to temperatures where ice
cannot form. Finally, thin structures tend to produce the least disturbance of air in front of them, so the droplets have
less opportunity to be carried by the airflow out of the way of oncoming surfaces. Ice will therefore collect fastest on the
thinnest structures such as wire antennas, temperature probes and pitot tubes; slightly thicker objects, such as struts
and horizontal and vertical stabilizers, will collect ice more slowly and on the thickest structures, including wing and
fuselage leading edges, engine nacelles, and propeller leading edges, ice will collect most slowly.

5.4.63 There can be synergistic effects when two or more factors combine. For instance, aircraft propellers move
much faster than the aircraft itself. They are sweeping out a large volume of air and are relatively thin. They contact
more water droplets and may therefore accumulate ice faster than other surfaces. Pilots looking out at an easily
observable leading edge of a wing may be fooled into believing that the accumulation there is representative of
accumulations elsewhere. In fact, considerably more ice may have formed, for example, on the leading edge of the
horizontal tail, a condition which is more critical than ice on the wings when it comes to landing.

5.4.64 When low wing aircraft fly at high angles of attack, clear ice can collect on lower wing surfaces where it is
out of sight of the pilot.

Hazardous effects of structural in-flight icing

5.4.65 The aerodynamic effects of in-flight structural icing are primarily a leading edge problem. The shape of the
leading edge ice will depend on the temperature and size of the water droplets and the temperature of the surface onto

which they freeze.

a) Two ragged ridges of ice form when large water droplets freeze on leading edges at -1°C to -4°C.
Aerodynamically, this shape has the most severe effects on airfoil performance.

b) A single ragged ridge of ice forms when smaller water droplets freeze almost immediately on leading
edges at -4°C to -10°C. This shape has severe effects on the airfoil’s performance.
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c) A frost-like ridge of rime ice forms along the stagnation point when very small water droplets freeze on
contact with leading edges at temperatures below -10°C. This shape has severe effects on the airfoil’'s
performance.

d) When large water droplets freeze slowly, flowing aft before freezing, a smooth surface of clear ice
forms on the surface. This shape has the smallest effect on the airfoil's aerodynamic performance.

5.4.66 The shape of the clear ice which forms at or just below freezing temperatures follows the structure’s shape
closely and therefore does not have a pronounced affect on aerodynamics. However, since it is denser and accumulates
at a faster rate, it can add significant weight to the aircraft, increasing induced drag and slowing the aircraft. In addition, it
can cover antennas and radome, interfering with transmission and reception, and break off in sheets which will be
carried aft and can cause damage.

5.4.67 Aerodynamically, the double horn shape will have the greatest impact. It can cause the greatest decrease
in the coefficient of lift (and therefore stall speed), and the largest increase in parasite drag. This shape can also cause
the stall to be more abrupt. A small increase in angle of attack will produce a large increase in coefficient of lift. It can
also cause an asymmetric stall: one wing stalled while the other is not. The single horn formation, which occurs at
slightly lower temperature, and the more classic rime ice formation, which occurs at even lower temperatures will, to a
lesser degree, cause a reduction in maximum coefficient of lift and an increase in drag.

5.4.68 As mentioned earlier, ice can accumulate rapidly on propellers, decreasing both propeller efficiency and
thrust. In addition to the hazards associated with loss of thrust, it is likely that ice will be shed from the propellers
asymmetrically. The resulting vibrations and pounding of the shed ice on the fuselage will, at the very least, be
disconcerting to the crew and passengers. At worst, the vibration could cause damage to the engine and its mounts.

5.4.69 The formation of structural ice on lifting surfaces can adversely affect aircraft stability, the most dramatic
effect of which is the stall of the horizontal tail. Lift generated by the horizontal tail (which is in the downward direction)
balances the weight of the airplane whose centre of gravity is located forward of the wing’s centre of lift. If the horizontal
tail's angle of attack exceeds its stall angle of attack, the horizontal tail will stall, the balance is upset and nose will pitch
down. If the nose down pitching is not arrested, the airplane’s attitude can quickly reach vertical. If the tail stall occurs
while the airplane is making its approach to landing, collision with the ground at an extremely nose-low attitude and at a
speed well above stall speed is likely.

5.4.70 One condition which can increase the probability of a horizontal tail stall because of ice on leading edges is
the lowering of wing flaps. When wing flaps are lowered, the downwash angle behind the wing will normally increase,
which increases the angle of attack of the horizontal stabilizer. Not all airplanes are equally susceptible to tail stalls. The
effect of the downwash on the tail is a function of the wing and horizontal tail locations. High wing, low tail configurations
are more likely to place the horizontal in the wing’s downwash. Low wing, high tail (“T” tail) configurations are less likely
to have the horizontal tail in the wing’s downwash.

5.4.71 There are other ways the horizontal tail's angle of attack can be increased beyond its stall angle of attack.
If the wing’s angle of attack is increased to high coefficient of lifts, its downwash angle will increase, increasing the
horizontal tail's angle of attack. Flying at high speeds will also increase the horizontal tail's angle of attack as the
airplane flies at lower pitch attitudes. Since a wing with a positive camber will develop a nose-down pitching moment
which increases as a function of dynamic pressure, the downward lift produced by the tail must steadily increase as
speed increases.

5.4.72 One other factor which influences the hazards associated with the stall of the horizontal tail is the change
in the pressure pattern on the horizontal tail when it stalls. The pressure pattern will change so that the aerodynamic
pressure over the tail will naturally cause the elevator to want to move toward the trailing edge down position. For
hydraulically powered flight control systems which do not allow forces on the control surfaces to cause movement of the
control surface, this does not pose any additional problems. The elevator is locked in position by the hydraulic actuator.
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However, in aircraft with non-powered systems, the pressures on the elevator can be strong enough to over-power the
efforts of the pilot, forcing the yoke to the full forward position. Unless the crew is able to return the yoke to the nose-up
position, safe recovery is unlikely.

5.4.73 Some of the questions which need to be answered following an accident caused by leading edge ice-
induced stalling of the horizontal tail include the failure of the crew to both detect and eliminate tail ice and the extent of
the crew’s knowledge of the hazards associated with tail icing.

5.4.74 Wing frost and ice on the upper surfaces of swept wing aircraft will increase the thickness and reduce the
energy of the boundary layer air as it naturally tends to move outboard. The thickened, low energy boundary near the
wing tips will tend to stall sooner than normal. If the wing tips stall before the rest of the wing, the centre of lift will tend to
move forward, causing a nose-up pitching moment just when it is not needed: during the stall.

5.4.75 Structural icing has also led to problems with the crew’s movement of flight controls. Surface contamination
can freeze in locations which prevent surface movement. This can be caused by ice which formed on the ground, liquid
water which collected on the ground but froze in flight or ice which melted on the leading edge but flowed back and re-
froze. Water which freezes inside flight controls can also upset the mass balancing necessary to prevent flutter. Water
trapped internally in unheated flight cable or actuator areas can freeze in-flight causing flight control malfunctions.
Furthermore, wheel brakes can accumulate water or slush, which can freeze at higher altitudes. This can cause the
wheels to lock in position, causing them to blow out on touchdown.

Engine ice

5.4.76 In addition to the structural type of icing which can degrade the thrust producing lift of propellers, icing can
interfere with a reciprocating engine’s induction system or damage critical components in a turbo-jet engine. Aircraft
engine icing is normally divided into two subcategories: induction icing and intake icing. Induction icing refers to ice
which develops within a reciprocating engine’s carburettor when cooling associated with the venturi effects and fuel
evaporation causes condensation and freezing or deposition. This type of icing occurs most commonly in clear air and at
ambient air temperatures well above freezing. It requires neither liquid water in the atmosphere or freezing ambient
temperatures.

5.4.77 Intake icing is a specific type of structural ice which forms on the air inlets of either reciprocating or jet
engines. Both types of engine icing can block the engine’s air supply, reducing power or thrust available. In addition,
inlet ice on jet engines can break off, damaging compressor blades.

5.4.78 Loss of power by a reciprocating engine can be caused when ice forms in the induction system, blocking
the source of air to the engine. Although this blockage can occur in atmospheric conditions similar to those which allow
structural ice to form, induction icing can also occur in clear air and when temperatures are well above freezing
conditions. Significant ice can occur when supercooled water makes contact with components of the engine air induction
system which are cooled to below freezing temperatures. This requires the same condition which fosters the growth of
structural ice. In fact, it is structural ice that forms in areas which block the flow of carburettor air to the engine. This ice
can form on the air inlets, air filters, and on the structural components within the induction system or where increases in
local velocity cause a drop in local ambient static pressure and an associated drop in temperature. If the drop in
temperature is greater than the temperature-dew point spread, moisture in the air will condense. If the temperature of
the surface is below freezing, the moisture can either freeze when it contacts the surface or form directly out of the air as
frost. This can occur in the carburettor’s venturi or around a partially closed throttle valve. The more the valve is closed,
the greater the velocity necessary to keep a constant mass rate of airflow. A fully open throttle valve produces little
temperature drop. Maximum temperature drops from the venturi effects are normally small (in the area of 5°C) but can
allow ice to form when inlet temperatures are slightly above freezing. A much greater drop in temperature is associated
with the evaporation of fuel where it is introduced into the carburettor. The energy necessary to turn the liquid fuel into its
gaseous form is absorbed from the air, cooling it as much as 20° to 40°C. Again, if the temperature-dew point spread is



Part Ill.  Investigation
Chapter 5.  Aircraft Operating Environment 111-5-49

sufficiently small, water vapour in the air will condense. If the temperature is below freezing, ice will form on structures
within the induction system. As the passage for the fuel-air mixture to the engine becomes smaller, the power output of
the engine is decreased. Manifold pressure and, for aircraft with fixed-pitch propellers, RPM will drop.

5.4.79 The engine can also begin to run rough. As ice continues to grow, the opening for passage of the fuel-air
mixture can change sufficiently to preclude engine operation and the engine will quit. The evidence concerning the
existence of engine icing is primarily circumstantial. Weather forecasts and observations, especially those by pilots flying
airplanes with similar engine configurations, may provide evidence concerning the possibility of engine ice. However, the
location of the induction system on the engine can affect the temperature of the induction air, and variances between
engine types as well as engine operating conditions can spell the difference between ice and no ice. When investigating
potential induction icing accidents, the availability and use of anti-ice features such as carburettor heat (for venturi,
evaporation and impact ice within the induction system) and alternate air sources (for impact ice on induction air inlets
and filters) should be examined. The position of cockpit controls and the mechanical devices they operate need to be
determined and documented. Functional checks, where possible, should also be performed. The assistance of an
engine technician, experienced in the specific engine type and installation involved is vital. There are also a number of
carburettor ice (venturi and evaporation) detection systems on the market. If one of these systems was installed, its
operational status and any post-crash indications of the existence of ice should be ascertained.

5.4.80 In-flight ice affects jet engines differently than reciprocating engines. For the most part, the problems
involve damage to rotating components or disruption of the airflow through the engine and accompanying engine stalls
or stagnations. Structural ice which forms ahead of or in the inlets can be shed in slabs which, if they enter the engine,
can cause damage to the engine and loss of thrust. In addition, if the slabs disrupt the airflow across the compressor
face, compressor stall, which results in engine flameouts or stagnation, can also occur. The formation of ice on inlet
guide vanes, stators, and compressor blades can result in reduced clearance and interference damage. Post-crash
evidence may include FOD-type damage. Engine stagnation can lead to excessive temperatures in the engine’s turbine
section and associated heat damage. Finally, modern jet engines rely on pitot-static pressure information from the
engine inlet. If the sources of this pitot-static pressure information are iced over, engine operation and thrust output can
be affected. Evaluation of FDR and CVR data may provide clues concerning engine RPM, thrust produced and
operation of de-ice or anti-ice systems.

5.4.81 When compared to other leading edge surfaces on the airplane, the leading edge of engine inlet ducts and
inlet guide vanes are relatively thin and therefore relatively good ice collectors. In addition, the low static pressures in the
engine inlets will be accompanied by lower than ambient temperatures. If small ambient temperature-dew point spreads
exist, frost can form on inlet duct surfaces whose surface temperatures are below freezing.

Effect of in-flight icing on other systems

5.4.82 The effects of in-flight icing go well beyond aerodynamics and thrust. The blockage of the static port of an
aircraft can cause a multitude of problems. If the pitot pressure is used by the airspeed indicator, an increase in altitude
will also cause the indicated airspeed to increase. If the pilot attempts to control the airspeed indication by raising the
nose, the airspeed indication will increase further while the actual airspeed is decreasing. The stall and spin of a
commercial airliner, despite its experienced crew, was attributed to this series of events. On the other hand, loss of
altitude will cause an airspeed indicator to indicate lower than actual speeds if the airspeed indicator’s pitot source is
blocked with ice. If the pilot attempts to correct the low airspeed indication by lowering the nose, indicated airspeed will
decrease further while the aircraft actual speed is increasing. The excessively high airspeeds which result can cause
structural failure due to high dynamic pressures, aeroelastic failures (flutter, wing divergence in torsion and control
reversal) or over G due to manoeuvring loads at very high airspeeds. If the pitot source is used by the aircraft stability
augmentation system, erroneous controls may lead to pilot-induced oscillations and resulting over G, loss of control and
subsequent collision with the ground. The accumulation of ice on communication and navigation antennas can degrade
the effectiveness of the transmission or reception of the antennas. The antenna may also fail structurally when the drag
created by the ice exceeds the antenna’s static strength or the ice creates shapes which are aerodynamically unstable
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and dynamic loads cause their structural failure. The build-up of leading edge wing ice may also be masked if the
autopilot is engaged, providing the small aileron inputs necessary to keep the wings level. If the autopilot is disengaged,
either by the pilot or on its own when its authority is exceeded by aerodynamic forces, the aircraft may experience a
sudden roll-off in the direction of the most contaminated wing. A large aileron input could cause wingtip stall.

Investigating accidents in which in-flight icing is a suspected factor

5.4.83 When investigating accidents involving aircraft icing, the investigator needs to examine not only what
happened, but why it happened. These are some of the questions that may need to be answered:

a) Why did the pilot fly into icing conditions which the aircraft was not able to safely penetrate?
b) Did the pilot seek a pre-flight weather briefing?

c) If a briefing was provided, was it accurate?

d) Did the pilot seek or did air traffic control provide updates of significant weather?

e) Did the pilot know that ice was accumulating on the critical aircraft surfaces?

5.4.84 Another series of questions address aircraft systems and their ability to detect, prevent or eliminate the
accumulation of ice:

a) Were anti-icing and de-icing systems functional and effective?

b) Did the crew know how and when to operate anti-icing and de-icing systems such as airfoil leading
edge boots, electrically and engine bleed air-heated surfaces, and glycol systems?

c) Were the anti-icing or de-icing systems installed on the aircraft capable of functioning in the icing
environment encountered by the aircraft?

d) Was the aircraft flown at a higher or lower than normal angle-of-attack, allowing ice to accumulate on
unprotected airfoil surfaces which were aft of the leading edge of de-icing devices?

5.4.85 Another issue concerning the ability of aircraft to operate in icing conditions is their certification in

accordance with stated provisions. Although some aviators believe otherwise, no aircraft is certified to operate
continuously in severe icing.

5.5 SEAPLANE OPERATIONS

5.5.1 The following paragraphs are included to supplement or highlight conventional investigation techniques,
and describe common seaplane risk factors based on various phases of flight.

General

55.2 Seaplanes are usually only slightly different from other aircraft, and where one is involved in an accident on
land you would investigate the accident in the same manner as other fixed-wing aircraft accidents. Take into account
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what role the floats may have played, e.g. energy absorption and drag. If the occurrence involves water operations
however, one must also consider the operational and technical aspects unique to the seaplane environment.

5.5.3 The most obvious differences are the absence of surface scars to help with the direction of flight at impact,
and that the water surface will have likely changed (waves or no waves) by the time the investigator gets to the site.

554 The attitude of the aircraft at impact can often be determined by the water impact damage on the aircraft.
However, there will be little or no water impact damage in low speed, low force accidents. (See Figure 11I-5-1.)
Survivability

555 Losses of life in seaplane accidents are often caused by drowning due to the inability of the occupants to
escape the wreckage. Autopsies will determine the cause of death.

5.5.6 Take note of seat belts and shoulder restraints, attached or not, before retrieving the bodies. Also note life
jacket locations, and if the exits are blocked. See Chapter 17 for a more complete discussion of evacuation and
survivability investigation.

Figure lll-5-1. Water impact damage
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Environmental issues

5.5.7 Weather and water conditions may have a considerable effect on accident causation. Landing sites may be
remote and normal weather reporting resources may not be available. Information on water and wind conditions directly
affecting takeoff, landing, taxi, and docking operations are important for the investigation. Sources of environmental
information include:

a) lighthouse keepers;

b) marine reports;

c) boaters in the area;

d) commercial seaplane operators;

e) long-time residents in the area; and

f)  photographs and video footage.

Taxiing accidents

55.8 In the past, seaplanes have capsized while taxiing because of a combination of adverse conditions. These
conditions include:

a) excessive aircraft weight and/or incorrect loading (C of G);

b) an uneven manoeuvring surface caused by waves or swells. (Waves created by surface vessels can
also cause problems); and

¢) incorrect pilot technique for turning into or out of wind on the water. Using too much power for turning
can submerge the downwind float resulting in capsize.

Take-off accidents

5.5.9 Confined spaces take-offs. One of the most common causes of water take-off occurrences is the pilot
attempting to take off from a confined water surface with a heavy or overloaded aircraft. Confined area operations may
also be adversely affected by wind conditions.

5.5.10 Collisions with logs/boats. Consider searching the take-off and landing run for submerged objects; logs, for
example, can sink or float away after collision, however, the floats should show evidence of impact with an object.

5.5.11 Excess weight and shifts of centre of gravity (C of G). Inspect the watertight integrity of the float access
covers and the float undersurfaces for cuts and loose rivets. Water entering a perforated or a leaking float can
appreciably increase the aircraft weight, particularly on high displacement floats. Any high weight problem may be
aggravated by rapid and drastic changes of the C of G caused by water movement in the floats during the take-off run.

5.5.12 Ask witnesses to describe the float waterline. This can give a good indication of both the weight and the
location of the C of G. A long water taxi can compound a leaking float problem, and swells can cause the floats to take
on water, as float plugs are often missing.
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5.5.13 Incorrect float installations. Evaluate the type of floats being used on the aircraft. Large floats may
seriously effect aircraft directional stability and control at low airspeeds. Normally aircraft floats are installed in
accordance with a supplement type certificate (STC).

5.5.14 Float rigging (Figures IlI-5-2 and 11I-5-3). Incorrectly rigged floats can considerably lengthen the take-off
distance. If the rigging is intact after the occurrence, determine if the floats were properly “boxed” and the “throat angle”
correct (usually about 2 degrees). If the floats are not intact, try to reconstruct the rigging conditions existing before the
occurrence.

5.5.15 Aircraft performance problems.

a) Improper use of ancillary controls. Partially or fully lowered wheels or the misuse of flaps will adversely
affect aircraft take-off performance.

b) Magneto switches. One method used by pilots to reduce water-taxi speed is to switch off one of the
magnetos to slow the engine below the normal idling speed. Another technique is to turn the engine
on and off with the magneto switch. If the pilot does not return the switch to "both" before take-off, a
reduction of power may result which could be significant in conditions requiring maximum engine and
aircraft performance.

Figure llI-5-2. “Boxed” is the square alignhment of the floats.
Many float-equipped aircraft have boxing wires and these are strung
between the floats and the spreader bars in an “X” pattern.

Figure lll-5-3. “Throat angle” is the difference between the angle of the top deck
of the float and the angle of incidence of the wing.
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c)

d)

Fuel-related problems. Fuel contamination is a common cause of seaplane power loss on take-off. If
possible, take a fuel sample from both the aircraft and the fueling source. Determine if a proper fuel
sampling procedure was carried out.

Glassy water effects. (Figure 11I-5-4). The lack of wind normally associated with glassy water increases
the take-off distance. Additionally, the aircraft will experience more difficulty breaking free from the
water because of surface friction and tension, which further contributes to a longer take-off distance.

Glassy water also adversely affects a pilot's depth perception during take-off and initial climb and, in
some instances, a pilot may inadvertently descend after takeoff to strike the surface of the water in a
nose-low attitude.

Wind conditions. Changes to the aerodynamic lift caused by wind shift relative to the wing surfaces is
a common condition when operating in water bodies that are in the vicinity of a confluence of multiple
river valleys.

Lifting off at too low an airspeed in cross-wind conditions may allow the aircraft to develop drift, and
touch down with sideways motion on the down-wind float; this motion may cause an aircraft upset.

External loads. If the aircraft was carrying external loads, consider their effect on aircraft performance.
Aircraft may require special testing or a Supplemental Type Certificate to carry external loads.

Figure lll-5-4. Glassy water
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Landing accidents

5.5.16 a) Improper landing configuration. A common cause of amphibious seaplane landing occurrences is the
pilot attempting to land on water with the wheels extended. These occurrences often happen after the
aircraft has departed a hard-surface runway and the pilot either does not retract the wheels after
take-off or lowers the gear by habit.

b) Hydrodynamic drag. Hydrodynamic drag increases as the square of the aircraft velocity at touchdown.
Landing upstream in a river at too high a speed will increase the drag on the floats and tend to upset
the aircraft on touchdown.

c) Another type of landing occurrence that usually happens immediately at touchdown or shortly
thereafter, is commonly known as "digging a float". This event can result from a pilot not maintaining
adequate back pressure on the control column to keep the aircraft nose up as the floats touch the
water surface. It can also happen when the aircraft touches down in a slight nose-down attitude.

d) Glassy water. Glassy water presents a number of difficulties to floatplane pilots. Glassy water landings
are more difficult because few and poor depth perception cues are available to the pilot (one cannot
see the water, just a reflection). Any attempt by the pilot to judge a round-out height will likely fail
under these conditions. As a result, the aircraft may strike the water with sufficient force to bend the
floats sharply at the front spreader bar. The front of the floats may break off completely or the aircraft
may sustain severe damage at the float attachment points. Unique approach procedures (and more
landing area) are required under glassy water conditions. Pilots will try to land close and parallel to
shore thereby being able to use the shore to judge their height. Another technique is to try and round
out over the shore, weeds, etc. and let the aircraft settle onto the water, at a rate of descent less than
100 feet per minute, after visual height reference is lost. This can easily add several thousand feet
before touch-down. An inexperienced float pilot may get impatient and lower the nose to get closer to
the water, that can’t be seen, and dig the floats into the water.

5.5.17 Freezing of control cables. In the Fall and early Spring, aircraft often operate in water conditions at or near
the freezing point, and any water spray on the floats and tail surfaces of the aircraft may freeze. Apart from the ice
increasing the weight of the aircraft, it disrupts the airflow over the flying surfaces, and may accumulate on and jam the
water rudder cables or flight controls.

5.5.18 Corrosion. Aircraft operating in a salt-water environment are more susceptible to corrosion than those in
salt-free conditions. Unless washed regularly with fresh water and meticulously inspected, these aircraft can develop
corrosion-initiated failures in very short periods.

5.5.19 Stress corrosion cracking. Float fittings and skins take a beating and sometimes crack and break. Check
that the right materials and dimensions were used.

5.6 BIRD/WILDLIFE INVESTIGATION

5.6.1 Whenever an accident or an incident involves an aircraft striking a bird or other wildlife, the investigator
should add analysis of the event with any prevention efforts meant to reduce the likelihood of such a strike. While most
discussion in this section will deal with strikes by birds, the same methodology should be used for whatever animal is in
evidence. Care should be taken when looking for evidence of a birdstrike as the evidence remaining may be minimal.
However, small birds can cause great damage to aircraft.
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5.6.2 Even if the point-of-impact causing the most damage is readily identifiable, investigators should check all
other areas on the aircraft for additional strikes. The total number of bird impacts is important in order to evaluate
flocking characteristics.
5.6.3 Whenever a ground fire is present, evidence of bird remains may be best detected by scent. Burning
feathers or bird flesh may be detected by the “sniff test” well before any physical evidence is found.
Obtaining bird/wildlife evidence

5.6.4 Whenever possible, evidence of a bird or other wildlife strike should be collected and referred to experts for
identification. To the maximum extent possible, evidence should not be cleaned. The best information, both from an
analysis point of view and from a shipping point of view, comes from “non-fleshy” remains. Investigators should attempt
to collect the following:

a) all feather material from aircraft;

b) all feathers found on ground; and

¢) non-fleshy remains:

1) beaks;

2) talons;

3) feathers;

4) fur; and
5) teeth.
5.6.5 Even with minimal evidence, some valuable remains can be recovered. Figures IlI-5-5 and IlI-5-6

demonstrate a valuable technique for removing what appears to be nearly non-existent evidence.

Securing bird evidence

5.6.6 To avoid potential contamination of the evidence, bird evidence should be placed in clean plastic or vinyl
bags, preferably with a lockable closure (Ziploc®). The bag should be sized to accommodate the sample rather than
compressing or bending the sample to fit within the bag. If collecting tiny fragments such as those described in the
figures above, the feathers may be placed in a plain white envelope beforehand. Feathers should never be cut prior to
analysis. Care should also be taken to avoid contact with any adhesive surface. This may destroy or remove pin-
feathers which, depending on the species, may be the most valuable for identification. For the same reason, never use
tape to secure the feathers. While the adhesive properties are weaker, Post-It® notes (or similar) should also be avoided.
Each evidence bag should be annotated with:

a) date of the birdstrike;
b) location of the strike;

c) time of day, in local time;
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Figure 1ll-5-5. An investigator sprays a suspect area with clean water.
He then wipes the area with a clean rag.

Figure 1ll-5-6. Bird evidence wiped from the aircraft
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d) altitude, if in flight;
e) extent of damage; and

f)  birds observed in the area.

Bird identification

5.6.7 Bird identification is essential if any prevention efforts are to be evaluated or taken as a result of safety
investigations. Not all bird avoidance or elimination procedures will be effective for all species. Most States have
naturalists that specialize in bird identification. State investigative agencies should have this information, by region if
necessary, available for investigators. Most States have cooperative agreements for bird-hazard elimination and part of
that effort is an identification process. In the United States, for example, all bird identification is handled by the
Smithsonian Institution in Washington D.C. The Smithsonian Division of Birds is a member of the Avian Hazard Advisory
team, so any data collected is made available for aviation bird strike prevention activities worldwide.




Chapter 6

AIRCRAFT PERFORMANCE INVESTIGATION

6.1 INTRODUCTION

6.1.1 The aircraft Performance Group normally will be responsible for gathering factual information and
performing analyses related to the aircraft performance and to aircraft handling qualities.

6.1.2 For the purpose of this chapter, performance investigation relates to determining and analyzing the path
and attitude of the aircraft as it travelled through the air, or on the surface, prior to impact. The Performance Group may
also be responsible for evaluating the aircraft’s motion following impact until the aircraft finally came to rest. Handling
qualities investigation relates to determining and performing objective and subjective analyses of the aircraft’s reaction to
atmospheric conditions and pilot inputs, and automatic flight stability control interactions.

6.1.3 In some cases, the Performance Group’s main task is simply to determine and document the path and
attitude of the aircraft. However, the Performance Group’s tasks increase and become of special importance for mishaps
involving:

a) runway overruns and landing undershoots;

b) loss or degradation of control in flight or on the ground;

c) controlled flight into terrain (CFIT);

d) runway incursions, mid-air collisions, avoidance manoeuvres, etc.;

e) events involving stalls, overspeed, or unusual attitudes;

f)  windshear and wake turbulence encounters;

g) events involving icing, microbursts, or other meteorological conditions;

h) flight automation malfunctions, misapplication; and

i) engine failures.

6.1.4 In these cases, the Performance Group must also determine and document how the aircraft actually
performed or handled relative to how it was predicted to perform or handle; or how it could have performed with different
piloting techniques, automation and system interactions or atmospheric conditions.

6.1.5 This chapter will first introduce the typical tasks the Performance Group may be called upon to perform,
and then describe the data sources and tools that may be available to perform those tasks.

-6-1
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6.2 PERFORMANCE GROUP ACTIVITIES

General

6.2.1 The Performance Group may participate in a wide range of activities depending on the particular mishap.
In most cases, the first task of the Performance Group is to obtain data to determine and document the path and attitude
of the aircraft leading up to the mishap. This may include its path in the air, while on the ground, or a combination of both.
Depending on the particular mishap, the path of the aircraft after impact may also need to be determined to assist in the
survival factors investigation.

6.2.2 Some initial fact-gathering activities may be performed by the Performance Group leader prior to formally
convening the entire group. As examples, coordination may be done with other group leaders to obtain flight data
recorder data, recorded radar data, meteorological data, etc. The leader may also work with investigators at the accident
site to document ground scars, impact with obstacles, and location of major aircraft components.

6.2.3 The circumstance of the mishap will determine the various additional activities the Performance Group will
need to accomplish, who needs to participate in the activities, and when they are to be performed. Typical Performance
Group activities are described in greater detail below.

Determining the flight or ground path of the aircraft

6.2.4 One of the basic functions of the Performance Group is to document and analyze the motion of the aircraft
through the air or on the surface. This includes not only the path of the aircraft through the air, but also the aircraft pitch,
roll and yaw attitudes. If the aircraft was airborne, this information helps determine if the aircraft was under control at the
time of impact. For ground events such as runway overruns or offside excursions, the information will be useful to
compare actual stopping performance against predictions or to evaluate controllability.

6.2.5 The Performance Group should attempt to correlate every piece of data available in reconstructing the
motion of the aircraft. The overall quality of the performance investigation is improved when all potential sources of data
are evaluated and correlated. Some data may be unreliable or conflicting. In that event, the Performance Group should
use sound engineering judgment to select the best data sources. It is also wise to document which sources were not
used, and the reasons they were not available or not used.

Assessing handling qualities

6.2.6 In accidents where some loss of control is evident or suspected, the Performance Group will need to
evaluate the handling qualities, or stability and control, of the aircraft. (The terms “handling qualities” and “stability and
control” will be used interchangeably for the remainder of this chapter.)

6.2.7 Stability refers to the inherent nature of the aircraft to return to, or diverge from, its initial, timmed condition
following a disturbance. (If the aircraft is neutrally stable, it will have no tendency to return to or diverge from its initial
condition following a disturbance.) Control refers to the response of the aircraft in motion away from its initial, trimmed
condition. Stability is further defined in terms of static stability, and dynamic stability. Static stability refers to the initial
tendency of the motion, while dynamic stability refers to the time history of the motion. Because most airplanes are
symmetrical about their longitudinal axis, stability characteristics (and accident scenario analyses) can often be
evaluated independently by examining only longitudinal motion or only lateral/directional motion. Airplane longitudinal
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dynamic stability characteristics are usually described as the short period and the Phugoid modes." The short period
mode reflects the rapid, highly damped pitch oscillation following a disturbance that occurs at nearly constant speed and
altitude. The Phugoid mode is a long period, lightly damped (sometimes divergent) exchange of altitude and speed
occurring at a nearly constant angle of attack. Some aspects that might adversely affect longitudinal stability are weight
and balance, airspeed, and abrupt aircraft control inputs.

6.2.8 Airplane lateral/directional stability is characterized by the Dutch Roll mode, a weak spiral mode, and
highly-damped roll mode. The Dutch Roll mode is a lateral/directional oscillation of bank angle, heading and lateral
acceleration, which is the result of sideslip and cross-coupling of the lateral and directional axes. A pronounced Dutch
Roll mode is present in most large transport airplanes (especially swept-wing jets) and it can become undamped at high
altitudes. Other aspects that might affect lateral/directional stability are engine malfunctions, icing, yaw control
malfunctions, center of gravity and airspeed.

6.2.9 The spiral mode refers to the airplane’s tendency to return to (or diverge from) wings level following an
upset. The spiral mode may be stable or unstable, depending on the airplane configuration and flight condition. The
spiral mode is usually of little consequence to the pilot because, even if unstable, it is normally easily controllable with
minimal pilot attention.

6.2.10 The roll mode is best described as the highly damped resistance to roll rate. lts importance is usually
related only to roll response with lateral control inputs. The roll mode may be initiated normally by increasing the lift on
one wing while/or decreasing the lift on the other wing. Other control options are related to asymmetric drag devices
(spoilers or flaperons) along with lateral stability cross-coupling from yaw inputs.

6.2.11 Stability and control characteristics in the normal flight regime with no system failures are usually well
understood by the manufacturer as a result of testing necessary for design and certification. The manufacturer will also
have some flight test data for conditions slightly beyond the certified operating limits, as these are required for
certification. The Performance Group should obtain this data and independently analyze it if handling qualities are an
issue in the accident. An approved training or the manufacturer's engineering simulator may be helpful in this regard.
(The use of simulations for investigations will be discussed further below.)

6.2.12 Detailed handling qualities analysis requires a high degree of expertise and effort and is usually a joint
activity of the Performance and Operations, and perhaps the Human Performance (or human factors) groups.

Performing wreckage trajectory analysis

6.2.13 Trajectory analysis (determining the path or trajectory of an object separating from the aircraft) is a
frequent task of the Performance Group. Although referred to as trajectory analysis, the activity can be considered part
of the fact-gathering portion of the investigation as it involves performing repeatable, mathematical calculations, rather
than interpreting the facts and circumstances of the accident.

6.2.14 Trajectory analysis can be used in different ways. In one case the Performance Group may be asked to
determine where to search for an object that departed the aircraft at a certain time, assuming that the path of the aircraft
at the time is known. Trajectory analysis may also be used to determine the path of the airplane and breakup sequence
in the air by analyzing the location of various pieces of wreckage on the ground. A third application might be to predict
the path of an object striking the aircraft after falling off the aircraft. For example, to determine if a panel or piece of
structural ice falling off the aircraft would be ingested by an engine.

1. Different types of aircraft have different characteristic modes of motion. Only those modes typical of large transport airplanes are
described in this chapter.
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6.2.15 All of these examples would require knowing the initial path, drag and weight of the object, and the wind (or
current, if water) and/or local air flow direction. In all likelihood, a computer programme would be necessary to efficiently
perform the analysis, although simple analyses could be done “by hand”.

Evaluating collisions (and near collisions)

6.2.16 Because the Performance Group has responsibility for determining the path of the aircraft, it has a major
role in investigating in-air and on-ground collisions and near-collisions. For collisions, this also involves thoroughly
examining scratches, paint transfer and other impact evidence on the aircraft and any objects that were struck, to
determine impact position and angles. Techniques for investigating collisions are contained elsewhere in this manual.

6.2.17 The Performance Group may also be called on to work alone or with the Human Factors Group to perform
visibility studies, that is, to determine if and when the pilots of two colliding aircraft could see each other or if the pilot(s)
of the aircraft could see the object they collided with. Another task might be to determine when and what kind of
avoidance manoeuvre could have averted the collision.

Determining aerodynamic loads

6.2.18 In the event of an airborne flight control system or structural failure or aircraft breakup, the Performance
Group may be called to work with the Structures Group to calculate aerodynamic loads imparted on individual parts of
the aircraft. Aerodynamic loads can sometimes be estimated with sufficient accuracy by simple, “preliminary design”
methods. However, many times a more detailed analysis has to be performed. Normally the aircraft manufacturer can be
of great assistance in this matter, as the manufacturer likely has acquired a substantial amount of flight-verified loads
data during design and certification.

6.2.19 The Performance Group may also be asked to calculate aerodynamic loads to help determine what did not
happen. For example, it may be concluded that a certain angle-of-attack or sideslip was not exceeded or the structure
would have failed.

Evaluating aeroelasticity or flutter

6.2.20 The interaction of structural deflections and aerodynamic forces and moments is referred to as
aeroelasticity. The interactions can take place statically or dynamically. The Performance Group may need to
understand aeroelastic characteristics for occurrences at high speeds.

6.2.21 In large swept-wing aircraft, structural deflections as a result of aerodynamic and inertial loads can have a
significant effect on handling qualities. As the wing bends upward under load, it normally twists increasingly nose-down
from the wing root to tip. This changes the spanwise-load distribution and reduces the total lift relative to a rigid wing. In
the same way, the horizontal tail will twist causing a decrease in longitudinal stability. The load on the horizontal tail
deflects the aft fuselage of the airplane resulting in a change in the angle of attack at the tail. Weight distribution (fuel in
the wings and payload in the fuselage) will result in deformation of the structure in proportion to the aircraft accelerations,
which in turn will change aerodynamic characteristics.

6.2.22 The deflection of a control surface will also tend to twist the structure it is attached to, reducing the control
effectiveness relative to a rigid structure. For an outboard aileron on a high aspect ratio wing, the decrease in aileron
effectiveness can be very significant, and can even lead to reversal of control effectiveness.?

2. Normally the wing structure is designed to be rigid enough that aileron effectiveness will not reverse in the normal speed and load
factor operating envelope.
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6.2.23 The effect of the above-mentioned deflections can be evaluated in steady or quasi-steady state conditions.
However, if a forcing function is present, like a movement of a control surface, and occurs near or at the natural
frequency of the structure, flutter or control surface “buzz” can occur. Normally, stiffness, mass distribution and control
surface balance keep flutter or buzz from occurring unless the normal flight envelope is considerably exceeded.
However, structural damage, or slop in surface hinges or actuators can result in flutter or buzz inside the normal flight
envelope. These conditions may also be the result of control surface mis-rigging following maintenance, or fatigue
failures and structural degradation due to age or poor maintenance.

6.2.24 Aeroelastic effects and flutter are complex subjects that take specific expertise to evaluate. The
Performance Group will likely need to work closely with the structures group and the aircraft manufacturer for detailed
analyses if they are issues in the mishap.

Developing and performing simulations

6.2.25 Often mishaps involving controllability problems cannot be evaluated by simple analyses. Aerodynamic
simulations or actual flight tests must be conducted to adequately understand the problem. The Performance Group is
normally responsible for planning and performing the studies involving aerodynamic simulations and flight tests.

6.2.26 There are two basic types of flight simulators: the training simulator and the developmental or engineering
simulator. The best simulator for the job will depend on the particular issue at hand. If the issue involves an airworthy
airplane with a minor or very simple system failure, operating within the normal flight envelope, and if only limited output
data is required, a training simulator may be the best solution. In the event of a more complex system failure, a flight
regime near or exceeding the normal flight envelope (high speed, angle of attack, sideslip, rotational rates, etc.) or, if a
significant amount of data needs to be recorded, an engineering or developmental simulator should be used.

6.2.27 Especially in the case of the training simulator, it is imperative that the simulator, and perhaps the airframe
manufacturer be consulted to fully understand the accuracy of the simulator model. Training simulators are required to
be similar to the actual aircraft only for certain manoeuvres and failure conditions and may not represent the actual
aircraft for other failures or conditions. It should also be pointed out that motion-based simulators do not provide
acceleration or visual cues identical to those of the actual aircraft. The Performance Group must not only be aware of
these limitations, but educate the other members of the investigation as to the accuracy and limits of the simulations.

6.2.28 In some cases, the Performance Group will find that additional data needs to be collected and
programmed into the simulator. Wind tunnel or computational fluid dynamics (CFD) data may need to be generated.
Both of these sources have their limitations and require significant expenditures of time and money. As is the case with
all investigation activities, the Performance Group must use care in determining if the questions they are trying to answer
justify the expenditure of resources. This should be an ongoing process as other developments in the investigation may
eliminate the need for, or amount of, data to be collected.

Conducting aircraft tests (flight and ground testing)

6.2.29 In certain cases, flight or ground testing is necessary to obtain information that cannot be obtained by
analysis, wind tunnel testing, simulations, etc. Flight testing is usually a last resort because of the cost and lead time
involved. Ground testing (taxi, takeoff, or stationary testing) is less expensive, but can still require considerable planning
and lead time.
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6.2.30 The best application of aircraft testing is to obtain data inside the flight envelope that can be used directly
or extrapolated for simulator or other analysis of the accident, rather than attempt to repeat the accident manoeuvre.
Obviously, there is a risk in trying to duplicate accident conditions too closely. Proposing testing outside of the aircraft’s
certified flight envelope adds a degree of complexity and risk that is rarely, if ever, justified.® It is desirable that aircraft
testing be conducted only by the aircraft manufacturer or by an organization with ample expertise and experience in
conducting the particular testing.

Preparing computer animations

6.2.31 The Performance Group is often involved in producing computer animations of the accident sequence. A
major responsibility of the group is to insure that the animation accurately reflects the motion of the aircraft. There are
cases where limitations in the available data (lack of data, sensor error, lag, insufficient sampling, etc.) require the
Performance Group to manipulate the available data for use in the animation. It is essential that the Performance Group
not only use mathematical rigor and sound engineering judgment in performing any necessary data manipulation, but
clearly indicate in the animation that the data has been manipulated.

Evaluating takeoff and landing performance

6.2.32 Because a significant number of accidents occur during takeoff or landing, the Performance Group is often
required to perform landing or takeoff distance analyses. These calculations are complex because they involve
analyzing changing aerodynamic, propulsion and rolling friction forces.

6.2.33 Although performance data in the pilot’s or operations manual may provide some useful information, the
actual conditions of the accident will rarely be the same as assumed for the manual’s performance charts. A few knots’
difference in assumed rejected takeoff or touchdown speed, or a few seconds’ delay in speed brake deployment, can
have a significant effect on stopping distance. Once again, the Performance Group should solicit the assistance of the
aircraft manufacturer for more accurate analyses.

6.3 DATA SOURCES

General

6.3.1 There are many potential sources of data that the Performance Group can use in the investigation. Much
of the data is collected by other investigation groups. The Performance Group Chairperson should determine what data
the Performance Group needs to collect itself, and ensure that the other investigation groups will gather the remaining
needed data.

6.3.2 The Performance Group should expect that the various sources of data will conflict to some extent. This is
especially true of eyewitness accounts, which can be an unreliable source of information. All available data should be
gathered and carefully examined to determine the most accurate and suitable data for analysis. Additional data may
need to be obtained by flight or ground tests, simulations, etc., as is further described below. It is also a good practice to
document which data, if any, were not used for final analysis and the reasons why.

3. An exception to this rule may be for conditions that the manufacturer has already tested safely to provide a safety margin to the
certified operating limits.
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Flight data recorder

6.3.3 Flight Data Recorder (FDR) data, of course, can be extremely useful for the Performance Group. However,
each FDR parameter used must be evaluated for proper readout, reliability and accuracy. For example, flight control
checks prior to flight might be helpful to confirm proper measurement of control surface deflections.

6.3.4 Parameters should be checked for zeros and biases as well as proper scaling. When possible, a
parameter should be cross-checked with other parameters. For example, accelerations can be integrated and cross-
checked against speed or barometric altitude. The parameter should be checked for “reasonableness” as well. For
example, the investigator should question a four “g” vertical acceleration reading if the aircraft is only capable of

generating two g’s for the particular flight condition.

6.3.5 It is also important for the performance investigator to know the source of each parameter, the rate at
which it is sampled, measurement resolution and if filtering is applied. Some measurements may inherently be filtered or
lag the actual thing to be measured. Some measurements may record the position of an actuator, not the actual surface
being deflected.

6.3.6 Finally, the performance investigator must also recognize the inherent limitation of sample rate and
measurement resolution when interpreting FDR data. Each recorded data “point” is actually more like a “box” or range of
data, the size of which is defined by sample rate and measurement accuracy and resolution. This is particularly relevant
when attempting to determine the rate of change of a parameter.

Quick access recorder

6.3.7 Quick Access Recorder (QAR) data may survive the impact and can supplement data from the FDR. In
some cases, the QAR will record many more parameters than the FDR. Even if a good FDR data set is obtained, the
QAR should be examined to help check or to supplement the FDR data. The same issues of data accuracy, reliability,
sample rate, resolution, etc. that apply to the use of FDR data apply also to QAR data.

Aircraft system recorded data

6.3.8 Aircraft system recorded data is becoming increasingly available from non-volatie memory (NVM).
Although the NVM is generally not crash hardened, it often survives impact and some degree of heat exposure. The
Performance Group should work with the Systems Group to understand what type of data may be available. Central
maintenance systems, flight management systems, TCAS and many other systems can provide valuable data for the
Systems and Performance Groups.

ACARS*

6.3.9 Many aircraft automatically transmit performance and maintenance data to satellite or ground stations for
various maintenance purposes. The data is usually recorded for pre-determined phases of flight (for example takeoff,
initial climb, cruise, etc.) and certain engine or system exceedences or failures. This data may be of limited value
because it normally consists of “snapshots” of information, rather than a time history of data from the FDR or QAR.

4. ARINC Communications Addressing and Reporting System
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Recorded radar data

6.3.10 Recorded radar data can be a valuable source of information for the Performance Group. It is important
that the processing and accuracy of the data be thoroughly understood before it is used. The accuracy of the data is
dependent on the type of radar and the distance between the aircraft and the radar antenna. Radar data displayed on a
controller’s radar scope is usually highly processed. Although the processed data may be useful to understand what the
controller “saw” on the radar scope, the performance investigator should start with the “raw” data and understand all
conversions, filtering, calculations, etc. that are applied to the data. It should be remembered that the source of altitude
is normally from the aircraft's transponder and not from the ground radar.’

6.3.11 Very often there are multiple sets of radar data from independent radar sources (nearby approach controls,
enroute control, military airport radar, etc.). In addition, airborne radar data may be available from military surveillance
aircraft. Generally, all radar sources should be included to obtain the most accurate radar data.

Impact marks

6.3.12 Impact marks, both on the ground and on the wreckage, can provide valuable information to understand
the aircraft attitude and path at impact. Impact marks (also referred to as witness marks and ground scars) should be
thoroughly measured and documented as soon as possible, as they are often obscured during the investigation. Skid
marks and tire tracks, of course, are particularly useful for overruns and runway excursions.

6.3.13 Witness marks on analog instrument readings at the time of impact have been a traditional source of useful
information. Many digital instruments have memory circuits, or illuminated portions that may record impact conditions
and their circuitry needs to be handled carefully until it can be analyzed in the laboratory.

Videos and surveillance cameras

6.3.14 Increasingly common, videos recordings, mobile telephones and surveillance cameras provide video or still
images and are useful to the performance investigator. Video tape from cameras in the wreckage should also be
examined if found. The Performance Group should actively seek these potential sources of information.

Eyewitness accounts

6.3.15 Eyewitness accounts may be the least reliable source of information for the Performance Group but,
evaluated properly, can provide some useful information. The performance investigator can sometimes determine
information about the path of the airplane from the witness’s location and landmarks and obstructions to the view of the
aircraft. Witness accounts should be used as secondary or confirming data if recorded data, as described above, is
available.® Proper witness interview and interview analysis techniques are discussed elsewhere in this manual.

Cockpit voice recorder

6.3.16 The Cockpit Voice Recorder (CVR) will often provide information useful to the Performance Group. The
sound of the nose gear over runway pavement seams can sometimes be used to determine aircraft speed. Engine

5. Some military radar systems provide radar-based altitude.
6. In some cases, the Performance Group will be required to evaluate reliable recorded data to help explain what witnesses have
reported, rather than the other way around.
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sounds can be used to determine engine speed. Touchdown or liftoff times can often be obtained, as can the times for
speed brake deployment, stall warning, altitude alerter, ground proximity warnings, radar altimeter callouts, etc.

Airborne image recorders

6.3.17 Airborne Image Recorders (AIR) may provide information valuable to the Performance Group. Events not
recorded on other aircraft recorders (FDR, CVR, etc.) may be captured on the AIR. As of the time of this writing, AIRs
have not been widely utilized, so the full extent of the information they can provide is not yet realized.

Meteorological data

6.3.18 Meteorological data can be of significant value to the Performance Group. Wind data is of particular value,
as it is necessary to correlate aircraft motion relative to the air mass to aircraft motion relative to the ground. Some
aircraft flight management systems compute wind speed and direction from inertial, airspeed and heading information.
Whenever possible, the performance investigator should cross-check this with the wind reported by ground sources.
Although the flight management system computed wind data may sometimes be more accurate, the performance
investigator should thoroughly understand how it is derived before using it for analysis.

6.3.19 Aircraft Performance investigation may identify unforeseen failure modes in new aircraft, or newly
emerging failure modes due to fatigue in older aircraft. These may or may not be associated with the accident under
investigation; however, these must be reported to the various agencies for separate action in order to prevent accidents.
At a minimum, these concerns may focus additional research or maintenance inspections until these indicators can be
confirmed or eliminated.







Chapter 7

FLIGHT RECORDERS

7.1 GENERAL

711 The term “Flight Recorders” encompasses several types of recorders that can be installed on aircraft for
the purpose of complementing accident/incident investigation. (See Figure IlI-7-1.) ICAO requires crash survivable
recorders for the purposes of accident investigation which incorporate the functions commonly associated with a Flight
Data Recorder (FDR) and Cockpit Voice Recorder (CVR). However, many aircraft also have other recorders which are
not crash survivable that are used routinely for daily airline operations. These recorders can be very useful to
investigators and will often survive a crash even though they are not crash-protected. Combination recorders, recorders
which record multiple functions in the same unit, are also becoming increasingly common. Crash survivable recorders
are designed to withstand high impact forces, short and long duration fires, penetration and other environmental
conditions in order to maximize the potential of surviving an accident. Generally speaking, fire is the most common
cause for the recording medium not to survive. These different types of recorders, both survivable and non-survivable,
are often referred to as ‘flight recorder’ in a general sense but specifically they are:

a) Flight Data Recorder (FDR) is a crash-survivable system for recording data parameters from the
aircraft's data systems. Parameters may be dedicated to the FDR but more commonly on newer
aircraft, parameters are needed and used by the aircraft to operate and in these cases the data is
readily available to be recorded by the FDR. Most States require that a minimum number of
parameters be recorded that are considered mandatory but most current aircraft manufactured record
vast numbers of parameters on the FDR that often exceed the mandatory minimum number required.

b) Cockpit Voice Recorder (CVR) is a crash-survivable system for recording the internal acoustic
environment of the flight deck and internal cockpit crew conversation along with inter-aircraft radio
communications through a cockpit area microphone (CAM), boom microphones and Public Address
system (P.A.) and radio-telephony communications.

c) Airborne Image Recorder (AIR) is a crash-survivable system intended to capture and record cockpit
images. Image recording, at the time of this writing, is not required by any States, however, several
major accidents have highlighted the potential benefits of this capability in the future. The term ‘video’
recording was intentionally replaced with ‘image’ recording to reinforce that voice is a separate
function and that the frame rate required for images for accident investigation is far less than the
typical 30 frames/second of standard video. Five frames per second are considered adequate to
capture motion and longer recording duration is favoured over higher frame rates for any image
recording device.

d) Data Link Recording is a crash-survivable recording which records digital messages transmitted
between the aircraft and the ground. This method of communication replaces many of the traditional
voice exchanges between an aircraft and air traffic control. Data link recordings are typically the same
length of duration as the CVR.

e) Combined Recorder, “combi”, refers to a crash-survivable unit which records more than one function
in one box. Typically, a combi incorporates the FDR and CVR functions but can accommodate Image

n-7-1
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Figure lll-7-1. Flight recorder

and Datalink recording capabilities, as applicable. For redundancy, most States will require at least
two boxes installed on any large commercial aircraft if a combined recorder is used. One may be
located forward and one may be located aft.

f)  Quick Access Recorder/Direct Access Recorder (QAR/DAR) is a non-crash survivable system for
recording data parameters that typically contains data for a longer duration than the FDR with either a
removable memory unit for convenience of obtaining the flight data or a wireless download option.
QARs and DARS may record the identical data stream as the FDR or, in some cases, receive different
data streams that may capture additional parameters. (Figure Ill-7-2.)

71.2 It is desirable that the accident investigation authorities of each State maintain a list of the type and
location of flight data and voice recorders in respect of each operator and aircraft type registered in that State.

71.3 FDRs, QARs and DARs frequently record voluminous information that, combined with the CVR, in many
cases can provide all of the necessary information to thoroughly investigate the accident. High priority must be given to
their recovery from the wreckage and readout should take place as soon as possible. If the State conducting the
investigation does not have adequate replay and analysis capability, then the recorders should be taken to an adequate
facility in another State. Guidance on considerations for readout and analysis can be found in ICAO Annex 6,
Attachment D.

7.1.4 Specifications relating to the carriage of flight recorders on certain types of aeroplanes are contained in
Annex 6 and several States require flight recorders to be fitted to public transport category aircraft as a matter of law
whilst other States make administrative arrangements for their use.
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Installation and protection

715 Flight recorders intended to survive accidents are typically installed in the tail of the aircraft (either in the
pressurized or non-pressurized area) where they are most likely to experience less physical damage in the crash
environment. In the case of combined recorders (where two combined recorders are installed), it is recommended that
the two recorders be separated by placing one in the tail and one in the nose of the aircraft. While the nose of the aircraft
is a more hostile environment in terms of crash conditions, it also represents a shorter distance to the cockpit
microphones, thereby improving the possibility of capturing the final milliseconds of acoustic information which can be
critical to an investigation.

7.1.6 The crash protective enclosure for flight recorders should be designed to meet accepted international
standards that have been published for this purpose. Eurocae standards are an accepted international standard in terms
of crash protection.

717 Flight recorders should receive their electrical power from the bus bar that provides the maximum reliability
for operation of the recorder without jeopardizing service to satisfy other essential or emergency loads.

Location and retrieval of flight recorders

7.1.8 After a catastrophic aircraft accident, the retrieval of the flight recorders may be a difficult task. Some
guidance on what to look for may be necessary to aid in locating the recorders. The familiar appearance may be altered
during an accident involving fire and impact, rendering the devices not immediately recognizable. While the recorders
are tested to stringent survivability standards, they are not indestructible. The circumstances of an accident sometime
exceed the design limitations and the recorder housing is compromised. In this case, the recorders may be more
difficult to locate. For example, if there has been an intensive post-crash fire, the recorders may be blackened and no
longer bright orange. Also, the crash-protected enclosure protecting the recording medium, normally the heaviest piece
of the unit, may be jettisoned from the distinctive housing during a severe impact. For recovery purposes, it is important
to obtain this module that houses the recorder memory, not the section of the recorder that does the signal processing.
Figure IlI-7-3 is an example of recorder appearance following an accident.

7.1.9 In some cases, the crash-protected enclosure may have been compromised, exposing the inside tape or
solid state recording medium. Care should be taken to prevent further damage to these delicate components. All pieces
of tape, electronic boards, or chips present in the vicinity of the recorder should be collected within reason. Exposed
solid-state chips should be placed in an electrostatic bag if available.

7.1.10 It is important to note the location of the flight recorders and to document the conditions to which they were
subject at the accident site. For instance, if there was fire, the intensity and duration should be noted to better aid in
determining the best procedure to recover the accident data.

Underwater retrieval

7.1.11 If the aircraft wreckage is located underwater and the location of the recorders is not apparent, special
equipment may be necessary to identify and retrieve the devices. The FDR and CVR are equipped with an underwater
locator beacon (ULB) commonly referred to as a “pinger”. Upon contact with moisture this device will activate and send
out a sonar signal for approximately 30 days. This ULB must be maintained every 2-6 years (depending on the model),
with the replacement of a battery in order to be effective. This device is not meant to operate after impact on land, only
when submerged in water. Special equipment and often collaboration with maritime organizations is needed in order to
pick up a locator signal and further recover the units depending on the circumstances. Several investigative laboratories
have previous experience in this procedure that States may draw upon for assistance.
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7.1.12 If the FDR and CVR are underwater, it is necessary to retrieve and transport them in the proper manner to
mitigate further damage. Two watertight containers, such as ordinary coolers, which are slightly larger than the recorders
should be brought to the retrieval site. Once the recorders are located, they should be rinsed in fresh (distilled or de-
ionized) water and placed in the watertight container. They should be transported fully submerged in fresh water (or
water from the site if clean water is not available). Both recorders should be kept in water at all times as oxidation will
occur rapidly which can lead to damaging the recorder data.

7.1.13 The top of the containers may be sealed with silicone during transport, which minimizes exposure to air.
Immediate transfer to a qualified laboratory facility is vital. Experienced laboratories will normally disassemble the
recorder in water so as to minimize exposure to the air until it is time for the playback.

Recorder readout preparation

7.1.14 Irrespective of the type of recording system, no attempt should be made to conduct a readout at the
accident site: either in the aircraft or on playback units. Even if the recorder appears to be in good condition, there could
be internal damage due to heat or impact. Critical safety data has been lost as a result of attempted premature playback.
Some of the risks include the tape recording medium being broken, stretched, melted, or intertwined with debris. A flight
recorder’s circuitry could be shorted out, internal memory boards cracked, or memory chips melted. Playing back FDRs
or CVRs without proper precaution could destroy the data permanently.

7.1.15 The flight recorders should be hand-carried to an adequate playback and analysis facility where suitable
processing by qualified personnel can take place. When shipping or transporting the flight recorders, they should be
packaged adequately to avoid further damage. No attempt should be made to clean the recorder at the scene, with the
exception of rinsing with fresh water if the recorder is already wet. If possible, avoid exposure to x-ray and other radio
waves, for example, from automatic doors.

7.1.16 If the State conducting the investigation does not have adequate replay and/or analysis capability, then the
recorders should be taken to an adequate facility of another State in a timely manner. Guidance on considerations for
readout and analysis can be found in ICAO Annex 13, Attachment D. There are several laboratory playback facilities
throughout the world and generally they are willing to assist States with flight recorder services without cost. Whenever
possible, all flight recorders from an event should be taken to the same facility. The information on the units is often
complimentary and cross-correlation and validation of data is simplified. Additionally, the FDR and CVR information can
be readily combined into a comprehensive flight reconstruction with integrated audio and voice transcript.

7117 Before taking a recorder to an investigative agency to perform a readout, it would be beneficial to send as
much information ahead as possible regarding the recorder such as the faceplate information (manufacturer, part
number and serial number), modification history, description of overall condition and digital photos of the unit.
Additionally, details about the event such as aircraft type and serial number, event location and description will aid in
readout preparation.

7.2 FLIGHT DATA RECORDERS

7.21 Flight data, voice, images, and data link messages can be recorded on three distinct types of recording
media: tape, optical disk or solid state memory chips. All current FDRs in service record digital data but this digital data
may be recorded on tape media or solid state media. Optical disks are only used for QARs and DARs as they cannot be
effectively crash protected. Most QARs and DARSs today are solid state, like their FDR counterparts. Analogue recorders
(such as the old metal foil) are no longer in service. Tape recorders are also no longer manufactured in favour of the
easier to maintain and more reliable solid state memory.
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7.2.2 It should be noted that this chapter primarily relates to the primary purpose of the FDR — namely accident
investigation; although more and more airlines are using the FDR or a comparable QAR for routine monitoring and
accident prevention.

Purpose of the flight data recorder

7.2.3 The primary purpose of a modern FDR system is to capture all significant data related to the operation and
performance of the aircraft from the voluminous data available on the aircraft's data bus systems. Often there is
sufficient information to derive the flight path of the aircraft in three dimensions, to determine the attitude of the aircraft,
to determine the forces acting on the aircraft and to determine the precise manner in which the aircraft was being
operated. Often the FDR will also record the status of numerous systems as well as any warnings that may have
triggered. QARs and DARs essentially record the same or more information as the FDR but are more readily accessible
for routine use and/or the investigation of incidents. It should be noted that optical QARs should not be used for incident
investigation alone (the FDR should always be secured) since optical disks frequently have data losses due to the
inability to record during turbulence or violent motion.

Recording media

7.24 There are four basic types of flight recording media in use at the present time, namely the optical disk
(older QARs and DARs), PCMCIA cards (QARS and DARs), tape (older recorders) and solid state.

Removal and handling of recorded mediums

7.2.5 The following precautions must be observed in removal and subsequent handling of recording mediums.
Irrespective of the type of recording system, no attempt should be made to conduct a readout at the accident site;
instead the recorder should be hand-carried in a timely manner to an adequate playback and analysis facility where
suitable processing by qualified personnel can take place. Whenever possible, all recorders should be taken to the same
facility as the information is often complimentary; this is helpful for cross-correlation and validation and the information
can be combined into a comprehensive flight reconstruction with integrated audio and voice transcript.

Readout and analysis

7.2.6 There are two clearly defined processes for FDRs and CVRs as well as other recordings used by the
investigation. The first process is the extraction of the recorded data from the medium in its unprocessed state. The
second is the conversion to meaningful information such as engineering units for the case of flight data and usable audio
in the case of a CVR.

Data extraction process

7.27 The data extraction process is to obtain a readout of the media contents of the recorder. For tape-based
recorders, experienced investigation labs have techniques which digitize the tape signal and specialized software is
used to decode the information. For solid state memory media, the proper interface protocol software is used to
communicate with the memory device. Airline playback facilities, primarily designed for maintenance of the recorder,
should not be used for an investigation. Investigation authorities use specially developed software capable of
investigating the data at the bit level and have special techniques for recovering information from damaged media.
(Figure 111-7-4.)
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Figure lll-7-4. Bit level editing — Correcting for “drop-outs”

Conversion to engineering units

7.2.8 Once the data has been successfully extracted from the recorder, the analysis process can begin.
Converting all of the recorded flight data into engineering units is no longer practical due to the voluminous data
recorded. Today, there are sophisticated software tools that interactively convert binary data into engineering units on an
as-needed basis to facilitate the analysis process. It is important for investigators to appreciate this aspect and work
closely with the specialists that are versed in these software tools. Proper analysis tools, including flight animation tools,
should be able to interactively work with the binary data and convert the data as needed for the application. This
eliminates unnecessary and inefficient preprocessing of the data. If the aircraft manufacturer needs the data to assist
with the investigation, they will normally want the raw binary data, not preprocessed data that is already in engineering
units.

7.2.9 In dealing with FDR recorded data it will only be possible to obtain a readout of the raw data from those
organizations which have the appropriate readout equipment. This may necessitate allowing the flight recording to be
taken outside the jurisdiction of the State conducting the investigation. It should be the responsibility of the accredited
representative of the State in which the readout is conducted to ensure that the appropriate level of priority and security
is attached to obtain an accurate and timely readout.

Selection of parameters

7.2.10 On today’s modern digital aircraft with data rich environments, aircraft manufacturers record data well
beyond the mandatory requirements, striving to capture virtually all relevant information on the data busses. The latest
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generation of aircraft may have thousands of parameters recorded. It is important for investigators to have proper
analysis tools to validate the conversion of the raw data into engineering units and to efficiently search and sift through
the data to extract the relevant parameters to the investigation at hand. A professional analysis system capable of
interactively working with the flight data is recommended over paper printouts or spreadsheets of the data. Printouts and
spreadsheets were acceptable only with limited numbers of parameters, but with the huge amount of parameters
available today, investigators need proper tools to facilitate the study of the data.

7.2.11 Data format is an important consideration when using/sharing flight data among stakeholders during an
accident investigation. The use of spreadsheets (such as Microsoft Excel) to disseminate flight data has become
increasingly popular, however most investigation authorities and aircraft manufacturers strongly prefer the data in its
original format. When passing spreadsheet files from one process or system to another, it becomes problematic to pass
all of the recorded parameters. A modern aircraft may have well over a thousand parameters and applications such as
Microsoft Excel cannot handle the data due to file size limitations. What is typically done is to send only the parameters
needed. This can compromise the process because the investigator does not have all of the information and must pre-
judge what is important.

7.212 Another more serious problem with using spreadsheet files for analysis is the time element. Two
parameters that are both recorded at one sample per second are actually not sampled at the same time within the
second. There is a relative offset, often based on the word location. For example aileron position and control wheel,
while both sampled once per second, will be offset from each other by as much as just under a second. In order to
maintain the timing resolution of the original data, the Engineering Unit file must be incremented at intervals coincident
with the data frame rate. For example, a 64 word/sec rate would require the data printed out in 1/64 time intervals to
maintain the same time resolution for each parameter. This means that if you want to look at 25 hours of data using
Engineering Unit files, you would need 64 lines of data for each second.

7.213 Aircraft manufacturers are also becoming aware of this growing problem of using spreadsheets to analyze
and disseminate flight data. If a spreadsheet is sent to someone for analysis assistance (such as the aircraft
manufacturer) the recipient does not get all the parameters, does not get the proper time resolution, and does not have
the ability to check the engineering units conversion process if they suspect a problem. The conversion process to
engineering units has many opportunities for error, especially with parameters infrequently analyzed. One should never
accept the engineering units’ data as factual without proper validation each time.

Analysis

7.214 The analysis process is usually carried out by a multi-disciplined team that includes experienced flight data
analysts in consultation with performance engineers, aeronautical engineers, operations specialists and systems
specialists. During the analysis of recorded flight data and/or voice, graphical plots, transcripts and flight animations are
all effective techniques to begin to document the relevant aspects of the recordings that begin to tell a story. Deriving
additional parameters mathematically, interpolation, extrapolation and other techniques are used to understand the data.
(Figure 111-7-5.)

7.215 Aircraft performance. A fundamental part of the flight data recorder process is to verify whether or not the
aircraft is performing as per the data or is the data incorrect. In the past, expensive flight simulators could be used for
this verification, however with today’s modern computer, it is now practical to perform certain performance validation
tasks on a personal computer with suitable software and expertise. The aircraft manufacturer also has engineering
simulators which can be used to validate the flight data and for complex cases the manufacturer should be intimately
involved in this process due to the high degree of aerodynamic parameters required and the high level of expertise
required. A full motion simulator is useful when motion and/or ergonomic issues are such that the replicated flight deck
and motion sensations are potential factors in the investigation.
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7.3 COCKPIT VOICE RECORDERS

General

7.3.1 The need to install cockpit voice recorders on transport aircraft results from the fact that in many accidents
and serious incidents, the actions or lack of actions of the flight crew are a significant component to understanding the
investigation. In addition to valuable inter-crew communications, the acoustic environment of the flight deck can shed
important light on many investigations.

Purpose of the cockpit voice recorder

7.3.2 The primary purpose of the cockpit voice recorder is to provide the accident investigation with a record of
the communications on the flight deck, the radio communications with the ground controllers as well as a record of the
general acoustic environment onboard the aircraft.

7.3.3 Experience has shown that significant sounds are often recorded, e.g. switches being actuated, flap and
landing gear selectors being operated, aural warning signals, engine noise, cockpit noise associated with changes in
airspeed, etc. This type of information is of considerable assistance to the investigation, especially when the precise time
of each sound can be determined from the recording.

w

Figure lll-7-5. FDR/CVR Lab (Courtesy of Transportation Safety Board of Canada)
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Selection of parameters
7.3.4 Cockpit voice recorders should normally record the following:
a) voice and/or digital communications transmitted from or received in the aeroplane by radio;
b) voice communications of flight crew members on the flight deck;
c) voice communications of flight crew members on the flight deck using the aircraft’s interphone system;

d) voice or audio signals identifying navigation or approach aids introduced into a headset or speaker;
and

e) voice communications of flight crew members using the passenger loud speaker system, when there
is such a system and the fourth recording channel is not in use.

7.3.5 To record effectively the voices of flight crew members on the flight deck, a cockpit-mounted area
microphone is installed in the best position to record voice communications originating at the first and second pilot
stations as well as voice communications of other crew members on the flight deck when directed to those stations.
Care must be taken in locating the microphone and adjusting or supplementing the preamplifiers and filters of the
recorder to assure a high level of intelligibility of the recorded communications when recorded under cockpit noise
conditions in flight.

7.3.6 Cockpit voice recorders should be installed so that each source of information described above can be
recorded on a separate channel. This could be achieved as follows:

a) for the first channel, from each microphone, headset or speaker used at the first pilot position;

b) for the second channel, from each microphone, headset or speaker used at the second pilot station;

c) for the third channel, from the cockpit-mounted area microphone;

d) for the fourth channel, from each microphone, headset, or speaker used at the station for the third or

fourth crew members or, when not in use for this purpose, from microphones associated with the
aeroplane’s loud speaker system.

Installation and protection

7.3.7 Installation of a cockpit voice recorder should be made so that the probability of inadvertent actuation and
operation of the bulk erasure device during crash impact is minimized.

Readout and analysis

7.3.8 There are two processes in the readout and analysis of CVRs These are the data extraction process
(same as for FDRs), and the transcription/analysis process.

7.3.9 The purpose of the data extraction stage is to obtain a recording for the purposes of transcription and
sound analysis. In order to accomplish this, it is necessary to employ specialized tape playback equipment designed to
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reproduce the tape from a specific type of cockpit voice recorder. Experienced labs have adjustable tape decks for this
purpose. For solid state CVRs, the memory is extracted similarly to a solid state FDR, using the proper interface
protocols to communicate with the memory device.

7.3.10 For tape recorders, it is necessary to time correct the recording since it cannot be played back at precisely
the same speed as it was recorded. Small speed errors will result in large timing errors over time. There are several
techniques known by experienced investigation labs, such as using the 400 Hz aircraft frequency to time adjust and, a
better solution, correlating the VHF keying with the recorded flight data using a linear regression over the full duration of
the CVR.

7.3.11 For solid state CVRs, timing can also be an issue. Some modern systems record GPS time on all
recorders, making synchronization relatively easy.

7.3.12 For CVRs regardless of tape or solid state, a digital industry lossless compression standard such as (wave
or .wav file) is normally generated at a sampling rate of 22 kHz or higher. Experienced investigation labs have
techniques to slow down speech while maintaining proper pitch, perform noise filtering and perform spectral analysis to
identify sounds and engine behaviour. All of these applications can be employed to greatly enhance the quality of a CVR
transcript.

7.3.13 A CVR transcript is usually conducted by a group of multi-discipline specialists including acoustic analysis
specialists, operations specialists and systems specialists. The purpose of the group is to produce an accurate transcript
of relevant conversation. States should apply considerable privilege and protection to CVRs. The group should only
transcribe relevant information as there is usually no need to transcribe personal information that does not contribute to
the investigation. If personal conversation is consuming an inappropriate amount of time during the flight, an editorial
observation may be used to note that a personal conversation occurred during a specific time period. Sometimes it may
be necessary to transcribe personal conversations. Care must be exercised when transcribing the actual words of a
personal conversation. The need for using the actual words must be balanced against the privacy issues of the crew and
the needs of the investigation process. It is also an accepted practice to substitute symbols (#) for expletives. Other
useful symbols for transcripts include () to denote where specific words have been translated from a specific language.

7.3.14 States shall not release the audio cockpit voice recording or a transcript of the recording to the public.
Recordings and transcripts should be adequately protected to prevent inadvertent release. It may however, be essential
to the analysis and understanding of the occurrence to include relevant parts of the transcript from the CVR in the final
report or its appendices. When doing so, care must taken to ensure that in the final report a description of what was said
is included rather than a quote of the actual words of a personal conversation. Parts of the transcript not essential to the
analysis shall not be disclosed. Chapter 5 of Annex 13 contains provisions pertinent to transcribed voice recordings and
should be taken into account when it is considered necessary to include relevant parts of a transcript in the final report or
its appendices.

Operational/human factors analysis

7.3.15 The primary purpose of the cockpit voice recorder is to record the flight crew's communication.
Experienced accident investigators with specific training in the necessary fields typically accomplish the analysis of the
cockpit voice recorder for the human factor and operations portions of an investigation. The analysis of the cockpit voice
recorder content typically includes a review of operating procedures, crew interaction and crew performance. The
analysis can be broad to encompass generalized events or it can be very specific to analyse the speech patterns of a
crew member or the pronunciations of specific syllables. The analysis can also provide valuable insight into crew
physical actions through evaluation of grunts or straining during speech. Use of CVR analysis in conjunction with
findings from other areas of the investigation can facilitate the identification of crew actions, crew state, and any other
potential factors affecting human performance (such as impairment due to medical conditions).
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Acoustic analysis

7.3.16 The cockpit voice recorder’s primary purpose is to record voice communications. Most cockpit voice
recorder systems are designed for voice and have a bandwidth and/or filters that optimize the recording of the human
voice. The cockpit voice recorder is not an acoustic recorder — that is, although the cockpit voice recorder records all
audio that is received by the microphones, the microphones may not pick up all of the audio in the aircraft. Additionally,
because each aircraft and its cockpit may be subject to different environmental conditions, the fidelity of the
microphones may be vastly different between aircraft. Integrity of the installation and age of the cockpit voice recorder
system is also a factor in the quality of the recording.

7.3.17 With these limitations, however, it is still possible to obtain acoustic information useful in analyzing several
aspects of the aircraft, including engine speed, propeller rotational speed, rotor speed, transmission operation, hydraulic
pump operation, and ground speed. This information may be recorded on the cockpit area microphone channel. While it
is possible to analyze the sounds and make accurate calculations, it is not usually possible to determine precise location
of an acoustic source using the cockpit area microphone recording, because it is a single source recording. It is also not
possible to determine, for instance, which engine failed in an engine failure — the recording would simply show a signal
reducing in frequency, but it is not possible to determine from the recording if it is the left, right or center engine.

7.3.18 Acoustic analysis using a cockpit voice recording from an accident should be done with caution. While the
analysis can typically provide direction in an investigation, the interpretation of the acoustics can vary and should be
confirmed through physical evidence or other data sources.

7.4 FLIGHT ANIMATION

7.4.1 Flight animation has grown significantly in popularity, especially with the advent of flight data analysis
programmes whereby airlines routinely monitor their flight data for improved efficiency and safety. There are numerous
flight animation systems available today and investigators must be very cautious when using flight animations as they
may not be able to portray a complex accident/incident event accurately and perhaps lead to misinterpretation. Airline
animations are typically automatic systems that can generate an animation in minutes. They are used to rapidly replay
relatively benign in-service events, primarily for flight crews. (Figure 11I-7-6.)

7.4.2 The benefits of animating data include assimilating complex information and facilitating analysis. In some
instances, when investigating complex scenarios, flight animation can lend credibility to findings and subsequent
recommendations. The pitfalls of flight animation include pretty picture syndrome (seeing is believing), fabrication,
subjective information, and drawing conclusions without understanding underlying principles. The current limitations of
sample rates, resolution, aircraft architecture (where the parameters are obtained), interpolation issues, and difficult to
measure factors such as weather, all affect the objectivity and quality of a flight animation.

7.4.3 In an accident investigation, where a flight crew reputation is often on the line and the stakes are often high,
the use of any automated tool represents a considerable risk. It is extremely important that the investigation team be
fully aware of every step of the animation process so that any conclusions drawn are well supported. The caveat ‘Any
conclusions based on this animation should be thoroughly reviewed in light of the manner in which it was produced’ or
similar caveat should be considered by the investigation agency. Due to the subjectivity of flight animations and the fact
that they are powerful and compelling, investigation authorities need to take great care in ensuring that the animation is
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Figure lll-7-6. Typical flight animation

an accurate representation of what really happened. With the popularity of animation in airline flight data analysis
programmes, investigators should resist the temptation to use a tool designed for “normal“ routine flight sequences on
accident data that typically contains abnormal out of the “envelope” flight scenarios. It is also recommended that any
flight animation not be shown too widely until such time that the experts responsible for developing it are satisfied that it
is accurate and any assumptions used to generate it are well understood and documented. Most of the major flight
recorder labs around the world have significant expertise and experience in flight animation. The expertise generally
required is a strong aircraft performance or professional engineering background combined with operational flying
experience.

7.5 OTHER RECORDING DEVICES

Flight data collection devices

751 Many aircraft have devices on board, other than FDRs and CVRs, that are used routinely for daily airline
operations. While these are not crash-protected, they may contain valuable information to help with an accident
investigation. Advancements in aircraft technology have made it possible for aircraft and component manufacturers and
operators to collect and use data routinely to track maintenance procedures, make problem diagnoses, establish data
trends and identify safety concerns. Airlines using data on a routine basis have been able to improve operational
efficiency, thus lowering costs.
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7.5.2 These data collection and review programs such as Flight Operational Quality Assurance (FOQA) or Flight
Data Analysis Program (FDAP) for aircraft or Health and Usage Monitoring Systems (HUMS) for rotorcraft are not
mandatory in many States but are highly encouraged. Frequent review of flight data is beneficial since it provides an
informal check of aircraft systems which may contribute to the flight recording system integrity and highlight any
abnormalities that may lead to future problems. While the mandatory FDR unit may be used as the recording device, the
flight data is most commonly collected by an additional Quick Access Recorder (QAR) or Digital Access Recorder (DAR)
which is not crash-protected. QARs and DARs may record an identical set or, sometimes, more or less information than
the mandatory FDR. These devices are typically located near the cockpit which makes them more accessible for daily
retrieval. Older QAR or DAR units may utilize optical disks or tape as a storage medium. Most QARs and DARs
produced today are solid state, like their FDR counterparts or employ a memory card (PC card or PCMCIA) to hold data.
The latest technology allows wireless transfer of data straight from the aircraft to a ground station without any human
interaction. Air carriers utilize automated software to sift through hundreds of hours of flight data to identify
predetermined exceedences.

7.5.3 It should be noted that optional data collection devices such as QARs and DARs should not be used for
incident investigation alone (the FDR and CVR should always be secured). These devices are not crash-protected nor
are they designed to withstand the same survivability or operational requirements as mandatory recorders, so they are
not as reliable. For instance, optical disks frequently have data losses due to the inability to record during turbulence or
violent motion. While proactive use of data is a noble effort and contributes considerably to preventive safety measures,
it is not a replacement during an accident investigation. Although data from QARs and DARs can enhance the process,
it should always be obtained in the rawest format available since there is no certification of the software tools that are
used and the data output may be smoothed or predicted. These additional data collection devices are one more tool that
can be used to assist in an investigation.

Other flight data sources

75.4 Many of the instruments and avionics in modern digital aircraft contain non-volatile memory (NVM), which
can provide critical information not captured anywhere else. These devices are particularly useful when no FDR or CVR
is present on an aircraft. Many States do not require cargo transports, corporate or business jets, helicopters, military or
general aviation to be equipped with an FDR or CVR. In this case, NVM is the sole source of information. Though these
units are not crash-protected, it is often possible to recover useful data even in the event of a catastrophic accident.

755 An aircraft manufacturer should have information relating to any sources of non-volatile memory that may
be present on the aircraft in a particular system. Some systems that commonly employ NVM are the Flight Management
Computer (FMC), Full Authority Digital Engine Control (FADEC), EEC, Radio Stacks, Fuel Gauges, Global Positioning
System (GPS), Engine Instrument Crew Alert System (EICAS), Power Analyzer Recorder (PAR) or Enhanced Ground
Proximity Warning System (EGPWS).

7.5.6 Some FADECs can record up to four hours of flight, diagnose problem areas, provide a review of recent
history of an engine's vital functions such as pressures, throttle position, temperatures, fuel flow, RPM and ignition
system timing. Stored maintenance information may even include pressure-altitude, airspeed, engine setting, and engine
fault codes. EGPWS systems record a wealth of parametric data over the period from 10 seconds before to 20 seconds
after any event that triggers an EGPWS warning. This data includes:

a) AGL altitude as calculated and corrected based on all sources;

b) altitude rate;

c) aircraft pitch and roll angles;

d) body angle of attack (AOA);
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e) longitudinal acceleration;

f)  normal acceleration;

g) inertial (earth axis) acceleration;

h) glideslope deviation;

i) temperature in °C;

j)  range settings for navigation display 1, 2;
k) aircraft airborne flag; and

[) approach-mode flag.

7.5.7 Certain panel mount devices, such as multi-engine monitors, are capable of storing and downloading
engine-related information including:

a) RPM;

b) cylinder head temperature;
c) exhaust gas temperature;
d) oil temperature;

e) manifold pressure;

f) fuel flow;

g) total fuel used; and

h) battery voltage.

7.5.8 The use of GPS navigational units is becoming increasingly common on even single-engine, piston-driven,
general aviation aircraft. Older devices (pre-1990) usually employed volatile static random access memory (SRAM).
Newer devices generally employ NVM and, depending on the make and model, these devices may hold a history of the
aircraft’s flight plan, position, altitude, track, radio frequencies, and transponder codes. In general, as a matter of design,
handheld and portable units will be found to contain more historical data than a typical panel mount unit. Non-powered
aircraft, such as gliders, will generally contain a special purpose-built data logging device fitted to record parameter-data
for post flight training and use in scoring contest and international record attempts. Some of these dataloggers employ
mechanical means to erase any data in the event that the unit is disassembled and encode the stored information in a
protected proprietary format — a precaution used to discourage data tampering.

759 NVM memory devices will fall into several classes, depending on the original purpose of the device and its
design history. Some devices, like handheld GPS units and dataloggers, are designed with interfaces permitting the
download and presentation of any recorded information to a PC running the appropriate commercially available software.
These devices, if undamaged, require little expertise to download, the software tools are readily available, and the data
can be presented in an easy-to-understand format. Other devices, like certain multi-function displays, employ flash
memory cards like those used in digital cameras to permit the download of recorded data. These devices may require
somewhat more expertise to download and analyze, but the resources should be readily available. Many other devices,
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like certain primary flight displays and EGPWS systems, contain internal interfaces available for downloading data under
special circumstances, such as factory troubleshooting or maintenance. These devices will generally require
manufacturer support, at lease initially, as the tools used to download and analyze the data will generally be in-house
lab-grade software and hardware, and the recovered data will require a fair amount of design expertise to interpret.
Finally, many devices, like certain engine displays, altitude heading reference units, flap control units, etc., may contain
varying amounts of information related to exceedances or internal errors. This information may be retained on NVM
within the unit, but will require extensive expertise to recover and interpret the data, as no interface exists for routine
downloading of the data.

7.5.10 An aircraft manufacturer should have information relating to other sources of non-volatile memory that may
be present on the aircraft in particular systems. Due to the varied nature of the instrumentation, a major investigative lab
should be contacted to determine how to handle a unit. In a component employing SRAM such as an earlier model
portable GPS, a battery backup may be used to preserve data when power is not present on the unit. Depletion of the
battery due to mechanical damage or water corrosion will destroy this data, thus preventing recovery. Time is of the
essence when dealing with these units. Battery power should be preserved for any unit employing volatile memory. If the
unit has been subject to water exposure, especially salt-water, it is imperative that the unit be flushed with clean pure
deionized water as soon as possible and rapidly dried, ideally under a weak vacuum. If this is not possible, the unit
should be transported submerged in clean pure deionized water to a lab capable of handling such devices. Battery
power should, in general, be removed from units containg NVM, as this power is not needed for data preservation, but
might contribute to data loss if corrosion occurs or the unit is powered up and begins to over-write old data. All units,
even units employing NVM, will contain internal backup batteries designed to preserve volatile memory for the system
clock and other operating system data. Moisture containing any salts or other mineral impurities will immediately
promote corrosion which can quickly — within a matter of hours — eat through circuit traces and other metal parts,
ultimately removing backup power from any volatile memory devices and possibly damaging an NVM unit beyond
normal recovery. Since most water contains trace salts and some amount of dissolved free oxygen, this process can and
will occur (albeit at a slower rate) even if the unit remains totally immersed. This corrosion process is greatly accelerated
if the unit is kept in a warm place. De-ionized water contains little to no dissolved oxygen, and if kept cool this
environment is far preferable to storage in natural water.

7.5.11 Since most of these units are not crash-protected, NVM units that are mechanically or corrosion damaged
will normally not be recoverable using normal means. Often, however, due to their small size and low mass, the flash
memory devices within these units will survive, although extensive manufacturer expertise would be required to
reconstruct the data stored directly on these devices. Indeed, given the manufacturing methods and design tools used to
construct modern electronics, this expertise may no longer exist even with the manufacturer. The most promising
recovery method involves recovering the flash memory device or devices containing the parametric data of interest, and
installing these devices into a known good unit of like make and model. Manufacturer expertise may be required to help
determine which chip or chips contain the recorded data and/or other operating system code required to successfully
recover the information using a surrogate unit.

Visual recordings

7.5.12 An increasing contributor to investigations are digital camera or video data. In some cases, passengers on
board or witnesses on the ground have digital or video cameras or an aircraft may be equipped with a recording device
to capture scenic flights. Security cameras on the airport may show information on loading, or on bridges, tolls or
buildings in the vicinity of the accident or on the airport. Many of these devices record their data in compressed or
proprietary formats which makes recovery more challenging. (Figure Ill-7-7.)
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Figure llI-7-7.  Picture taken by a witnhess to a DC-10 in an unrecoverable bank
just moments before a crash

7.5.13 Increasingly, videos and recorded images are providing valuable information for investigators. Devices that
record image data include, but are not limited to: image recorders, camcorders, video recorders/cameras, digital
cameras, digital video recorders, and flight-test equipment. These could come from witness videos, tour operator videos,
news agency footage, or surveillance cameras. In addition to images of the accident or incident, images from a prior
time period may also be of investigative value.

7.5.14 When using images or video during an investigation, it is important to make every effort to obtain the
original recorded media. During playback the original image may be down-sampled to make it easier or smaller to export.
This down-sampling could remove valuable information that may be contained in the original image. Generally it is
always best to obtain a digital copy of the original stored media. If it is not possible to copy the original, then the entire
machine or storage device should be retained so a digital copy can be made at a later date.
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7.5.15 Also important is getting technical specifications about the recording device or system, the camera(s), and
information about the recording system setup and configuration. Every effort should also be made to determine the
camera location as accurately as possible. For fixed cameras, such as security systems, providing an engineering
drawing depicting the camera location relative to surrounding landmarks, such as buildings, roads, taxiways and
runways, etc. (particularly any landmarks that are in the camera’s view) is ideal. These drawings are often available from
the airport authority or a city/county planning office. For video from a hand-held camera, it is important to have the
location of the camera operator at the time the recording was made. If possible, the location should be provided on a
map, or by GPS location. Additionally information about several of the predominant features that are visible in the scene
are needed to calibrate the recorded accident image.

7.5.16 To read out and analyze video and image data, specific hardware and software is needed. Additionally,
personnel must have specialized training in interpreting the recorded images. As this is an emerging field in
investigations, many experienced laboratories may be able to provide guidance or assistance in the readout and
analysis of video and image data.

Radar data and ATC transcript

7.5.17 Analogue and digital recorders are utilized by most States for ground air traffic control services (ATS)
centres and units. Recordings may cover not only air-ground voice and data link communications, but also voice, radio,
satellite and land line communications between the various ground services or stations (aircraft movement and control
coordination exchanges, exchanges between ATS and meteorological officers, fire-fighting vehicles, etc.). Information on
Radar Data and ATC recorders is covered in detail in Chapter 5.

7.5.18 During an accident investigation, it may be necessary to collect datalinked information that was transmitted
from the Aircraft Communications Addressing and Reporting System (ACARS) or Aircraft Condition Monitoring System
(ACMS). It is possible that an operator may also record communication between the aircraft and ground personnel that
covers a period not contained on the CVR.

7.6 FUTURE REQUIREMENTS

New design

7.6.1 While not yet required in most States, manufacturers and operators are employing dual redundant
combination recorders, and two-hour long CVRs to replace the old thirty-minute versions. Also, independent power
supplies for CVRs, to enable them to continue operations for ten minutes after power to the recorder has ceased, have
been proposed.

Datalink recordings

7.6.2 In the past, exchanges between ATC and the crew were normally preserved on the CVR. With the advent
of Communication Navigation Surveillance/Air Traffic Management, this will no longer be the case. In the future it might
be mandated for CNS/ATM information to be recorded. Some CVRs are equipped today to meet this requirement. These
will be recorded for the same length of time as CVRs, usually for two hours.
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Airborne image recording

7.6.3 Accident investigators have also recommended the implementation of Airborne Image Recorders (AIR).
EUROCAE has already developed a technical standard and the technology is available to employ them. While traditional
FDRs and CVRs are invaluable, additional information could be gained from an inside view of the cockpit. The benefits
of AIR include a documentation of human-machine interaction (switches, throttles, controls), the ambient cockpit
environment (smoke, lighting), non-verbal communications (hand signals) and crew interaction. It has the potential to
capture hundreds of additional parameters not currently recorded. Additionally, on aircraft that are not equipped with
either a traditional FDR or CVR, an airborne image recorder might be a low cost means of equipping the aircraft with an
FDR or a CVR. An airborne image recorder would provide parametric data from the cockpit instruments. (See
Figure 11I-7-8.)

S

Figure lll-7-8. Image from an Airborne Image Recorder
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7.7 CONCLUSION

7.71 The mandatory crash-protected FDR and CVR are integral parts of an accident investigation. In order for
them to be most beneficial they must be adequately maintained and documented. Following an event, the recorders
must be located quickly and transported immediately to an appropriate facility for, analysis. Their contents need to be
analyzed by qualified experts jointly with all other data concerning the event including the on-scene portion and
participant contributions, in order to have the maximum benefit. To have the most impact, the data must be handled in a
timely and efficient manner.

7.7.2 There are many valuable sources of data that can help during an investigation. Especially in modern,
electronic aircraft the data gathered can provide vital clues as to faults, maintenance, operations of systems and actions
on board.

7.7.3 Effective data collection programmes are a significant step towards incident and accident prevention. The
benefits of proactive data use in terms of both safety and cost guarantee its development in the future. In addition,
technological advancements will continually change the aircraft and cockpit environment and create a greater reliance
on data during an investigation. Information previously obtained through interviews is now stored on disk drives,
computer cards, and portable units. Investigation and data gathering techniques must constantly be improved to keep
abreast of technology.




Chapter 8

RECONSTRUCTION OF WRECKAGE

8.1 GENERAL

8.1.1 The decision for wreckage reconstruction will be based upon many factors, and will also impact the
methods and precautions employed during wreckage identification and recovery. Anomalies in the flight trajectory or
wreckage distribution may indicate the need for close analysis of portions or the entire accident aircraft. Techniques and
methods utilized for the wreckage recovery, discussed in Part | of this manual and in the Airport Services Manual
(Doc 9137), Part 5, Removal of Disabled Aircraft, provide further guidance.

8.1.2 Wreckage reconstruction can be a very useful tool for certain accident investigations. “Reconstruction” is
the assembly of the various pieces of aircraft wreckage in their relative position before failure. A reconstruction is by no
means necessary for every accident. But it can be the key for determining the existence of clues leading to the causes of
the event. It can eliminate certain causes as well.

8.1.3 Wreckage reconstruction can consist of a simple laying out of all or certain portions of the wreckage in the
general configuration of the aircraft, to a detailed three-dimensional reconstruction of major portions of the aircraft. With
the advent of software and computer-aided design tools, computer or “virtual” reconstructions can also be performed.

8.14 The reconstruction procedure is a twofold proposition. First, the various pieces must be identified and
arranged in their relative positions. Second, a detailed examination is made of the damage to each piece and the
relationship of this damage to the damage on other adjacent or associated pieces is established. This latter work is the
chief purpose behind the reconstruction. See Figures 111-8-1 to 111-8-5 for examples of reconstruction of wreckage.

8.1.5 A reconstruction may be accomplished by one or more investigation groups, typically the structures or
systems group. Larger reconstruction efforts might require the formation of a separate reconstruction group. Of course,

the circumstances of the accident and the available resources (time, money and personnel) will be major factors in the
extent of the reconstruction.

8.2 WHEN TO PERFORM A RECONSTRUCTION
8.2.1 A first question the investigator must ask is when is a wreckage reconstruction valuable to perform. In
general, reconstructions are especially useful for events involving in-flight structural breakup, collisions, fires or
explosions. It helps in understanding such things as: breakup patterns, sequence, loss of parts, etc.; the spread and
effects of fire, smoke and heat; mid-air collisions or collisions with missiles or other projectiles, meteor hits, space debris,
etc; and chemical residue or overpressure from explosions or explosives devices.
8.2.2 Factors that may support the desirability of a reconstruction include:

a) evidence of in-flight fire and smoke on the structures and systems;

b) parts found some distance from the wreckage sites;

1-8-1
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C) major missing parts;
d) evidence from autopsies, such as burns or smoke inhalation of victims; and

e) suspicion of the involvement of explosives or sabotage.

8.3 TYPES OF RECONSTRUCTION

8.3.1 There is a whole range of degrees and complexity of wreckage reconstruction that may be appropriate for
the particular investigation.

Simple layout

8.3.2 The decision to perform a simple two-dimensional wreckage layout is usually easy to make. The
reconstruction might be done, for example, as a structural group activity, with the structures group chairperson making
the decision. The cost of such a layout can be very low since it can often be accomplished with existing personnel and in
existing space. Some sort of a layout like this is done in many accidents. It is useful to lay out a few pieces to visualize
their relationships, to look for witness marks or to examine burn or smoke patterns.

8.3.3 In many cases, this may be all that is necessary to assist the investigator in determining probable cause.
The simple layout is often the starting point for a more formal decision to go further.

8.34 All reconstructions have the added benefit of providing a visual inventory of the wreckage recovered.

Comprehensive two-dimensional reconstruction

8.3.5 These are also commonly done and can be extensive, but still quite cost effective. The tools to make a
larger two-dimensional reconstruction can be a tape measure, masking tape, some chalk, a clean floor and basic
technical information. It can be indoors or outdoors. The need for a roof would be driven by the expected length of the
investigation and the weather. For technical information, the investigation team will need a diagram, probably from the
manufacturer, of the area under study.

8.3.6 Once the tape measure and chalk have been used to mark the outline of the area to be mocked up, putting
down masking tape will help with the visualization. It is recommended that the area to be reconstructed be “scaled-up”.
Scaling-up means providing additional space between the pieces by enlarging the space allotted for the layout by up to
20 per cent. This allows investigators to walk between the pieces to visualize/examine them as well as facilitate moving
the parts into position. It will also assure that torn edges will not rub one another and damage the fracture surfaces or
remove other evidence. Further, it will provide extra space for laying out the upper and lower surfaces in the same area,
although for detailed layouts separate areas would be used for the two surfaces. A two-dimensional reconstruction can
eventually be converted to a three-dimensional reconstruction, if needed.

Three-dimensional reconstruction

8.3.7 These can be the ultimate in physical reconstruction, depending on their extent. However, three-
dimensional reconstructions are much more costly because of the demands for space and human resources. The
physical facilities will be in use longer because of the length of time the reconstruction will be under construction and
preserved. Some large three-dimensional reconstructions may require the formation of a separate “reconstruction group”
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to staff and manage the process. Further, significant effort will be expended on a database to track the parts being hung
on the frame. On a major reconstruction, the frame alone can cost tens of thousands of dollars. The overall cost for a
major reconstruction can run into several millions of dollars.

8.3.8 A three-dimensional reconstruction has distinct advantages that no other investigative tool offers. It can
show the presence or absence of causes, such as penetration or missile impact. It will create sightlines which could
provide other clues. These may help reduce or eliminate pet theories. On the other hand it may allow an insight that
didn't exist before. It may eliminate or confirm potential criminal activity. It can give a good visualization of missing pieces.
Three dimensional relationships are easier to visualize, especially those involving fire or smoke patterns or curling and
bending of parts.

8.3.9 Three-dimensional reconstructions sometimes do not add much to the technical understanding, and it is
difficult to keep them simple, safe and uncluttered. Some believe that an extensive reconstruction is rarely required for a
technical investigation. Rather, they are important for non-technical reasons. They can provide both public and political
support for the investigative agency in need of recognition, budget or human resources. This is important to understand
and appreciate. There can be good and valid reasons and demands, besides technical, that may sway a decision for a
reconstruction.

8.3.10 Once a major reconstruction gets started, it is difficult to stop the momentum, even if the thrust of the
investigation changes. The decision process of where to stop and how much of the airplane really needs to be
reconstructed should be determined ahead of time by the right people involved in the investigation. The investigation
team must understand that there may be a need to preserve the three-dimensional reconstruction for non-technical
reasons years or decades beyond its value to the investigation. Whenever possible, it is a good idea to develop an “exit
strategy” or set of criteria that can be used to stop the reconstruction effort when further work would provide little or no
benefit.

8.4 RECONSTRUCTION AT THE ACCIDENT SITE

8.4.1 Reconstruction, particularly in respect of specific components, is frequently employed at the accident
scene. This is especially true if the accident has occurred in a relatively open area and the weather is not unusually
inclement. Before the reconstruction work is begun, the procedures outlined in Part I, Chapter 2, should be followed, i.e.
overall photographs made, wreckage distribution chart completed, a walk-around inspection made, and adequate notes
made on the manner in which the various pieces were first found.

8.4.2 Parts are collected, identified, and arranged on the ground in their relative positions. Major components
such as the wing, tail and fuselage are often laid out separately from one another for ease of examination. If the
suspected area is at the junction of the major components, the areas are sometimes reconstructed separately. Individual
cable runs with their associated components are usually laid out separately, again for ease of examination. If significant
markings are found on any of these latter items, corresponding markings can be sought out in the relative position in the
aircraft.

8.5 RECONSTRUCTION AWAY FROM THE ACCIDENT SITE

8.5.1 Very often the location of the accident or the prevailing weather conditions precludes the reconstruction at
the accident scene. In this case, the investigator must decide whether or not it is warranted to transport the wreckage to
another location for reconstruction. Since additional damage will possibly be done to the various wreckage pieces during
transportation, the investigator should ensure that a complete set of notes exists on all significant smears, scores, tears,
etc. All major pieces should be suitably tagged, identified, photographed and recorded on a wreckage distribution chart.
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8.5.2 The minimum amount of disassembly should be done. If it is necessary to disconnect bolted assemblies, a
record should be made of the sequence of the various washers, spacers, nuts, etc. In many cases control cables will
have to be cut to separate portions of the wreckage. When this is done, care should be taken to identify and tag all cuts.

8.5.3 Unless these simple precautions are followed, valuable evidence may be lost or the investigator's task
considerably magnified.

854 When the reconstruction is done away from the accident site in a hangar, for example, it is usually possible
to do a more complete job of reconstruction. It is most helpful to have available an aircraft of the same type for
comparison purposes.

8.6 VIRTUAL RECONSTRUCTION

8.6.1 As computer power grows and methods of digitizing objects improve, there is a growing interest in the
virtual reconstruction, along the line of computer-aided design (CAD) programmes currently used to design parts or
manufacturing processes. Much of the software is still being developed so investigators should research the latest
available techniques and software. At the time of this writing, a virtual reconstruction is typically done after the three-
dimensional reconstruction is in place. It is good for cataloguing the recovered pieces and determining what may be
missing. It provides another option for the investigator, but its cost and pros and cons are still to be determined.

8.6.2 One of the possible downsides of this new technology is the ability to manipulate digitized data and the
need for systems that assure absolute data security.

8.6.3 Eventually, it may be possible to jump directly to a virtual reconstruction, bypassing the need for a physical
two-dimensional or three-dimensional reconstruction. Eventually, the technology may allow us to go underwater using
remotely-operated vehicles, digitizing parts in place, thus eliminating the need to bring them to the surface. Further it
may be possible to do very close-up digitizing of fracture surfaces, burn patterns and other features, and apply them to
the frame separately.

8.7 IDENTIFICATION OF WRECKAGE

8.7.1 One difficulty in reconstructing a component such as a wing lies in the identification of the various
wreckage pieces. If the wing has broken up into a relatively few large pieces, the task is much simplified. If it has broken
up into a large number of small pieces, as with a high speed impact, the reconstruction task may be extremely difficult.

8.7.2 The most positive means of identification is through part numbers which are stamped on most aircraft parts.
These can be checked against the aircraft parts catalogue. When part numbers are unreadable or not found, indirect
methods must be resorted to for identification. The colouring (either paint or primer), the type of material and
construction, external markings, material thickness, fastener size and spacing, all can be used to assist in the
identification of different parts. For large sections, such as spar chords, it is often possible to match the two halves of the
fracture. The identification process is sometimes puzzling, since many pieces are bent out of normal shape.

8.7.3 If possible, use personnel from the airline or the manufacturer who are familiar with the area being
reconstructed. They can often identify parts and their location by subtle means such as material, fasteners, finishes or
thickness. Of course, having adequate drawings of the area is also imperative. Since most reconstructions are fast-
paced and fluid processes being done under tight time constraints, having a way to transmit drawings and data
electronically is another consideration.
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Wreckage cataloguing

8.7.4 Especially with large reconstructions, it is important to have a system to catalogue the individual pieces of
wreckage. Of primary importance is noting the geographic location where the particular wreckage was recovered by
reference to a wreckage map grid, latitude and longitude, or other appropriate reference system. A brief summary of any
significant evidence, such as fire damage or sooting, corrosion, pre-existing cracking, etc. should also be included.
Reference to photographs or sketches might also be recorded in the wreckage catalogue. Additional information, such
as when the item was recovered and by whom, may also be appropriate.

8.7.5 Computer programmes, especially those in which photos or other information can be electronically linked
to the wreckage item, can be particularly useful. An associated mapping programme where all or selected pieces of
wreckage can be plotted on a map or grid is especially helpful.

Examination of pieces

8.7.6 The chief purpose of reconstructing wreckage is to permit a detailed examination of the various wreckage
pieces. When the various parts are placed in their correct relative positions, it is possible to study the continuity (or lack
of continuity) of damage on associated pieces. If wrinkles in one skin panel section are continuous across a tear or
break into another panel, then determination of the forces causing wrinkling or deformation is most useful in
differentiating between in-flight damage and impact damage, or between primary and secondary fractures. The
continuity of smears and scores across breaks are additional points to note during the detailed examination. In-flight fire
versus ground fire can be distinguished in this same general manner.

8.7.7 If fatigue or deformation of certain flight controls or structures is suspected, it may be useful to visit similar
operating aircraft with similar numbers of flight hours and cycles in order to observe the condition of these controls or
structures due to normal operating conditions. This may also lead to the investigation or observation of airframe
modifications or repairs if such are related to this area of concern.

8.7.8 Overall failure patterns, including directional indications of the forces involved can usually be determined
by relating the damage of individual pieces. The manner and direction in which fasteners are sheared is a useful
indication in this work. Experts looking at fracture surfaces such as fuselage skins can often determine the sequence of
breakup and the direction of tearing.

8.7.9 Good notes and sketches should be made throughout this detailed examination. When it will add to the
clarity of the accident report, photographs of the reconstruction, including close-ups of significant details, should be
taken. Digital photographs, using flash and including measuring scales may provide the best details and flexibility for
future analysis.

8.8 SUMMARY

8.8.1 The decision process for performing a reconstruction is just a part of the overall management of an
investigation. Typically, investigation management includes considering resources and their allocation, the people and
their assignments, budget, travel and research. The reconstruction decision is distinct, but must fit with the overall
resources allocations of the investigation.

8.8.2 Simple, two-dimensional reconstructions of some or all of the wreckage can be relatively easily performed,
depending on the relative sizes of the wreckage and given adequate space and weather conditions. Increased effort,
cost and time is required if the wreckage needs to be moved away from the wreckage site for reconstruction. Normally,
extensive two- or three-dimensional reconstructions are needed only for events that involve (or are suspected to involve)
in-flight structural breakup, collisions, fires or explosions.
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8.8.3 Three-dimensional reconstructions of any significant amount of wreckage can be very expensive and time
consuming, and is infrequently necessary. The future may allow computer-based virtual reconstructions, with or without
the need for physical reconstruction of the wreckage. These reconstructions, however, require particular resources,
thought and planning, and the decision to proceed may often involve many important, but non-technical decisions. As
with all major investigative activities, good judgment and careful consideration of costs and benefits is essential.

Figure 1lI-8-1. General view of wing mock-up
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Figure llI-8-2. View of right-hand wing upper surface at outboard failure
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Figure 1ll-8-3. Systems Reconstruction Layout of Swissair 111
(Courtesy of Transportation Safety Board of Canada)
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Figure 1ll-8-4. Forward nine metres of Swissair 111 fuselage reconstruction on
specially designed frame allowing both exterior and interior reconstruction
(Courtesy of Transportation Safety Board of Canada)
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Figure 11l-8-5. Reconstruction of TWA 800 main fuselage section
(Courtesy of U.S. National Transportation Safety Board)




Chapter 9

STRUCTURES INVESTIGATION

9.1 STRUCTURAL MATERIALS

General

9.11 The means for construction of modern aircraft — or any type of structure — come from a basic group of five
kinds of materials: metals, composites, ceramics, polymers, and semi-conductors. These materials vary widely in their
mechanical and physical properties, a feature which is key in design, processing, and performance applications.
Variations in properties also help explain the difference in failure modes of materials.

9.1.2 The majority of aircraft flying and being produced today rely on metals and their alloys for their construction.
In general, metals and alloys are characterized by relatively high strength, high rigidity or stiffness, load-bearing
capabilities, and good electrical and thermal conductivity. However, the trend toward more exotic materials will require
expansion of existing structures investigation techniques.

9.1.3 It is not necessary that every flight safety professional be an expert in the technology of materials.
However, the more knowledgeable an investigator becomes in these subjects, the more effective he or she will be in
determining causes of failures in structural components.

Unit cells
9.1.4 The unit cell is the building block of the solid material, and is the smallest constituent that retains the
overall characteristics of the larger aggregate. In the case of aircraft structural metals, nature arranges the atoms in
three geometric shapes or crystal structures. Therefore, it is accurate to describe metals as crystalline materials. The
three types of interest here are shown in Figure 111-9-1.

Body-centred cubic (BCC)

9.1.5 The body-centred cubic structure consists of nine atoms, as shown, and is found in a number of common
metals. These include chromium (Cr), iron (Fe), molybdenum (Mo), and tungsten (W).

9.1.6 For the investigator, the key point is that the body-centred cubic metals are brittle materials and this affects

how and where they are used in an aircraft. Brittle materials tend to be strong and can carry high loads, but when they
fail, they do so without warning. They also can shatter under impact loads, as cast iron often does when dropped.

1-9-1
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Figure 1I-9-1. Common crystal structures

Face-centred cubic (FCC)

9.1.7 Face-centred cubic cells contain fourteen atoms. This structure is found in metals such as aluminium (Al),
copper (Cu), gold (Au), iron (Fe), lead (Pb), nickel (Ni), and silver (Ag). The key point here is that these metals are
members of the group known as the ductile materials.

9.1.8 Ductile materials are those that can deform, or change shape, extensively before breaking. This property of
ductility is very important since it is what allows us to achieve the complex shapes needed in construction of aircraft and
other structures. Unlike brittle materials, ductile metals can absorb considerable kinetic energy in impact situations,
which further increases their utility.

Hexagonal-close packed (HCP)

9.1.9 The HCP crystal structure shown in Figure I1I-9-1 applies to a number of metals of interest. These include
beryllium (Be), cobalt (Co), magnesium (Mg), titanium (Ti), and zinc (Zn).

9.1.10 We find both brittle and ductile materials here. For example, cobalt is very brittle at room temperature, but
can be alloyed with iron for high temperature steel applications. Magnesium is very ductile and can be used in its basic
form or as an alloying metal. And titanium can possess more or less ductility depending on the applied methods of heat
treatment and processing.

The crystal lattice

9.1.11 The next level toward a recognizable component is the crystal lattice. This geometric structure is formed by
the aggregation of many unit cells to produce a repeating pattern similar to the example in Figure 11-9-2.



Part Ill.  Investigation
Chapter 9.  Structures Investigation 11-9-3

Single crystal strength

9.1.12 If the crystal lattice is perfect (or very nearly so) in every respect, we have what is called a single crystal.
This requires the proper atom in every lattice site, no foreign atoms in the structure, and no distortions in the spacings. If
these requirements are met we achieve close to the theoretical strength of the metal. Since the theoretical strength may
be as much as 10 to 100 times the normal strength, the advantages of single crystals are obvious. Production of single
crystal materials is an expanding technology. At present there are single crystal turbine blades in service in turbojet
engines with more components expected to follow.

Grains

9.1.13 Grains are microscopic parts of a material wherein the arrangement of atoms in the crystal structure is the
same. It is the orientation of the lattice that is different from adjoining parts, thus forming a collection of grains. (Grains
can be seen at magnifications of about 2 000).

9.1.14 The formation of grains can be appreciated by considering a vat of melted copper, which is allowed to
refreeze. Because the temperature is not homogeneous throughout the vat, rebonding of the copper atoms into the face-
centered cubic structure takes place in different directions. This causes a mixed orientation of the growing lattice
structures and thus the growth of grains.

Grain boundaries

9.1.15 Where adjoining lattice structures meet, a grain boundary is formed. This is shown in Figure 11I-9-3 for the
case of three converging crystal structures.

9.1.16 The grain boundary is an area of uneven spacing between atoms. This creates compression where atoms
are abnormally close, and tension where atoms are unusually far apart. These conditions are important since minimum
distortion aids in the mechanical interlocking of grains and thus increases the strength of the material. On the other hand,
excessive spacing not only mechanically weakens the material, but also may allow fluids to invade the boundary areas
and foster corrosion.

Grain size

9.1.17 Properties of a material can often be determined by controlling the size of the grains. Grain size is partly
inherent in the type of material, but is also a function of the rate of cooling, subsequent tempering (heat treatment), and
mechanical factors in processing, as in rolled steel or aluminium.

9.1.18 In general, slow cooling produces large grains and greater ductility in a material. Rapid cooling (quenching)
produces small grains and strong, but brittle, materials. Rolling, in the manufacturing process, causes grains to become
elongated and more aligned in the direction of rolling.
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Figure 1I-9-2. Representative crystal lattice (unit cell emphasized)

Figure 1lI-9-3. Typical grain boundaries
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9.2 TYPES OF MATERIAL FAILURES

Major component failure

9.1.19 The relative incidence of in-flight failures or separation of some major component such as the wing, tail
surface, aileron, control system or fuselage is approximately in that order, with major failures of the fuselage or control
system occurring very infrequently. In general, major component failures result from either (1) inadequate design
strength, or (2) excessive loads imposed upon the component, or (3) deterioration of static strength through fatigue or
corrosion.

9.1.20 Since all civil aircraft are designed and tested to at least the minimum standards of the pertinent national
regulations, failures directly attributable to inadequate design strength are remote if the aircraft is operated within its
design limitations. Sometimes, however, especially when the aircraft is first introduced, different loadings are
experienced from those anticipated and static failures occur within the operating limitations. This seldom occurs, but a
certain amount of suspicion should always be directed to failures involving new designs. Most of the component failures
attributable to inadequate design strength are usually associated with deficient repair or modification work, or with an
improperly manufactured part or component. Since the manufacturer’'s standards and procedures are supervised by
government and industry agents, major manufacturing mistakes are kept to a minimum. Faulty repair or modification
work is responsible for a large proportion of failures in this grouping. In this respect, verification of manufacture approved
replacement parts and repair on modification procedures is essential.

9.1.21 Excessive loads are developed when an aircraft is operating outside of its limitations of load factor and/or
speed. Very often these large loads are imposed inadvertently, such as during the recovery following a loss of control at
height where the aircraft enters a rapid descent, for example when entering thunderstorm activity or icing condition or
when performing aerobatic manoeuvres. At other times the pilot may perform severe manoeuvres for which the aircraft
was not designed. In either case, the loading on the wing, tail, fuselage, etc., builds up to a value in excess of the design
limit and static failure results. The circumstances immediately preceding the failure as developed from witness
statements can be most helpful in establishing excessive loads as the direct cause.

9.1.22 Fatigue failures continue to be one of the major causes of structural failures of aircraft parts and
components. This basic cause should always be strongly suspected until other facts or circumstances are developed to
disprove it as a factor. As indicated in the section on “Fatigue”, this type of failure can result from a number of causes. In
general, fatigue failures are due to either (1) inadequate design, or (2) poor maintenance, or (3) defective manufacturing,
or (4) alternating loadings not anticipated by the designer. The majority of fatigue failures result from imperfect detail
design and from improper installation or handling of the part. Since fatigue is usually associated with large numbers of
cycles of repetitive loading, this type of failure is rarely found in new aircraft with low service time. Regions that
experience higher than normal accident rates also exhibit older aircraft that often operate under difficult environmental
conditions with minimum preventive maintenance or fatigue analysis.

9.1.23 In addition to the three basic causes for in-flight structural failure cited above, there is a special type of
failure associated with flutter. Flutter is an instability type of phenomenon involving a self excited oscillatory system and
its occurrence is dependent upon the interrelationship of the aerodynamic forces, inertia forces and elastic forces of the
system. When flutter does occur the amplitude of the oscillation may build up and extremely high loads may develop,
resulting generally in structural failure of the aircraft or one of its components. For this reason, flutter can be considered
as a special variation of excessive loading and can be handled by the investigator in the same general manner as for
that category of failure. Modern aircraft are designed and tested during certification to avoid the possibility of flutter in
normal use. However, flutter can occur in service, if the original design or component stiffness is altered by repair or
modification work or if excessive free play develops.
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9.1.24 When investigators are faced with the task of determining which component failed first, they may be aided
by the fact that a major component will almost always separate from the aircraft after failure. And since separation takes
place, the component can be found at some distance from the main wreckage. When a component or components
separate at a low altitude, they are strewn along the flight path approximately in the order of their separation. When a
component or components separate at a high altitude, the interrelationship of component mass, aerodynamic shape,
speed at separation and winds aloft all affect the trajectory of the part and careful study of these factors is required to
determine the order of separation from the ground wreckage trail. Methods are available to approximate the trajectories
of wreckage parts, and investigators have had considerable success in evaluating the significance of wreckage trails in
accidents of this type. The study of the wreckage distribution and reconstruction of the aircraft plays a significant role in
the determination of the sequence of failure. Other techniques are also available and they are referred to in subsequent
sections.

Partial failure or malfunctioning

9.1.25 Accidents in this general category are by far the more difficult to investigate, since no obvious evidence
such as a wing being found two miles from the main wreckage scene is usually available on which to make a rapid
determination. Partial failure or malfunctioning of a major component generally results in altered flight characteristics and
these in turn are responsible for the accident. Some of the general causes of accidents in this category are jammed
controls, improper distribution of load on board, control surface not rigged properly, incorrect installation of parts, hard-
over signals from auto-pilots, etc. Accidents of this type are frequently associated with recent repair or alteration work;
therefore, the investigator can often discover valuable clues by studying the aircraft's history as reflected by
maintenance entries, pilot reports and by other sources.

9.1.26 The general procedure used for accidents in this category is to follow routine investigatory practices,
systematically checking out various leads and clues until the cause is determined. Certain techniques are available to
reduce the amount of work required to complete the investigation; of these, the elimination technique is one of the most
useful. In most accidents, an experienced investigator can quickly eliminate unlikely possibilities, e.g. by reference to the
type of impact, and can isolate the general area in which the initial difficulty is located. The reconstruction technique is
most helpful at this stage of the investigation.

9.3 EXAMINATION OF THE AIRFRAME INCLUDING LANDING GEAR AND FLIGHT CONTROLS

Smears and scoring

9.3.1 For the investigator at the accident site, making a determination as to which parts failed in-flight and which
failed on impact can be extremely difficult. Nevertheless, helpful information can be obtained from a careful study of
parts of the wreckage. When possible, this study should be made before the wreckage is disturbed since movement of
the wreckage may destroy valuable clues or create misleading ones. The study and analysis of wreckage smears and
scores is an extremely valuable aid in the investigation of collision accidents.
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9.3.2 A smear can be defined as a deposit of paint, primer, oil film or other materials transferred from one part to
another part during the process of the two sliding or rubbing across each other. This sliding or rubbing action frequently
occurs after an in-flight structural failure. For example, a failed wing panel often makes such a contact with the rear
portion of the fuselage or tail section. If the wing panel had been painted with a distinctive colour, it would be normal to
find coloured smears on the fuselage or tail components. These paint smears usually pile up against protuberances,
such as rivet heads or skin laps. The direction of the smearing force can generally be determined from the fact that the
pile-up of paint will be found on the side of the protuberance away from the direction of the applied force. Smear
deposits are sometimes found in the recessed slots of screws. In some cases, excess deposits are pushed out from the
ends of the slots and deflected over in the direction of the smearing force. If the investigator cannot make a preliminary
determination and if it is believed that the smears may contain valuable clues, the investigator can resort to laboratory
examinations. This type of examination can usually reveal the nature of the smear substance, and can usually pinpoint
the direction of the smearing force.

9.3.3 Score marks are produced when one part slides or scrapes across another. The score marks result when
some sharp edge on one of the pieces gouges the other piece. Sometimes only the paint film is gouged, while more
frequently actual metal is gouged and an indentation or trough is formed. Close examination of the score marking under
a magnifying glass or microscope will reveal directional markings and metal residue which is deformed in the direction of
the scoring force. When a skin panel containing a protruding rivet head seam strikes a glancing blow in a painted skin
panel, a series of parallel score-markings in the painted film is usually produced. If corresponding smear deposits can be
found on a particular row of rivets, and knowing the rivet pitch, the relative position of the two bodies during contact can
usually be established. This type of determination is often helpful in many investigations. Score marks can often be used
to establish that the damage occurred prior to impact and not afterwards. If score marks are found on several related
pieces of wreckage, the consistency and continuity of the scores across the pieces after they are placed in their relative
positions will show that the scoring was made before the pieces were torn apart. This type of evidence can often be
used to establish that the scored component struck or was struck by another component, thus leading to a logical
sequence of in-flight break-up.

9.34 Many other distinctive markings are often found on pieces of wreckage and a careful study of such
markings will very often provide many valuable clues. When a rotating propeller cuts through metal, it leaves a very
distinctive saw-toothed pattern. The jagged “teeth” are deformed in the direction of the cutting force and curled over in
an easily distinguishable manner. The amount of curling, the extent of the jaggedness, the length and width of the cut, all
provide indications of the propeller torque and forward speed during the cutting interval. An aircraft control cable is
another item which produces a distinctive marking when it strikes or is dragged across a skin panel. In this case, the
general indication is a series of tiny parallel lines. The exact shape and size of these cable markings can often be used
to determine the direction in which the cable was moving when the markings were made. Peculiarly shaped indentations
on parts or on skin panels can sometimes be matched with the piece which made the indentations and thereby provide a
clue to the sequence of failure. On the other hand, it is sometimes possible to be misled by cutting marks produced by
an axe or hacksaw used in the salvage operation, and the investigator should become familiar with this type of marking
and to distinguish this type from the others described.

Wings, fuselage and tail unit

9.35 As part of the initial structure examination, the investigator should look for evidence that any main part of
the structure was not in its correct relative position at the time of impact. Wreckage distribution marks on the ground and
telescoping of components often provide valuable clues. Evidence of missing pieces and overstressed sheet metal is
also quite helpful.
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9.3.6 Components such as cables, pulleys, hinges, and balance and tab mechanisms should be examined
closely to determine whether observed failures are the result of design deficiencies, wear, inadequate maintenance or
impact.

9.3.7 Examination of the main portion of the fuselage should include an assessment of the actual load
distribution in so far as possible. The figures thus obtained should be cross-checked against the weight and balance
sheet.

Landing gear
9.3.8 The link mechanism, up and down locks and position of the operating jacks or actuating cylinders should
be examined to ascertain whether the landing gear was up or down. If the gear has failed or separated, note the
direction of the force which caused the failure or separation.

Flight controls

9.3.9 To the maximum extent possible, all controls, both manually and power operated, should be traced out and
inspected carefully to assure that all component parts are accounted for.

9.3.10 Tailplane incidence, tab and flap settings should be noted and compared with their respective setting
indicators in the cockpit.

9.3.11 All operating levers and the attachment of control rods or cables to these levers should be checked to
determine whether they were properly assembled, adequately lubricated and not jammed.

9.3.12 Spoilers, where installed, should be examined to determine whether they were extended at the time of
impact and whether any failure occurred in their mountings.

Cockpit
9.3.13 Recording and photographing the positions and settings of all cockpit controls, switches and circuit

breakers can aid in the structures investigation. These functions are normally accomplished in the systems and
operations phases of the investigation.

9.4 FATIGUE OF MATERIALS

General

9.4.1 Fatigue can be described as the process of damage and failure due to repeated, or cyclic, loading of a
component. The stresses involved may be well below the ultimate strength of the material, but they can create
microscopic cracks or other damage that lead to failure of the part.
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9.4.2 In order for fatigue cracks to form and propagate in metals, there are three requirements or conditions to
be met:

a) alocal plastic stress (stress concentration);
b) tension stress; and
c) cyclic (fluctuating) stress.

Requirements b) and c) will exist anytime the aircraft is in operation. With regard to these requirements, operators and
maintainers should be aware that elimination of any one of the three can stop the fatigue process, and personnel can
play a vital role in the incidence of fatigue in structures.

9.4.3 In general, fatigue failures are the result of fatigue cracks. These cracks most often originate in areas of
high stress concentration (localized plastic stress). Some of these stress concentrations — also called stress raisers,
stress risers, or stress magnifiers — are internal to a metal. Impurities, voids or other flaws may constitute internal stress
raisers. However, the majority of stress raisers occur on the surface of the metal. These include design features such as
fastener holes, sharp corners, sharp threads, etc., and in-service flaws such as nicks, gouges, scratches, tool marks,
and the like.

9.4.4 The increase in stress created by drilling round or elliptical fastener holes, for example, can be found in
good approximation by use of the stress concentration factor, K. K is defined as:

K- maximum actual stress
nominal stress

where the nominal stress is the tension stress in our plate before drilling, given by f :% .

In practice, we find a good approximation of K'in our drilled plate is given by K =1+2(%) . The dimensions a and b with

respect to the load are shown in Figure 111-9-4. We see that as the hole becomes more elongated, the value of K goes up
rapidly. Conversely, as the dimensions approach a smooth circle, the value of K approaches 3.

Recognizing fatigue failures

9.4.5 The complete story of a fatigue failure is in almost all cases set forth on the face of the fracture. In other
words, much valuable information relative to the magnitude and direction of loading and to the presence or absence of
stress concentrations can be developed through a careful study of the fractured surfaces. Interpretation of the fracture,
however, may not always be a simple matter, because each case may be influenced by many variables. Some of the
variables have been briefly touched upon in previous sections. Some contributing factors, like decarburization — the
loss of carbon from the surface of a ferrous alloy as a result of heating in air — can only be verified by laboratory
examination. In many cases, on the other hand, the cause can be pinpointed in the field by careful study of the fracture
alone.
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Figure 11I-9-4. Stress concentration factors for elliptical holes

9.4.6 Fatigue failures occur without perceptible ductility (plastic deformation), as contrasted against static failures
where considerable ductility or “necking down” generally takes place. This distinction is often helpful in isolating a part
which has failed from fatigue. All brittle failures, however, are not necessarily fatigue failures and this feature must be
used with other features to be described before a final determination is made. In addition, most fatigue failures (some
torsion-fatigue failures exempted) occur on planes which are at right angles or nearly at right angles to the loading. On a
large number of parts the fatigue plane will be perpendicular to the axis of the part, and in the fatigue area the fracture
will generally be in one plane. Irregular fractures, therefore, when the fracture slips from one plane to another and when
these planes are very much different from a plane perpendicular to the loading or to the axis of the part, are very
probably not fatigue fractures although close examination is often required to see if some small area on the fracture
does not conform to the basic requisites. The two features of a fatigue fracture referred to in this paragraph are
extremely useful in ascertaining a fatigue failure from a large number of failures. In fact, in those cases when the
fractured surfaces are mutilated from subsequent damage, these features may be the only ones available to distinguish
between fatigue and static failures. It is most desirable that, in making determinations of this type, both halves of the
fracture are available for examination. In this respect, investigators must be cautioned not to try to “fit” these parts
together as this will destroy the stop marks on the two surfaces.

9.4.7 As indicated previously, the most valuable information is contained on the fracture surface itself. The actual
fatigue fracture surface is composed of two distinct regions: one smooth and velvety — the fatigue zone; and the other,
coarse and crystalline — the instantaneous zone. The smooth, velvety appearance of the fatigue zone is caused by
rubbing of the mating surfaces as the crack opens and closes under repeated loading. The coarse appearance of the
instantaneous zone has given rise to the erroneous “crystallization theory”. For many years, people in examining a
fatigue fracture or in discussing them were accustomed to saying that the part had failed because it “crystallized.” We
now know that this is untrue since all metals are crystalline in the solid state.

9.4.8 The first task, then, in searching out a fatigue failure is to look for the two distinct types of zones on the
fracture surface — the fatigue zone and the instantaneous zone, as shown in Figure 111-9-5 and Figure 111-9-6.
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Figure 1I-9-5. Typical fatigue failure of a ductile material

Figure 11I-9-6. Fatigue fracture. Note the smooth, velvety appearance of the fatigue zone with
clear stop marks and the coarse appearance of the instantaneous zone.
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9.4.9 In many fractures, more than one fatigue zone can be found, indicating that several fatigue cracks had
developed and were progressing at the time of the final failure. In each fatigue zone, the origin of the fatigue crack can
be found by locating the point from which the crack front progression marks radiate. These fatigue progression marks
are curved lines on the fracture surface and are variously known as “clamshells”, “oyster shells”, “beach marks”, or “stop
marks”, and are found in almost every service fatigue failure. It should be noted here that under some loading conditions,
particularly where the load cycles are relatively constant, the fatigue crack may grow without leaving distinctive
progression marks. In these cases, the fatigue fracture can usually be identified by its smooth, velvety appearance or by
single fracture planes approximately perpendicular to the direction of loading and by the absence of plastic deformation.

Any suspicious or dubious fractures should be referred to a specialist for confirmation.

9.4.10 The many crack front marks in a typical fatigue fracture that occurs in service are caused by various
degrees of rubbing as the crack either stops for certain periods or as it progresses at varying rates under different stress
levels. For this reason, the term “stop marks” as it is applied to the crack front marks is perhaps more pictorial than the
other commonly used expressions since it indicates a hesitancy in the crack progression. Laboratory fatigue specimen
failures very seldom show “stop marks” because most fatigue-tests are conducted with constant load amplitude. “Stop
marks” are usually concave toward the fracture origin but the curvature varies greatly, depending on the shape of the
part, the degree of stress concentration, and the type of loading.

9.4.11 The investigator should also note the relative sizes of the two zones since this can provide a qualitative
estimate of the cycles and stress levels involved. When the fatigue zone is large compared to the instantaneous zone, it
is an indication of low stress levels and a large number of cycles before failure. Conversely, a large instantaneous zone
says high stress led to failure in a smaller number of cycles. The terms high-cycle fatigue and low-cycle fatigue are often
used to describe these conditions. In this regard, low-cycle generally refers to a range of hundreds or thousands of
cycles, while high-cycle indicates numbers into the millions.

9.4.12 It should be reiterated that fracture analysis as such is a complex problem and that this document cannot
hope to cover the countless variations. However, knowledge of the material in the following sections should enable the
investigator to recognize and diagnose the majority of service fatigue failures likely to be encountered.

Bending fatigue failures

9.4.13 Bending fatigue failures can be divided into three general classifications according to the type of bending
load imposed. These three types are one-way bending, two-way bending, and rotary bending. Most bending fatigue
failures in service will fall into one of these categories. (See Table I1I-9-1).

9.4.14 One-way bending fatigue fractures occur when a fluctuating bending load produces stresses above the
endurance limit of the material only on one side of a part. The endurance limit of a material can be defined as that level
of stress below which there is a 50 per cent or less chance of fatigue getting started. Under this type of loading, the
stress is generally at a maximum at one point on the outer surface of the piece and a fatigue crack will start here if the
stress is above the endurance limit and if it is repeated long enough. Under two-way bending loads, tensile stresses
occur on both sides of the neutral axis and, when the stress level and number of loadings are of the right order as before,
cracks will start on both sides of the part and progress toward the centre. Rotary bending occurs when a part is rotated
while under a bending loading. A typical example of rotary bending would be an engine crankshaft or a railroad axle
under service loading.

9.4.15 In each case, the stress level affects the relative size of the fatigue and instantaneous zones. When the
stress level is low, the fatigue zone is large and vice versa. Stress concentration affects the general curvature of the
fatigue stop marks. Point sources of stress concentration tend to decrease the radius of curvature close to the origin and
line sources tend to result in multiple cracks that join to form a crack front roughly parallel to the line of stress
concentration.
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Table IlI-9-1. Fracture appearances of fatigue failures in bending

Stress No Stress Concentration Mild Stress Concentration High Stress Concentration
Condition

Low Overstress High Overstress Low Overstress High Overstress Low Overstress High Overstress

Case a b c d e f

1
One-way bending load

2
Two-way bending load

3
Reversed bending and
rotation load

9.4.16 These general features, then, can be used to determine the type of bending loading applied and,
qualitatively, the stress level and presence or absence of stress concentrations. If the cross-section under consideration
differs widely from a symmetrical section, the actual significance of the markings as related to stress level and stress
concentrations may be somewhat altered but, in general, the same reasoning still applies.

Tension fatigue failures

9.4.17 Because of initial eccentricities in a part or because of eccentric loading, pure tension loading as such
rarely occurs in service. Usually some amount of bending accompanies tension on axial loading. However, enough
fatigue failures under predominantly axial loading do occur in service to warrant learning how to distinguish these
failures from bending and torsional failures. Tension fatigue failures can generally be recognized by the manner in which
the crack has progressed into the part. Parallel or constant curvature stop markings are characteristic of fatigue failures
resulting from straight tension loading. As in bending fatigue failures, the relative size of the fatigue zone and the
instantaneous zone can be used as a measure of the stress level which produced the failure.
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Torsion fatigue failures

9.4.18 Torsion fatigue failures occur in either of two basic modes: (1) helical, at approximately 45° to the axis of
the shaft, along the plane of maximum tension, or (2) longitudinal or transverse, to the axis of the shaft, along the planes
of maximum shear. Fatigue stop markings may not always be found on the fracture, and secondary means such as
absence of ductility and observing the angle of the failure plane must often be used to identify failures of this type.
Transverse fractures are usually very smooth from the rubbing of the two halves of the fracture before final separation
and this characteristic can be used to isolate this type. In many service torsional fatigue failures, the initial crack will start
in one plane and then slip off into another. Helical fractures generally occur when point sources of stress concentrations
are present. Fatigue cracks tend to follow the direction of line sources of stress concentration. In searching out torsion
fatigue failures, the investigator is usually aided by the knowledge that torsion loading is present in the service
application. In this regard, torsion fatigue should be suspected when examining failures of crankshafts, flap drive torque
tubes, coil springs, splined shaft members, etc. Many parts that are subjected to torsion loads may be case hardened
and the fracture in the case (hard surface layer) may resemble fatigue even when it is caused by a gross overload. (See
Figure 111-9-7.)

Figure 11I-9-7. Fatigue failure of a punch press shaft which was subjected to torsion and bending loads.
The fatigue crack originated at a sharp fillet at a change in section.
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9.5 RECOGNITION OF STATIC FAILURES

General

9.5.1 For the purpose of this document, a static failure is defined as a failure resulting from one or a small
number of load applications. The failure is characterized by permanent distortion or rupture of the member as a result of
stresses in excess of the yield point of the material. In ductile materials this type of failure can be recognized by yielding
over a considerable portion of the member in the region of the failure. The phenomenon is commonly referred to as
plastic deformation, or “necking” in the failure of a conventional tensile test specimen. Materials that have relatively little
ductility, such as the high strength aluminium alloys, ultra high strength steels, and most castings, may not show any
appreciable amount of necking or deformation. Impact loading may be considered as a special case of static loading
where the speed of load application affects the magnitude of load.

9.5.2 Static failure will occur when loads in excess of ultimate loads are imposed on the aircraft or some
component of the aircraft. In flight, this can happen when the aircraft is manoeuvred too severely or at too high a speed.
In landing or on the ground, this can occur when the aircraft is landed too hard or when the aircraft is taxied over an
obstruction. The damage that results when an aircraft strikes the ground is of the static type, with impact loading being
an important consideration.

Common fractures in metal

9.5.3 The yielding or “necking” effect found in most metal fractures is an indication of a static type of failure.
Detailed examination of the deformation will disclose indications of the type of loading (i.e. bending, tension, etc.) and
the direction of loading. In most cases, the two halves of the fracture will mate with one another or can be recognized as
a pair. However, care should be taken not to allow actual contact of the parts since this could alter or destroy surface
evidence that might be needed in a laboratory evaluation of the fracture surfaces.

Tensile

954 In a tensile failure, part or the entire fractured surface is usually made up of a series of planes inclined
approximately 45-60° to the direction of loading. In a thin part, such as sheet metal, there may be only one such inclined
plane. Frequently fractures on an inclined plane are called “slant fractures” or “tensile shear fractures”, while those on a
plane perpendicular to the loading direction are often called “flat fractures”. When a predominantly flat fracture has small
slant fractures along the edges, the slant fractures are called shear lips. Considerable local deformation or “necking” with
a reduction of cross-sectional area is also generally evident in ductile materials. If the fracture is pure tension alone, the
two halves of the fractures will part cleanly and there will be no evidence of rubbing. Figure [11-9-8 shows the tension
failure of a typical aircraft material.

Compression

9.55 Compression failures occur in two general forms: block compression and buckling. Block compression is
generally found in heavy short sections whereas buckling is found in long, lighter sections. When buckling occurs locally,
it is referred to as crippling. When it occurs in such a way that the whole piece buckles, it is referred to as column
buckling. Local buckling and column buckling are easily recognized since the part in all cases is bent from its original
shape.
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9.5.6 In block compression failures, the piece separates on oblique planes as in tension, except that there is
rubbing of the two halves of the fracture during separation. In addition, in some materials there is a local increase in
cross-sectional area where the material has yielded. Figure 111-9-9 shows examples of buckling and block compression
failures.

Bending

95.7 Bending is resisted by tensile stresses on one side of the member and by compression on the opposite
side. The appearance of the fracture in the respective areas is as outlined under tension and compression above. The
direction of the bending moment causing failure can always be determined from local distortion in the fracture area. As
the part finally separates, lipped edges may be found on the inside or compression face of the fracture. This lipping
occurs because after the initial tension failure, the final failure on the compression side may be in shear rather than in
compression. This type of failure is illustrated in Figure 111-9-10.

Shear

9.5.8 As in compression failures, shear failures can occur in two distinct ways — block shear and shear buckling.
In the former type of failure, the two halves of the fracture will slide across the other and the fracture will appear rubbed,
polished or scored. The direction of scoring will give a clue to the direction of the applied shearing force.

9.5.9 Shear buckling generally occurs in thin sheet metal such as wing skin or spar webs. The sheet will buckle
in a diagonal fashion and the direction of force application can be told from the appearance of the buckle. Figure I11-9-11
shows block shear and shear buckling of ductile material.

9.5.10 When rivets, screws, or bolts fail in shear, the failure is usually accompanied by elongation of the hole and
there will appear behind the rivet a new moon or crescent shape open space. This result can be used to determine the
direction of the shearing force.

Torsion

9.5.11 Since torsion is a form of shear the failure from torsion overload will be somewhat similar to the shear
failure. Evidence of the direction of torque can be seen on the fractured surface by observing the scoring marks. Most
parts retain a permanent twist and this also can be used as an indication. In tubing members or a large open section,
like the wing, torsion failures often occur as instability failures in a buckling manner. Again the direction of twist can be
determined by close examination of the buckle. Figure 111-9-12 shows examples of torsional failure.

Tearing

9.5.12 Tearing failures in sheet metal, or heavier sections for that matter, generally occur in two distinct forms —
shear tearing and tensile tearing.

9.5.13 Shear tearing occurs when the applied forces are acting out of the plane of the sheet. These failures are
characterized by a lipping of material on the edges of the sheet and by scoring lines on the fractured surface. The
concavity of the scoring can be used to tell the direction of tearing. The direction of tearing is from convex to concave.
Sometimes if there is a heavy paint film, the saw-toothed breaking of the paint film can be used to tell the direction of
tearing.

9.5.14 Tensile tearing occurs when the sheet tears under tensile forces in the plane of the sheet or member. This
type of fracture is quite common. Except in thin sheet material, examination of the fracture will disclose “herringbone”
marks with the head of the herringbone pointing back to the origin of the tear.
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Figure llI-9-9. Compression (buckling) failure (left); Block compression failure (right)
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Figure llI-9-11. Shear failures. Block shear failure of ductile material (left);
Shear buckling of ductile material (right)
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Common fractures in fabric
Tensile

9.5.15 As would be expected, fabric failures result from an overload of the individual threads. If the applied tensile
force is parallel to the threads in the cloth, then the outstanding thread ends which have a brush-like appearance will not
be deformed from the line of the load. If the applied tensile force is at an angle to the threads, the threads at the fracture
will be deformed in line with the load. (Figure 111-9-13.)

Tearing

9.5.16 Under tearing loads, the individual threads fail in tension, but the threads are usually deformed in the
direction of the tear. The ends of the thread present the familiar brush-like appearance. The deformation of the threads
is much more pronounced than that which is found in tension loading at an angle to the thread line. (Figure 111-9-14.)

Teasing

9.5.17 Teasing is the term applied to the appearance of fabric fractures which have been flapping in the airstream
after failure. The fabric becomes unravelled, fluffy, and sometimes even tied up in knots. Sometimes this can be used as
indication of in-flight failure. This condition can, however, be encountered on the ground under high wind conditions, and
caution must be used in applying this particular characteristic. Some idea of the time of exposure can be determined
from the amount of teasing present. Large amounts of teasing might indicate long exposure and/or high airstream
velocity. (Figure 111-9-15.)

Common fractures in polymers (plastics)
General

9.5.18 Failures in plastic windows are difficult to evaluate because in most cases only a small number of
fragments are available for examination. The more pieces recovered, the better the chance of determining the mode of
failure. The general procedure used in studying failures in plastics is to piece together the available fragments and then,
by correlating the individual failure patterns, to isolate the initial failure. Information is presented below on the
appearance of typical tensile, bending and tearing types of fractures. In addition, there are a few general principles
which assist in isolating the initial failure. A first path of failure terminates only at an edge of the panel and is generally a
smooth curve. Therefore, breaks or fractures which end on other breaks can be dismissed as being secondary failures.
All breaks should be carefully examined for evidence of bubbles, scratches, nicks or gouges. These will, in general, act
as stress raisers, and initiate the failure.

9.5.19 Two general types of markings in glass or plastic fractures have been identified and are in general use.
These two markings are “rib marks” and “hackle marks”. Rib marks are similar to the familiar fatigue clamshell or beach
marks and are curved lines radiating in the direction of the fracture propagation. The fracture direction approaches a rib
mark on the concave side and leaves the convex side. Although rib marks are found on glass and plastic fractures
initiated by impact, they can be produced by relatively slow tearing of glass or plastic. Hackle marks are perpendicular to
the rib marks and are similar to the fatigue “ratchet marks” which indicate multiple cracks joining with one another.
Hackle marks are valuable in identifying the origin of the fracture since they always point in the direction of the initial
crack. If the source of the failure is a bubble or other flaw, the hackle marks will very often spread out in ray-like fashion
from the flaw.
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Figure lll-9-13. Fabric failures in tension. Left: Bushy appearance, fibers straight along threads.
Right: Bushy appearance, fibers turned locally at fracture across threads.
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Figure llI-9-15. Teasing. Left: Fractured edges “fluffy” due to flapping in airstream.
Right: Fracture after tearing.
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Tensile

9.5.20 Because of their low ductility, Plexiglass and other, similar plastics fail in a britlle manner. The failures
generally originate at some local weak point in the material or at a scratch or gouge. The initial failure zone is usually flat,
smooth and highly polished. Marks resembling the “herringbone” markings found in metal tearing fractures radiate from
the origin of the tensile failure. Moving the piece back and forth to get different lighting on it will sometimes help to make
the markings more easily discernible.

Bending

9.5.21 The outer or tensile side of the bend can generally be determined by looking for the flat side of the fracture
which is roughly perpendicular to the surface. On the compression side, the failure is usually on an oblique plane and
the compression edge is either lipped or rounded off.

Tearing

9.5.22 Tearing in plastics is essentially a tensile tearing under loads that are nearly in the plane of the surface.
Very often bending effects combined with tension effects are found in tearing fractures. Curved, wave-like lines can be
seen on the fracture radiating from the point where the tear started. These curved lines are usually perpendicular to the
tension edge of the fracture and curve rapidly until they appear to run tangent to the compression edge. These marks
resemble the familiar clamshell or beach marks found in metal fatigue failures and are generally referred to in plastic
fractures as “rib” markings.

9.6 MODES OF LOAD APPLICATION

General

9.6.1 The manner or “mode” of load application has an extremely important bearing on the way in which a part
fails in service. Any breakdown or typing of variations in loading applications is at best only arbitrary since, in general,
the difference between different types is really only one of degree. Thus one mode of load application blends into
another as rate of loading is decreased or increased. Changes in the frequency of loading will result also in a change of
the mode. In reality, no hard or fast rule can be stated. However, for purposes of investigation work it is sometimes
convenient to look upon a particular loading as one type or other. For this reason, in the following discussion the various
modes are arbitrarily divided into three types: static, repeated and dynamic.

Static loading

9.6.2 Static loading can be further divided into short-time static loading and long-time static loading.
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Short-time loading

9.6.3 In short-time static loading, the load is applied so gradually that all parts are at any instant essentially in
equilibrium, i.e. the simple, conventional stress formulas can be used directly. In testing, the load is increased
progressively until failure results and the total time required to produce failure is not more than a few minutes. In service,
the load is increased progressively up to its maximum value, is maintained at that maximum value but for a limited time,
and is not re-applied often enough to make fatigue a consideration. The ultimate strength, elastic limit, yield point, yield
strength, and modulus of elasticity of a material are usually determined by short-time static tests. As will be explained
more fully later, this is the type of loading application used in conjunction with present-day design criteria. Loads
imposed upon the aircraft by various manoeuvres or by isolated peak gusts are generally considered as static loads.

Long-time loading

9.6.4 In long-time static loading, the maximum load is applied gradually as before, but the load is maintained. In
testing, it is maintained for a sufficiently long time to enable its probable final effect to be predicted. In service, it is
maintained continuously or intermittently during the life of the structure. The creep or flow characteristics of a material
and its probable permanent strength are determined by long-time tests at the temperature prevailing under service
conditions. This type of loading application is generally only important at elevated temperatures. When a part is loaded
for a relatively long time at higher than normal temperatures, it will begin to creep or distort at a more or less uniform rate.
The strength of the part is reduced from its room temperature value. At the present time, there are few applications of
this type of loading in civil aircraft. However, as aircraft speeds increase and skin temperatures are sufficiently high, this
type of loading will take on increased significance.

Repeated loading

9.6.5 In repeated loading, the load or stress is applied and wholly or partially removed or increased many times
in rapid succession. This is the type of loading application which is associated with fatigue. Generally speaking, repeated
loading implies a large number of load applications. However, under certain conditions, repeated loading of only a
relatively few cycles can produce a similar effect to a large number of cycles. This point will be explored further in the
discussion later on fatigue. The important point to remember at the moment is that the strength of a part is reduced from
its static strength value when the part is loaded repeatedly. The actual amount of the reduction varies with the stress
level and the number of repetitions. A typical example here will illustrate this point. If a round bar of 2014-T6 aluminium
alloy is loaded in tension, the failure stress will be 60 000 psi. Yet if this same part had been loaded through a hundred
million cycles of reversed bending load, the failure stress would be only 20 000 psi. Cycles of this order of magnitude
can be and often are encountered within the lifetime of an aircraft. Atmospheric gusts and vibration produce a repeated
type of loading and for some aircraft, manoeuvre loads are significant.

Dynamic loading
9.6.6 In the two previously mentioned types of loading, a state of equilibrium existed, i.e. the external loads were

in balance with the internal loads. In dynamic loading, the loaded member is in a state of vibration and static equilibrium
does not exist for a time. In broad terms, there are two classes of dynamic loading — sudden and impact loading.
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Sudden loading

9.6.7 Sudden loading occurs when a weight or “dead load”, not in motion, is suddenly placed upon a member or
structure. A beam would be thus loaded if a weight were suspended by a cord which allowed the weight just to touch the
beam, and the cord was then cut. The stress and deflection so produced would be approximately twice as great as if the
weight were eased on to the beam as in static loading. Any force will cause approximately twice as much stress and
deformation when applied suddenly as when applied progressively. The actual magnitude of the “magnification factor”
depends for the most part upon the particular type of force or load being considered and upon the stiffness of the system.
In the aircraft field, gust loads are forms of sudden loading although, as will be noted later, they are treated as static
loads.

Impact loading

9.6.8 Impact is generally associated with motion as when one body strikes another. Unusually high forces can
be developed under impact loading. This type of loading has no direct place in aircraft design (a possible exception
would, perhaps, be in design for crash survival) but it is important in aircraft accident investigation work. Materials which
ordinarily fail in a ductile manner under static loading can be made to fail in a brittle manner if the rate of loading is high
enough. In this connection the rate of loading has to be appreciably greater than 50 ft per second (15 m/s) for this type
of loading to be significant. It should be remembered that even when an aircraft strikes the ground at high speed,
because of elasticity in the aircraft structure and the load-absorbing characteristics of the ground, many parts are loaded
at rates considerably lower than the actual impact rate.

Design load criteria

9.6.9 It is not possible within the confines of this manual to discuss in detail the design load criteria contained in
the various State regulations on the subject. Nor is it possible to set forth such criteria with respect to the design of all
aircraft. Whenever an accident occurs in which structural integrity is suspect, the investigator should become familiar
with the relevant regulations and design criteria.

9.7 IN-FLIGHT BREAKUP

Sequence of failure

9.71 In-flight separations are usually the result of metal fatigue, improper design, improper maintenance, or
aerodynamic loading. And when a structural part or component fails in flight, generally a chain of events is started during
which other parts or components fail. Thus, when a wing panel fails and detaches itself from the aircraft, very often the
severed panel will strike and detach portions of the fuselage or tail section. The separation of the wing panel failure is
generally referred to as the “initial” failure, whereas the fuselage or tail failures are referred to as “subsequent” failures.
In addition, when the aircraft or its separated components strike the ground, substantial impact damage usually results.
The investigator's task, then, is first to separate the in-flight damage from the ground impact damage. Next, the
investigator must search out among the in-flight failures the one initial failure and, finally, must isolate the exact cause
for this initial failure.
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9.7.2 In other sections of this chapter, background material has been presented for the investigator’s guidance in
developing pertinent facts relating to structural failure accidents. As the various points are developed, the investigator
should constantly integrate the new evidence. If the investigation has been proceeding systematically and if the detailed
examination has been performed with thoroughness, definite modes of failure will become evident. It will be found that
certain failures must have preceded others for the observed damage to have resulted. As the work progresses further, a
definite sequence of failure will be established.

Wing-first sequence

9.7.3 When the wing fails first due to upward static overload, the separated wing will bend up and back over the
fuselage. At the same time, the unbalanced lift from the opposite wing causes a rapid roll acceleration with the side of
the aircraft missing its wing rotating downward. In some instances, the roll rate is rapid enough to cause a torsional
failure in the empennage. The separated wing often impacts the tail surfaces causing matching impact marks and
smears between the broken-off wing and the leading edges of the tail. The impact with the tail may be severe enough to
cause secondary failures in the tail structures (Figures I11-9-16, 111-9-17 and 111-9-18).

Tail first sequence

9.7.4 Once aerodynamic forces exceed the strength of the tail, it will usually separate in a downward bending
fashion. The spars of the horizontal stabilizers will show permanent evidence characteristic of bending failure. The skin
may also develop diagonal buckling if the leading edge rotates during separation. Once the tail is lost, rapid pitch down
of the aircraft often results in downward overloading of the wings as a secondary failure. However, the wings may still
show effects of prior excessive positive loadings (Figures 111-9-19 and I11-9-20).

9.7.5 In either case, (wing first or tail first) before the first failure occurred, excessive loads were imposed on the
airframe. Residual effects of these overload forces can often be found, even after secondary overload separation in the
opposite direction. For instance, in the first sequence the wing was first exposed to high positive forces until the tail
failed, causing a negative overload failure of the wing. Such load “reversals” may be mistakenly identified as flutter. The
investigator must also carefully evaluate the cause of load “reversals” found in other secondary pieces that flap in the
airstream during the sequential breakup. Such load reversals are not the result of true flutter.

Aircraft attitude just before failure

9.7.6 If the investigator follows the procedures outlined throughout this chapter, it should be possible, for
example, to determine that the left wing panel had failed in flight. However, it still remains for the investigator to
determine why the wing panel failed and if the failure was consistent with the flight attitude at the instant of failure. This
kind of determination is necessary in order to rule out the possibility of a design deficiency or to establish the imposition
of excessive loads. If the accident has been observed by ground or air eyewitnesses, no great amount of work may be
necessary to reconcile the structural damage to the flight attitude. When witnesses are not available, the investigator
must compare the failure loading with known loadings for various flight attitudes to arrive at some indication of the speed
of the aircraft and the manoeuvre being performed at the time of breakup.
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Figure llI-9-16. In a high speed manoeuvre, the wings are loaded to high positive g
and the tail to high negative G.

Figure llI-9-17. The wing fails due to excessive upward loading and the aircraft rolls abruptly.
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Figure lll-9-18. The separated wing often strikes the tail causing secondary failures and/or smears.

Figure 1I-9-19. The high down loading on the tail causes downward tail failure.
The loss of tail balancing load causes a rapid pitch-over and down loading on the wing.
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Figure 11I-9-20. The excessive down load on the wings causes one (or both) wings to fail by down bending.

Primary and secondary failures

9.7.7 In determining the sequence of failure, it is extremely helpful to have a thorough understanding of primary
and secondary-type failures. A primary-type failure is one which occurs while adjacent or associated parts are intact and
when a loading similar to the design loading has been applied to the failed piece. Thus, a primary-type failure of one of
the wing main spars would involve the compression failure of one spar chord, and/or buckling of the spar web, and/or
the tension failure of the other spar chord. A secondary-type failure is one which occurs when the integrity of adjacent
parts has been destroyed by previous failures. In general, the loading which produces such failure differs from the
design loading in type. Thus, if both spar chords of a wing spar are found failed by twisting or bending forces, the failures
would be secondary. Some knowledge of the design functions of the various aircraft structural parts is necessary to
make determinations of this type. In general, primary-type failures are usually associated with the initial and subsequent
in-flight failures, while secondary-type failures are more frequently associated with ground impact failures or damage.
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9.8 COMPOSITE MATERIALS'

9.8.1 Composites® have been used in aircraft for decades. The military has increasingly relied on composites for
over 40 years. The Windecker Eagle, the first all-composite aircraft certified by the U.S. Federal Aviation Administration,
received its type certificate in 1969. Home-built composite aircraft have been available to the kit-plane community for
over 20 years. Even an all-composite spacecraft, SpaceShipOne, has flown into space with repeated success. During
this long history, however, composites have had limited use in commercial aircraft, primarily in control surfaces,
secondary structures, and non-structural panels.

9.8.2 Commercial jet aircraft coming to market in the new millennium represent a significant departure from
historical trends. These aircraft use composites for primary structures and, in some cases, for nearly 100 per cent of the
airframe. For example, the Airbus A380 entered commercial service in 2007 with an airframe that is approximately 25
per cent composite structure by weight, including an all-composite central wing box. The airframe of the Boeing 787,
scheduled to enter service in 2008, is designed to be approximately 50 per cent composite structure by weight, with
nearly 100 per cent of the skin, entire sections of the fuselage with integral stiffeners (Figure 111-9-21), and the wing
boxes constructed of composites. Powering the Boeing 787 will be the GEnx turbofan engine, with fan blades and
containment casing made of composites (Figure [11-9-21) rather than traditional metals. Complementing this transition in
the large transport market are the all-composite airframes for business aircraft and very light jets, such as the Adam
A700 (Figure 111-9-21), as well as parallel advances with military aircraft. The F-22 contains approximately 60 per cent
composite structure, compared to slightly more than 20 per cent for the F/A-18C/D, which entered production just a
decade earlier. Figure 111-9-22 illustrates the growing use of composites in military and commercial aircraft.

9.8.3 Unlike metals, composites are constructed of multiple distinct materials, typically long fibers that are stiff
and strong (carbon or glass), and a matrix, which is, essentially, hardened plastic glue that holds the fibers together. The
glued fibers are assembled layer by layer (each layer is called a ply), to form a laminate. The fibers in each ply either run
parallel to each other or are woven together in the manner of a textile. The orientation of the fibers is dictated by the
loads that the laminate is expected to experience, often varying from ply-to-ply in a single laminate. Because of the
nature of composite construction, and in contrast to metals, the response of composites under loading usually varies
with the direction in which the load is applied. While designers understand and can predict these phenomena, accident
investigators must be able to recognize and reconstruct them.

9.8.4 The analysis of failed composite structures cannot rely solely on the knowledge and experience accrued
for metallic structures. For example, the physical description of failed composite structures involves terms such as fiber
pullout, delamination, and interfacial matrix failure. These terms do not even exist in the description of failed metallic
structures.

9.8.5 Composites have design variables that are not available in metals. These variables include fiber orientation,
fiber-to-matrix volume ratio, ply thickness, and ply stacking sequence, among others. With new variables come new
opportunities for manufacturing errors or imperfections. Some of these imperfections are fiber waviness, poor adhesion
between fibers and matrix, poor adhesion between plies, excessive voids in the matrix, and an improperly cured matrix,
among others.

1. This section is authored by Joseph Rakow, PhD, PE and Alfred Pettinger, PhD, PE of Exponent Failure Analysis Associates.
Dr. Rakow and Dr. Pettinger are engineers in the Mechanical Engineering and Materials/Metallurgy Practice of the corporation.
Dr. Rakow can be reached at 650-688-7316 and jrakow@exponent.com; Dr. Pettinger can be reached at 949-341-6004 and
apettinger@exponent.com.

2. Inthis section, “composites” refers to a class of materials characterized by fibers held in a matrix.



111-9-30 Manual of Aircraft Accident and Incident Investigation

SR HIPCTIC WRCRATT I TS

Figure 11l-9-21. Examples of composite structures (clockwise from top): Boeing 787 fuselage,
General Electric GEnx fan blades and case, Adam Aircraft A700 VLJ.

9.8.6 Changes in design variables and imperfections directly affect the failure of a composite. For example,
consider Figure 111-9-23, in which there are ten composite specimens that have failed under tensile loading.® The ten
specimens are split into two groups, representing two different ply-wise fiber orientations. Even though all specimens
failed under tension, the physical appearance of the failures between the groups is dramatically different. In one group,
the specimens have a shredded appearance, while in the other group the fracture surface is more compact with a
fibrous texture. This is a result of the difference in fiber orientations between the two groups. Even within each group,
there are differences in the appearance of the failures, which is the result of imperfections among the five samples of
each group. With variation in fiber orientations and imperfections, each failed specimen has a unique appearance, even
though they all failed under tension. This is one of the challenges of analyzing failed composites. In many cases, this
challenge can be addressed by microscopically analyzing the failure surfaces to identify common features that indicate
failure in tension.

3. Ginty, C.A. and C.C. Chamis, “Fracture Characteristics of Angleplied Laminates Fabricated from Overaged Graphite/Epoxy
Prepreg,” Fractography of Modern Engineering Materials: Composites and Metals, STP 948, ASTM, 1987, pp. 101-130.
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Figure 1lI-9-23. Tension failure in composites; macroscopically, even simple tension
can produce fractures with a wide variety of features. Microscopic analysis is paramount.
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9.8.7 Typical aircraft metals are ductile, while typical aircraft composites are brittle. Ductility allows for the
permanent bending, twisting, and denting of structures, which essentially records evidence of events in the accident. As
an example, consider the dents on the leading edges of the aircraft in Figure 111-9-24. Not only do the dents indicate the
aircraft suffered an impact, they also identify the possible size, shape, and energy associated with the impactor(s).4 This
type of information often helps the accident investigator(s) in determining the sequence of events of the accident.
According to the National Transportation Safety Board (NTSB), this aircraft collided with a set of power lines on
approach.5 Another example of evidence provided by ductility is the deformation produced by an explosion occurring
inside a metallic fuselage. The bulging of fuselage panels, the curling of ruptured edges away from the explosion, and
the stretching and unzipping of panels along rivet lines, all indicate the role of an explosion in an accident. Assessment
of the specific nature of these indications relies heavily upon the ductility of metal, a property not provided by typical
aircraft composites.

Figure llI-9-24 The ductility of metal structures provides macrostructurally
visible information regarding an accident.

4. Wanttaja, R., “Wire Strike!,” http://www.wanttaja.com/avlinks/wire.htm, 1994.
5. National Transportation Safety Board, Probable Cause SEA95LA024, 1995.
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9.8.8 With composites, as with metals, the interpretation of fracture surfaces can provide valuable information.
To interpret fracture surfaces in failed metallic structures, investigators rely upon a well established and widely used
body of knowledge, which, in the past, has often provided rapid and insightful results. One example is the crash of
Chalks Ocean Airways Flight 101 in December 2005 off the coast of Miami, FL. Initial evidence indicated that the right
wing had separated in flight. Within days, the NTSB had identified fatigue damage in metallic structural components in
the right wing (Figure 111-9-25) with corresponding damage in the structure of the left wing.6 As shown in Figure 111-9-25,
an unaided visual inspection of the wing spar cap reveals beach marks, which is evidence widely accepted to indicate
fatigue failure. As a result of this established analysis, the wing spar cap was identified within days of the accident as a
critical component in the investigation.

1234587889

Figure llI-9-25. Indications of fatigue cracking in the lower right wing spar cap of the Chalks Ocean Airways
Grumman Mallard G73 that crashed in December 2005. This is an example of using accumulated knowledge
and experience with metallic structures to identify possible factors in an accident.

6. National Transportation Safety Board, NTSB Advisory 051222a, 2005.
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Laminates

9.8.9 Laminates are the basic and most common form of composite aircraft structure. Laminates are constructed
of multiple plies of composite material, wherein each ply contains long fibers held together in matrix material. One of the
challenges of analyzing laminates is that their response depends on the direction in which the load is applied relative to
the direction in which the fibers are oriented. To understand this, consider a single ply. A single ply is generally stiffer
and stronger in the direction of its fibers than in any other direction. As an example, consider the direction of the load to
be the 0-degree direction. As the angle between the fibers and the direction of the load increases from zero, the strength
of the ply decreases dramatically’, as shown in Figure 111-9-26. The stiffness drops off similarly. Compare this behaviour
to a sheet of aluminium. The stiffness and strength of a sheet of aluminium are constant, regardless of the direction in
which the load is applied.8

9.8.10 The structural behaviour of composites becomes increasingly complex when individual plies are stacked
on top of each other and fused together to form a laminate. Figure 111-9-27 shows the cross section of a laminate, which
clearly illustrates the ply-wise variation in fiber orientation.® The fibers in the middle ply run perpendicularly to the plane
of the cross section, as indicated by their circular cross sections. The fibers in the other plies run at some angle between
0 and 90 degrees relative to the plane of the cross section, as indicated by their oblong cross-sectional shapes..10 The
structural behaviour of such a laminate is dictated by the orientation and directional dependence of each individual ply.""
For perspective, typical physical properties of composite and metallic materials are provided in Table I11-9-2.

9.8.11 A single laminate skin can exhibit structural coupling behaviour that is not generally observed in traditional
materials. For example, certain laminates exhibit what is referred to as bend-stretch or bend-twist coupling. Bend-stretch
coupling is behaviour in which a laminate subjected to only tensile loading not only stretches but also bends, even
though there are no bending loads applied. Similarly, in bend-twist coupling, a laminate subjected to only a bending load
not only bends but also twists, even though there are no twisting/torsional loads applied. Such coupling behaviour is
eliminated only if the laminate is symmetric, meaning the orientations of the fibers in the plies above the geometric mid-
plane of the laminate are a mirror image of the fiber orientations in plies below the mid-plane. An example of a
symmetric laminate is one with four plies in which the plies have equal thickness with the following orientations, from
bottom to top: 90°, 0°, 0°, and 90°. A symmetric laminate will exhibit neither bend-stretch nor bend-twist coupling.

9.8.12 Unbalanced laminates exhibit different coupling behaviour known as shear coupling. A balanced laminate
is one in which there is one ply oriented at +6 for every ply oriented at —6. An example of an unbalanced, symmetric
laminate is one with the following orientations, from bottom to top: 45°, 22°, 22°, and 45°. An unbalanced, symmetric
laminate subjected to only tensile loading will not only stretch but will also shear in-plane, even though there are no
shearing loads applied.

9.8.13 Some laminates do not exhibit the directional dependence discussed earlier. These are called quasi-
isotropic laminates. Isotropic is a term that describes material behaviour that has no directional dependence. Quasi-
isotropic laminates are isotropic in the plane of the laminate, meaning that the structural behaviour of the laminate does
not depend on the direction in which the load is applied, as long as the load is applied in the plane of the laminate. To be
quasi-isotropic, the plies in the laminate must be oriented at 0°, +45°, —45°, and 90°, or at 0°, +60°, and —60°, with an
equal number of plies in each orientation. The stacking sequence does not matter.

7. Hoskin, B.C. and A.A. Baker, Composite Materials for Aircraft Structures, American Institute of Aeronautics and Astronautics,
1986.

8. Various manufacturing processes, such as rolling, can create relatively minor directional variations in stiffness and strength.

9. Petrak, D.R., “Ceramic Matrices,” ASM Handbook, Volume 21: Composites, ASM International, 2001, pp. 160-163.

10. The shape of the fiber cross sections can be used to determine the nominal fiber orientation in the plies.

11. In addition to the unidirectional plies discussed here, laminates frequently have plies with bidirectional fiber orientations, in which
woven fibers run perpendicular to each other.
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Table 1lI-9-2. Representative properties of typical aircraft composites and metallic alloys

Glass fibers'

Tensile stiffness

Tensile strength

Diameter

Carbon fibers®

Tensile stiffness

Tensile strength

Diameter

Advanced epoxy matrices
Tensile stiffness

Tensile strength

Maximum operating temperature3
Carbon/epoxy laminates*
Tensile stiffness, longitudinal
Tensile stiffness, transverse
Tensile strength, longitudinal
Tensile strength, transverse
Glass/epoxy laminates®
Tensile stiffness, longitudinal
Tensile stiffness, transverse
Tensile strength, longitudinal
Tensile strength, transverse
Aircraft-grade aluminium®
Tensile stiffness

Tensile strength
Aircraft-grade steel’
Tensile stiffness

Tensile strength

72 GPa
4.6 GPa
12 um

200 GPa
2.6 GPa
8 um

3.5 GPa
60 GPa
90 —250°C

130 GPa
7 GPa
1.1 GPa
0.02 GPa

40 GPa
8 GPa
1.1 GPa
0.03 GPa

69 GPa
310 MPa

205 GPa
700 MPa

Notes.— These properties are only representative values, many of which have a wide range
associated with them. MIL-HNDBK-17-1F" and reference material from manufacturers should be
consulted for more specific information and properties. Most of the data regarding composite

materials were taken from Hoskin and Baker’.

1 S-glass
2  Graphite Type Il

3 Depends strongly on heat treatment

during cure process

N O K

Unidirectional, 60% volume fraction
Unidirectional, 45% volume fraction
6061-T6 aluminium

4130 steel, strength depends strongly on
heat treatment

12. MIL-HNDBK-17-1F, US Department of Defense, Washington, DC, 2002.
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Figure 1lI-9-26. The strength of a single unidirectional composite ply, based on the angle between the fibers
and the loading direction, where 1" is the measured ultimate strength of the laminate along the fiber direction,

o2" is the measured ultimate strength of the laminate perpendicular to the fiber direction,
and t" is the measured ultimate shear strength of the laminate.
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9.8.14 Because the plies in a laminate are fused together, the deformation in one ply both influences and is
influenced by the deformation in neighboring plies; the plies must deform by the same amount at the interface. However,
because the plies are not all oriented in the same direction, they do not have the same stiffness in the direction of the
applied force, and therefore the stress in the laminate varies from ply to ply. In particular, the ply with the highest
stiffness in the direction of the load will experience the highest stress. In addition to the stress, the physical strength of
each ply varies based on the orientation of the fibers with respect to the direction of Ioading7, as shown in Figure 111-9-26.
These ply-wise variations in stress and strength can dictate the origin of failure in a laminate. It is important for accident
investigators to be able to identify how the laminate composition will affect its failure.

9.8.15 New laminates are constantly being developed, and therefore present new challenges for the investigator.
Thus, this section cannot address all of the possible failures in composites. For example, one relatively new class of
laminates is normally referred to as fiber-metal laminates (FMLs). FMLs are similar to the laminates discussed
previously, but they have plies of metal, typically aluminium, in addition to plies of composite. One example of an FML is
called GLARE, which has plies of glass/epoxy composite alternating with plies of aluminium. GLARE is used in sections
of the fuselage of the A380 aircraft.

Failure features

9.8.16 The following discussion illustrates features that laminates typically exhibit when they fail under basic
loading conditions: tension, compression, bending, impact, and fatigue. Because laminates are often components in
other common forms of composite structures, such as sandwich structures, joints, and repairs, the failure features
described will be applicable to the remainder of this discussion regarding composites.

9.8.17 Tension. Figure 111-9-23 shows how even simple tension can produce a variety of failure features. Despite
this variety, there are some common characteristics of tensile fractures in fibrous composites that help identify their
failure under tensile loads. One characteristic is that the fracture surface generally has a rough appearance. For
example, Figure 11I-9-28 shows a microscopic view of the fracture surface of a composite that failed under tensile load,
with the fibers aligned in the direction of the load.'® One clear characteristic of the fracture surface is that fractured fibers
are sticking out of the fractured matrix, contributing to the rough appearance of the fracture surface. This characteristic is
called fiber pullout and is a typical indication of tension failure in composites. Fiber pullout is the result of a fiber breaking
and being extracted from the matrix. Close inspection of Figure 111-9-28 reveals, in addition to pulled-out fibers, holes in
the matrix that were created by other pulled-out fibers. In some cases of tensile failure, some fibers do not fracture but
the matrix does. The fibers then span the matrix fracture in a phenomenon called fiber bridging.

9.8.18 In either case, the pulled-out fibers can be used to identify tensile loading, and in the case of stacked
laminates, to identify those plies that have been loaded in tension. The length of the pulled-out fibers can provide
perspective on important fundamental conditions present in the composite at the time of fracture, such as temperature
and exposure to moisture.

9.8.19 As long, thin members, the fibers are designed to carry tensile loads. However, in the common case of
composites with ply-wise variations in fiber orientation, tension loads do not run parallel to the fibers, and failure can
occur in the matrix. Common matrix failures associated with such loading conditions are tension failures between fibers,
particularly at the fiber-matrix interface, and shear failures in the matrix-rich region between plies, typically associated
with rough features on the fracture surface called hackles. Such inter-ply shear failures can also be produced under
compression.

13. Friedrich, K. and J. Karger-Kocsis, “Fractography of Unfilled and Short Fiber Filled Semi-Crystalline Thermoplastics,” Fractography
of Polymers and Composites, A.C. Roulin-Moloney (ed), Elsevier Applied Sci. Publ., London, 1989, pp. 437-494.
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Figure 1I-9-28. Example of fiber pullout as a result of tensile loads
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9.8.20 Compression. Under compression, the fibers are less effective than in tension, since the relatively weak
matrix is required to stabilize the fibers against buckling. One common characteristic of the compressive failure of fibrous
composites is the formation of kink bands'* as shown in Figure 111-9-29. Kink bands are a result of structural instability,
much like a person standing on and eventually crushing a soda can. The fibers buckle as the compressive load
approaches a critical level, which is a function of material, geometric, and environmental factors. Fiber buckling can also
be identified by examination of the fiber ends. As shown in Figure 111-9-30, chop marks indicate fibers that have buckled
and bent to the point of failure.'® The chop marks coincide with the neutral axis of the fiber in bending, separating the
tension side of the fiber from the compression side of the fiber.

9.8.21 Often associated with kink bands is matrix splitting, which can be seen in Figure 111-9-29 as gaps in the
matrix. Matrix splitting occurs at weak points in the matrix or at areas of high stress concentration, such as at the fiber-
matrix interface and the interface between plies. Matrix splitting at the interface between plies is referred to as
delamination, and is discussed further in the paragraphs regarding impact.

9.8.22 Bending. The difference between tensile and compressive fracture surfaces is readily demonstrated in
composites that have failed in bending'® (Figure 111-9-31). Divided by a neutral bending axis, one part of the fracture
surface contains pulled-out fibers, and the other part is relatively flat. This is a result of the fact that, in bending, one part
of the cross section is in tension and the other part is in compression. These characteristics can readily translate to a
macroscopic level. Figure 111-9-32 shows a composite aircraft wing that reportedly failed in bending.17 The bottom
surface of the wing, which was subjected to tension in bending, has a very fibrous texture relative to the top side of the
wing, which was subjected to compression in bending.

9.8.23 Impact. As discussed previously, typical aircraft composites are brittle rather than ductile. Ductile metal
structures undergo relatively high levels of permanent deformation prior to final failure and this deformation provides
information regarding the loading leading up to the structural failure. As brittle structures, composites exhibit relatively
little to no permanent deformation prior to final failure. The metallic aircraft discussed and shown in Figure 111-9-24
provides a clear indication of impact by a foreign object. Impact evidence may not be observed as readily in a composite
structure.

9.8.24 Impact loading can cause damage to a composite without producing any visible evidence on the external
surface of the composite. Consider an aircraft mechanic dropping a wrench on the top surface of a wing. If the wing is
made of aluminium, the impact may create a dent, essentially recording the impact. The significance of the resultant
damage can generally be assessed visually. If the wing skin is a composite laminate, however, the impact of the wrench
may not produce any visually detectable damage on the surface at all, but may instead cause a subsurface delamination
which is not detectable during any visual inspection. A delamination is a split between plies in a composite, and is a
common type of subsurface damage. The split can propagate along the interface at which neighbouring plies were
joined during manufacturing, or it can propagate along the fiber-matrix interface. Figure 111-9-33 shows two views of the
cross section of a composite plate after impact.'® As indicated in Figure 111-9-33, the impact caused extensive
delamination among multiple plies. Such damage can dramatically degrade the load-bearing capability of the composite,
even though the fibers may remain intact. Moreover, the damage, if unnoticed, can continue to propagate with further
loading of the composite.

14. Bolick, R.L., A.D. Kelkar, and R. Mohan, “Performance Evaluation of Z-pinned Carbon Composites under Tension-Compression
Fatigue Loading,” Aerospace Testing Expo, 2006.

15. Stumpff, P.L., “Fractography,” ASM Handbook, Volume 21: Composites, ASM International, 2001, pp. 977-987.

16. Beaumont, P.W.R. and J.M. Schultz, Failure Analysis of Composite Materials, Delaware Composites Design Encyclopedia, Vol. 4,
1990.

17. Stumpff, P.L., “Visual Analysis, Nondestructive Testing, and Destructive Testing,” ASM Handbook, Volume 21: Composites, ASM
International, 2001, pp. 958-963.

18. Bascom, W.D., and S.Y. Gweon, “Fractography and Failure Mechanisms of Carbon Fiber-Reinforced Composite Materials,”
Fractography and Failure Mechanisms of Polymers and Composites, Elsevier, 1989.
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Figure 111-9-30. Chop marks can be produced on the ends of broken fibers that have
buckled and failed under compressive loads.
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Figure 1lI-9-31. Composite specimen that failed in bending. The relatively rough area of tension
failure and the relatively smooth area of compression failure are clearly identifiable.
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Figure 11I-9-32. Composite wing that reportedly failed in bending. The relatively rough area of
tension failure with significant fiber pullout and the relatively smooth area of compression
failure are clearly identifiable.

Figure 1lI-9-33. Example of composite failure involving delamination
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9.8.25 Without visible evidence on the surface, delaminations must be identified by cross sectioning the
composite in the location of the delamination, or by employing nondestructive techniques such as ultrasonic imaging,
radiography, or thermography. If destructive techniques are employed, delaminations may be identified visually on the
subsurface by a dull, whitish appearance, relative to the shiny, black appearance of neighboring areas free from
delamination.

9.8.26 Fatigue. One of the attractive qualities of composites is that they generally provide better fatigue
performance than the same structural weight of typical aircraft metals such as aluminium. Despite this fact, composites
can fail under fatigue loading, and such failures can produce particular failure features.

9.8.27 Fatigue failure in metals can in some cases be identified by an unassisted visual inspection.'® A typical
fatigue failure in metals will produce a fracture surface with beach marks, as shown in Figure I1I-9-25. Fatigue fracture
surfaces in composites, on the other hand, typically do not exhibit visible beach marks. In fact, fatigue fractures in
composites often appear similar to a corresponding overload failure.

9.8.28 While fatigue fractures in composite laminates lack macroscopic evidence, some evidence may still be
identified microscopically. Figure 111-9-34 shows striations observed at the fiber-matrix interface of a composite. One
striation typically corresponds to one load cycle.15 Although these striations indicate fatigue failure, areas containing
striations are typically small in size, few in number, and may be dispersed over multiple locations in the composite. In
addition, the striations are often identifiable only under high magnification and oblique lighting (Figure 11I-9-34 was
captured under a magnification of 2 000x)."”® In summary, identifying fatigue failure in composites can be very
challenging, and fatigue is not generally identifiable in the field.*

American Airlines Flight 587

9.8.29 The crash of American Airlines Flight 587 in November 2001 provides an illustrative example of the
principles discussed before. The vertical stabilizer of the A300-600 involved in this accident is the largest composite
principal structural element in commercial aviation to have failed in service.

9.8.30 Although the vertical stabilizer on Airbus A300 and A310 series aircraft was originally designed with
metallic materials, the metallic design was replaced in the mid-1980s by a composite design employing carbon fibers in
an epoxy matrix. Between the time of its original design and the failure on Flight 587, composite vertical stabilizers had
been in service for more than 20 years.

9.8.31 The composite vertical stabilizer of the A300-600 was designed to retrofit aircraft metal stabilizers, and
therefore is attached to the fuselage through the same method as that used for the metal structure. Three pairs of
composite lugs (forward, middle, and aft) along the union between the stabilizer and the fuselage, transfer bending and
vertical loads through large diameter bolts. Between each pair of lugs is a composite transverse load fitting that transfers
lateral and torsional loads from the stabilizer to the fuselage.

9.8.32 Analysis of flight recorder data by the NTSB indicated that the aircraft was subjected to an increasing
oscillatory sideslip motion, eventually causing loads in excess of the ultimate design load of the stabilizer. The NTSB
determined that the right rear lug of the stabilizer suffered a tensile overload failure that caused the progressive failure of
the remainder of the attachment points.”’

19. A detailed visual investigation of the fracture surface at higher magnification with various means is prudent, to confirm the initial
finding.

20. One macroscopic feature that may provide evidence of fatigue is abrasion between mating fracture surfaces. With repeated
loading, the growing fracture surfaces may rub against each other and leave abrasive marks on the ends of broken fibers and in
the matrix.

21. National Transportation Safety Board, “In-Flight Separation of Vertical Stabilizer,” AAR-04/04, 2004.
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Figure 1ll-9-34. Striations at the interface between fibers and matrix

9.8.33 As previously discussed, tensile failures in composites generally produce rough fracture surfaces.
Figure 111-9-35 shows the fracture surface of the right aft composite lug.?? The rough appearance of this fracture surface
helped the NTSB determine that the lug failed under tensile loads. Similar rough fracture surfaces were found on the
other two lugs on the right side of the stabilizer. As a result, the NTSB concluded that the lugs on the right side of the
stabilizer failed due to overstress under tensile loading.

9.8.34 According to the analysis by the NTSB, after the lugs on the right side failed, the damaged stabilizer
deflected from right to left, loading the lugs on the left side of the stabilizer in bending. In bending, tension developed on
the inboard side of the lugs and compression developed on the outboard side of the lugs. The NTSB identified evidence
consistent with tension failure on the inboard side and compression failure on the outboard side of the lugs on the left
side of the stabilizer. This is consistent with failure in bending, as discussed previously. An example of the evidence
associated with compression failure is presented in Figure 111-9-36, which shows chop marks found on the left aft lug.??
As discussed earlier, when fibers are subjected to compressive loads, they can buckle and the fracture surface on the
end of a failed fiber may indicate chop marks. The left aft, left center, and left forward lugs of the failed stabilizer each
contained fractured fibers with chop marks. Also found on the left aft lug were hackles associated with shear failure in
the matrix-rich region between plies (Figure 11-9-37) as previously discussed.?” Hackles were found on the left forward
lug as well.

22. National Transportation Safety Board, “Materials Laboratory Factual Reports 02-077 and 02-083,” 2002.
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9.8.35 Evidence consistent with bending was also found in the aft transverse fitting. Fractures on the attachment
points on the right side of the transverse fitting were rough in appearance, indicating tensile failure, while the fracture on
the left-most attachment point had a relatively smooth appearance, indicating compressive failure. This evidence was
found by the NTSB to be consistent with bending of the stabilizer from right to left. Finally, it must be noted that the
NTSB did not find any indication of fatigue damage in the vertical stabilizer.

Figure 11I-9-35. Similar to several other fractures, the fractures of the right aft lug
were rough, consistent with tensile loading.



11-9-46 Manual of Aircraft Accident and Incident Investigation

Figure 111-9-36. Fractures in multiple locations exhibited chop marks (marked with a “c”)
on the ends of fractured fibers, consistent with compressive loading and buckling of fibers.
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Figure 111-9-37. Interlaminar fractures in multiple locations exhibited hackles,
consistent with failure in shear.

Sandwich structures

9.8.36 A typical aircraft sandwich structure consists of two relatively thin laminates, called face sheets, adhesively
bonded to opposite sides of a thick lightweight core. The face sheets and core can be made of metal composite, wood,
or paper. A common use for sandwich structures in aircraft is in the control surfaces, where high stiffness at low weight
is highly desirable. Figure 111-9-38 shows a sandwich beam with carbon fiber face sheets adhesively bonded to a
honeycomb core. A close-up image of a portion of the cross section of this beam is shown in Figure 111-9-39.

9.8.37 The purpose of a sandwich structure is to provide high bending stiffness and high bending strength with a
lightweight structure. When a homogeneous (single-material) beam is bent, the bending stresses along the long axis of
the beam are largest in magnitude at the top and bottom of the cross section, assuming identical behaviour in tension
and compression. They are nominally zero at the middle of the cross section. Conversely, the shear stresses in the
beam are largest in the middle of the cross section and zero at the top and bottom. Panels in bending have similar stress
conditions.

9.8.38 Sandwich structures are designed to manage these stresses in a more efficient manner than a single
material structure. The face sheets of a sandwich are made of material that is stiff and strong along the axis of the beam
to manage the high axial stresses at the top and bottom, while the core is made of material that is sufficiently strong in
shear to manage the higher shear stresses in the middle of the beam.
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Figure 1lI-9-38. Sandwich structure with carbon fiber face sheets and a honeycomb core
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Figure 111-9-39. A portion of the cross section of the sandwich beam in Figure 11I-9-38
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9.8.39 The face sheets of aircraft sandwich structures are typically made of carbon or glass fiber laminates,
depending on the anticipated operating conditions. The two most common core materials are plastic foam and
honeycomb. Honeycomb can be made of plastic, paper, or metal. In most constructions, the face sheets are bonded to
the core with structural adhesive film.

9.8.40 As with other structural components, sandwich structures generally need to be attached to neighbouring
airfframe components such that they will transmit structural loads. Occasionally, fasteners will penetrate the core of the
structure. In many cases, however, the face sheets are “closed out,” as shown in Figure 111-9-40, to form a thick laminate
suitable for mechanical or adhesive attachments.?®

Failure features

9.8.41 Failures in sandwich structures can involve failure of the face sheets, failure of the core, failure of the
adhesive bond, or any combination thereof. The failure features discussed in the laminate section above can help an
investigator analyze a large number of sandwich failures. The following discussion identifies these opportunities, and will
also identify fundamental failure features that are particular to sandwich structures.

9.8.42 Tension. With sandwich structures generally employed in areas subject to bending loads, tension failures
in sandwich structures generally develop as part of the more complex loading condition associated with bending. If a
sandwich structure is exposed to in-plane tension, both face sheets will be in tension, rather than one in tension and one
in compression, as occurs in bending. With failure of the sandwich structure under these conditions, both face sheets
would be expected to produce the features discussed earlier regarding tension failure in laminates. These features
include a generally rough fracture surface, fiber pullout, and fiber bridging.

9.8.43 Compression. Sandwich structures are also used as compression-loaded members because, for a given
weight, their high bending stiffness provides high resistance to buckling. For a common example of buckling, consider a
person standing on an empty soda can. In many cases, the can either immediately or eventually crushes (buckles).
When the can buckles, the walls of the can bend. The bending stiffness of the walls directly affects the buckling
resistance of the can. Reinforcement such as with a honeycomb core, can stabilize the walls and dramatically increase
the buckling resistance of the can.

Tool side fy
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Figure 111-9-40. Close-out of a sandwich structure for attachment purposes

23. Ward, S.W. and L. Gintert, “Analysis of Sandwich Structures,” ASM Handbook, Volume 21: Composites, ASM International, 2001,
pp. 308-320.
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9.8.44 Global buckling is a basic failure mode of sandwich structures. An example of global buckling, in which the
buckled sandwich structure bends laterally under compressive loads, is depicted, along with other sandwich
compression failures®, in Figure 111-9-41. This bending creates tension in one face sheet and compression in the other.
Failure under these conditions, as discussed earlier, may produce laminate tension failure features in one face sheet
and laminate compression features in the other face sheet.

9.8.45 Other features of compression failure in sandwiches include the buckling of individual face sheets®. This
can manifest itself in a number of ways, each of which is illustrated in Figure 111-9-41.

A. Face sheets can become locally debonded and bend away from the core. Buckling of the face sheet
depends on the buckling resistance of the face sheet as well as the strength of the adhesive bond.

B. Shear crimping, shown in Figure 111-9-41, appears to be a form of local buckling, but is actually
dependent on the global properties of the sandwich. Shear crimping is similar to kink bands, which are
formed by the buckling of fibers in laminates, as discussed earlier. In shear crimping, the core has
failed in shear, and the face sheets have typically failed in local bending.

C. Face sheets may exhibit local buckling in the form of dimpling in the face sheets. Failure depends on
the material in the core, among other features.

D. Rather than buckling away from the core, one of the face sheets may bend into and locally compress
the core® (Figure 111-9-42).

9.8.46 Bending. Bending failures in sandwich structures are best understood by recognizing that bending
produces tension in one face sheet and compression in the other. As a result, failure of the face sheet in tension will
typically produce the failure features associated with laminate tension failure (rough fracture surface, fiber pullout, fiber
bridging, etc.). The face sheet in compression will typically exhibit the failure features associated with laminate
compression failure (fiber buckling, chop marks, etc.). In addition, the face sheet in compression can also exhibit the
failure features associated with face-sheet buckling28 discussed previously and shown in Figure 111-9-43.
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Figure 1ll-9-41. Compression failures in sandwich beams

24. Bruhn, E.F., Analysis and Design of Flight Vehicle Structures, Jacobs Publishing, 1973.

25. Wadee, M.A., “Experimental Evaluation of Interactive Buckle Localization in Compression Sandwich Panels,” J. Sandwich
Structures and Materials, 1, pp. 230-254, July 1999.

26. Herakovich, C.T., Mechanics of Fibrous Composites, John Wiley & Sons, 1998.
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Figure 11I-9-42. Local buckling of a face sheet into the foam core

L3030,

Figure 11I-9-43. Example of a sandwich structure with face-sheet buckling leading
to debonding from the core
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9.8.47 In addition to tension and compression in the face sheets, bending produces shear loading in the adhesive
and in the core. It is possible for the adhesive to fail in shear without producing any failure features in the face sheets or
core. In this case, the face sheet debonds and slides along the surface of the core.

9.8.48 Impact. Because they are designed for in-plane loads produced by bending, sandwich structures are
particularly susceptible to impact damage. The thin face sheets and lightweight core can be damaged from even
relatively low-energy impacts, which may cause crushing in the face sheet and core?’, as shown in Figure I1-9-44.
However, like impact damage in laminates, it is possible for sandwich structures to sustain damage below the surface
without any visible indication on the surface. This subsurface damage can take the form of delamination in the face
sheet or crushing in the core, without any damage in the face sheet?’, as shown in Figure 11I-9-45. Relatively high-energy
impacts can lead to full penetration through the sandwich panel.

9.8.49 Fatigue. Fatigue in sandwich structures is possible, but as with laminates, is not as prevalent as in metallic
structures. If fatigue damage develops, it can produce a number of failure features, depending on which component of
the structure fails in fatigue. The face sheets, core, and adhesive can all potentially fail in fatigue. If the face sheets fail in
fatigue, they will typically exhibit the features discussed in the section on laminates.

Joints

9.8.50 An aircraft is comprised of various structural components joined together. Past failure experience indicates
that joints are the most common site for the initiation of failure. Composite structural components are joined by adhesive
bonding or with mechanical fasteners like bolts and rivets. These joints share several fundamental design considerations
with the joining techniques of metallic structures; however, some important differences exist that introduce new failure
modes. Despite this increase in the number of potential failure modes, composite assemblies employ fewer joints than
metallic assemblies. This is especially evident when comparing the number of mechanically fastened joints in a metal
structure with that of a composite structure, which typically is a more highly integrated structure.?®

Adhesively fastened joints

9.8.51 In their simplest form, adhesively fastened structures consist of two composites (adherends) that are
bonded with an adhesive or are co-cured (i.e. two uncured composites are cured together, such that the load transfer
occurs through the now-shared matrix layer). Figure 111-9-46 gives an overview of the most common types of bonded
joints. Bonding is a natural joining method for composites, because the adhesive can be chemically similar to the
composite’s matrix.?® Co-curing is a frequently used bonding method that allows the manufacture of highly integrated
structures with complicated geometry.zs’zg’so’31

9.8.52 When compared to mechanical joints, bonded joints offer the advantages of transferring loads over a large
area, sealing the joint, and resisting corrosion. However, bonded composite components need to be prepared
meticulously and carefully aligned to achieve their intended strength. Quality assurance and verification of composites is
time-consuming and technology intensive.

27. Federal Aviation Administration, “Impact Damage Characterization and Damage Tolerance of Composite Sandwich Airframe
Structures,” DOT/FAA/AR-00/44, Washington, DC, January 2001.

28. Niu, M.C-Y., “Composite Airframe Structures — Practical Design Information and Data,” Conmilit Press Ltd., Hong Kong, 1992.

29. ASM International, ASM Handbook — Volume 21, Composites, ASM International, 2001.

30. Dreger, D.R., “Design Guidelines for Joining Advanced Composites,” Machine Design, May 8, 1980, pp. 89-93.

31. Cosenza, F., “Mechanical Fasteners for Composites,” Materials Engineering, August 1987, pp. 33-37.
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Figure 1I-9-45. Crushed core without any visible damage to the face sheet
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9.8.53 The primary load transfer between the bonded components depicted in Figure 111-9-46 occurs in shear via
the adhesive layer.?® Figure 11l-9-47 illustrates the non-uniform shear stress distribution of a balanced® double-sided
joint with larger shear stresses at the edges.33 When the load increases further, the adhesive will deform plastically at
the edges towards the inside to sustain this load level. Similar trough-like shear stress distributions are found for single-
lap joints. However, in the case of single-lap joints, the axial tension loads in the adherends are not aligned with each
other. This produces a bending moment at the joint. The induced-peel stresses are largest at the edges, and reduce the
total load transfer capacity of bonded joints. For symmetrical double-sided joints, the eccentricity in loading does not
exist, but some peel stresses are still developed along the overlap length.

Failure features

9.8.54 Typically, four failure modes are used to categorize the failure of lap joints with three occurring in the
adherend and one in the adhesive layer. They are illustrated®® in Figure 11l-9-48 for adherends of equal strength.
Figure 111-9-48(a) depicts the delamination of the composite, where peel stresses are pulling the top fiber layer from the
matrix. This results when the tensile strength of the adhesive is larger than the interlaminar tensile strength of the
composite. Figure [11-9-48(b) depicts a failure mode, where in-plane fiber stresses at the joint’s interface are large,
potentially leading to fiber breakage. Finally, Figure 111-9-48(c) depicts an interlaminar failure due to the very high normal
stresses and peel stresses acting at the stress concentration. The failure modes depicted in Figure 111-9-48 have also
been reported to occur in sequence, describing a failure progression from Figure 111-9-48(a) to Figure 111-9-48(c). It is
noted that if one adherend were stiffer, then failure would occur at the edge in the less stiff adherend in the manner
discussed above. %3

9.8.55 Failure of the adhesive layer can be minimized by designing a sufficiently long overlap length that reduces
shear stresses to allowable levels.?®% Failure in these layers may produce hackles® as exhibited in Figure 111-9-49.
These hackles form approximately at a 45-degree angle when the loads permanently deform the adhesive® (Figure lI-
9-49). If the loading is reversed (i.e. changes with time from tension to compression), the hackles’ orientation will be
flipped, and a sawtooth-like fracture surface will develop.? In cases where the overlap length is sufficient and the failure
begins in the middle of the adhesive, a close examination of the adhesive and the bonded surfaces is warranted.
Investigators should determine the thickness, porosity, and chemical composition of the adhesive layer and evaluate the
surface preparation, since all of these elements can significantly influence the bonded joints’ load carrying capacity.

32. Balanced joints have the same extensional stiffness for the adherents.

33. Hart-Smith, L.J., “Adhesive-Bonded Double-Lap Joints — Technical Report,” Douglas Aircraft Company, Langley Research Center,
January 1973a.

34. Hart-Smith, L.J., “Adhesive-Bonded Single-Lap Joints — Technical Report,” Douglas Aircraft Company, Langley Research Center,
January 1973b.

35. Hart-Smith, L.J., “Specimen Shows Thickness Where Adhesive Will Not Fail,” Adhesives Age, April 1987, 30(4), pp. 28-32.
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Figure lll-9-46. Bonded joints: (a) to (c) are single-lap joints,
and (d) to (h) are double-lap joints and their variants.
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Figure 11I-9-47. Shear stress distribution under increasing load for an adhesive
that is capable of deforming plastically prior to failure
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Figure 111-9-48. Potential failure modes of simple bonded lap joints
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9.8.56 The magnitude of the induced peel stress is significantly affected by joint geometry and careful
consideration of joint features (tapering, etc.). Figure 111-9-50 illustrates this by showing the distribution of shear stresses
and peel stresses for a double-strap splice where the left side of the splice plate is tapered and the right side is not.283%
Several important observations can be made on the distribution of the shear stress and peel stress. The shear transfer
follows a trough-like distribution for both sides of the splice plate, with both ends of the splice plate’s right side having
effectively the same maximal shear stress peaks. However, the outer right edge in Figure 11-9-50 is the most critical
failure location, since peel stresses are larger there.?®*® The left edge of the left side of the splice plate experienced a
reduction of the shear stresses, because of the taper, transferring some of the load further into the splice plate. The
overlap region is more highly sheared, and peel stresses are compressive at this location. Due to the above described
stress distribution, failures of balanced and tapered double-lap joints initiate most commonly at the inner edge of the
joint's overlap®®®® (Figure 111-9-50). Failures of double-lap joints with untapered ends typically begin at the outer edges.
Unbalanced®® double-sided joints experience the highest strain and shear stresses at the least stiff side of the joint,
causing failure initiation in the weaker adherend.?%3%

9.8.57 It is also noteworthy that the strength of the single-lap joint is much more temperature dependent than that
of a balanced double-sided joint3°, because the overall single-lap joint strength is governed by an individual material
property of the adhesive.?®% Balanced double-sided joints significantly minimize the temperature dependence of the
joint, because the adhesive’s load capacity depends on the adhesive’s absorbed strain energy. The strain energy is
typically not temperature dependent, because with increasing temperatures the adhesive’s shear strength decreases but
the failure strain increases® (Figure 111-9-51). Clearly, this is another benefit of double-sided joints; however, most
aircraft structures are statically indeterminate, such that strain compatibility constraints limit the joint’s ability to stretch
and accommodate the imposed loads to the fullest.

9.8.58 The stepped-lap joint and scarf joint are more efficient high-strength bonded joint designs, which also allow
smooth surface transition to satisfy aerodynamic requirements (Figure I11-9-46). Optimal scarf joints require very small
scarf angles of only a few degrees, which are typically not achievable because of manufacturing constraints.
Armstrong37 noted that scarf joints commonly have a taper of 1 in 50 except at panel edges where a scarf angle of 1 in
20 is sometimes acceptable. Niu® reported that failures can occur at the tip of the stiffer laminate.

9.8.59 The stepped-lap joint is a hybrid joint between a double-sided joint and a scarf joint, in which each step
behaves like a double-sided joint. The structural complexity of this joint requires a detailed analysis to determine the load
levels that may have been experienced. The shear stress distribution follows that of a double-sided joint, with peak
shear stresses at the edge of each step. For this type of connection Niu?® reported that the end step of the interior
laminate can fail. The stepped-lap joint is typically used in critical, highly loaded applications such as the wing root joint28
shown in Figure [11-9-52.

Mechanically fastened joints

9.8.60 Mechanically fastened composite joints are typically less efficient than their adhesively bonded
counterparts, because the presence of a hole and fastener introduces additional undesirable stresses that negatively
affect structural integrity. Forces are introduced over a smaller area than for adhesively bonded components, requiring in
some cases additional material in the joint members. Mechanically fastened joints are commonly used to join thick
composite laminates. Also, mechanical fastening is employed in complex joints in which disassembly of the structure is
desired. In many cases, composite members are bonded to metal fittings and the metal fittings are joined
mechanically.28 This allows the more localized and multi-axial loads at the joint to be transferred via the metal fittings.
These fittings are preferably made of stainless steel or titanium alloy.

36. Unbalanced double-sided joints are joints where the combined stiffness of the two adherend transferring forces in one direction is
not equal to the stiffness of the adherent in the middle.
37. Armstrong, K., L. Bevan, and W. Cole, Care and Repair of Advanced Composites, Second Edition, SAE International, 2005.
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Figure 111-9-50. Shear stress and peel stress distribution for a double-sided joint
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Figure lll-9-51. Effect of temperature on the stress/strain relationship of a ductile adhesive
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9.8.61 Mechanically fastened joints are also sometimes advantageous in permanent or semi-permanent
installations when a composite needs to be joined to an un-bondable surface.®' Bolted connections are relatively easy to
install and inspect, and require little surface preparation in comparison to adhesively bonded structures.®>® Three
common mechanically fastened joints are the single-lap joint, double-lap joint, and multi-row bolted connection®
(Figure 111-9-53).

9.8.62 Mechanically fastened composites have several specific failure issues.>** First, composites are brittle,
which makes them more sensitive to stress concentrations than metals. Second, the interaction of bolts and laminates is
complicated and dependent on fiber volume, matrix distribution, laminate stacking sequence, and the exact fiber-matrix
distribution at the hole. All of these considerations have a significant impact on the joint’s failure mode. The joint strength
of composites is also strongly dependent on the bolt type: pins have the lowest joint efficiency, whereas bolts with
washers sgr properly sized heads and adequate pre-torque to prevent brooming of the fibers increase the joint’s load
capacity.

9.8.63 An important topic with mechanically fastened composites is the behaviour at ultimate load.®
Figure 11I-9-54 compares the fastener shear load distribution of a metal joint with four equal rows of fasteners to that of a
similar composite joint. The fastener load of the metallic joint is uniform across the joint at ultimate load because
permanent deformation of the plates assists in distributing the fastener loads. Composite joints cannot achieve this
uniform stress distribution because of their lack of ductility. Consequently, multi-row arrangements are not as common
for composites structures as for metal structures.

9.8.64 This behaviour makes multi-row composite joints very sensitive to manufacturing tolerances.*® Holes in
composites need to be drilled to exact dimensional precision; otherwise one bolt will carry a significantly larger load. In
the case of metals, this is not as much of a concern because localized permanent deformation quickly compensates for
this geometric mismatch between fasteners and the metallic component. Fasteners in composite structures must bear
the full load range and potentially initiate failure.

9.8.65 Installation of fasteners can also have significant effects on a joint’s failure in service. Interference fit
fasteners have been shown to increase the life expectancy of the joint by inducing some minor delamination around the
bolt but not damaging the fibers. The fibers bridge the localized stress concentration, increasing the joint’s life. On the
other hand, if fibers are damaged during installation or the bolt fits loosely, the joint's life is reduced significantly.?®3%4'

Failure features

9.8.66 The principal failure modes of mechanically fastened composite joints39 are depicted in Figure 111-9-55 and
are as follows: net tension failure through the bolt hole, shear-out failure, bolt pulling through laminate, cleavage-tension
(transverse tension), bearing failure with localized crushing of the laminate on the back face of the fastener, and bolt
failure. Net tension and bearing failure are typically the higher strength failure modes of optimally proportioned
composite joints.zg'ag’41 The shear-out failure® (Figure 111-9-55) is typically a lower strength mode than bearing failure and
if the width of the strip is too small the laminate may also fail in cleavage-tension.

38. Phillips, J.L., “Fastening Composite Structures with Huck Fasteners — Part 1,” Aircraft Engineering, 58(11), Issue 693, Nov. 1986,
pp. 2-6.

39. Hart-Smith, L.J., “Bolted Joints in Graphite-Epoxy Composites,” Douglas Aircraft Company, Inc., National Aeronautics and Space
Administration, 1976.

40. Diplomarbeit, “Uberarbeitung und Optimierung der Seastar Hohenleitwerksflosse: Vergleich einer GFK-und CFK Stuktur,” Design
and Optimization of the Seastar’'s Pettinger, A.M., Optimization of the SEASTAR’s Horizontal Stabilizer: A comparison between
GFRP and CFRP, Diplomarbeit, Fachhochschule Miinchen, July 1991.

41. Hart-Smith, L.J., “Mechanically-Fastened Joints For Advanced Composites — Phenomenological Considerations and Simple
Analyses,” Douglas Aircraft Company, 4" Conference on Fibrous Composites in Structural Design San Diego, pp. 543-574, 1978.
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Figure 11I-9-52. Step-lap joint connecting to metal fitting for wing root joint

Figure 11I-9-53. Several carbon fiber composite reinforced components
of the A300-600s vertical tail are joined with fasteners in single- and double-row fastener patterns.
White arrow indicates structural failure.
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9.8.67 Figure 111-9-56 shows a net tension failure® of the vertical tail of the A300-600 from American Airlines
Flight 587. The investigators of the NTSB also detected areas where a bearing failure occurred. In this specific case, the
composite was reinforced with a metal sleeve. A bearing failure® is shown in Figure 111-9-57 and a shear-out failure® is
shown in Figure [11-9-58.

9.8.68 The failure mode of a mechanically fastened joint depends strongly on the lay-up of the joined members.
Shear-out failure may occur if the laminate does not have a sufficient proportion of 90-degree fibers. Cleavage failure
may occur on composites with too few transverse plies and is aggravated by a narrow strip width and short edge
distances, in which case the failure will begin at the free edge some distance away from the hole®'. Nearly quasi-
isotropic lay-up patterns are used by designers at bolt holes to help avoid shear-out and cleavage failures. An accident
investigator can benefit from checking the lay-up relative to the design.

Repairs

9.8.69 Composite structures may be damaged during manufacturing or in service. As with metal structures, many
types of damage in composites can be repaired in an effort to restore the integrity of the structure. Subsequently, while
these repairs are in service, they may become involved in, or possibly directly lead to, a structural failure. In surveying
post-accident wreckage involving composite structures, the accident investigator must be able to identify the presence of
repairs and determine whether the repair played a role in the accident. The following discussion is intended to provide
some assistance to investigators in this effort. Armstrong®” provides further guidance.

nterlaminar crack

Figure 1lI-9-56. Net tension section failure of the right rear lug of the A300-600.
Unlabelled white arrows indicate bearing damage adjacent to the fracture.
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Figure 11I-9-57. Extensive bearing failure of carbon composite laboratory specimen

Figure 111-9-58. Shear-out failure of carbon composite laboratory specimen
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9.8.70 Composite repairs can be divided into two categories: patches and resin injection. Patches in composite
structures are similar to patches in clothing — the patch is intended to prevent further propagation of the damage.
However, in addition to these common functions, patches in composite structures are frequently expected to replicate
certain functions of the original structure, including load-bearing capabilities and environmental survivability, for the
remainder of the design life of the structure. As with metal structures, any repair must be carried out in accordance with
the Manufacturer’s Structural Repair Manual, or with other repair methods approved by the Airworthiness Authorities. If a
repair is near a pre-accident structural failure, a thorough investigation of the repair’s design should be conducted.

9.8.71 Typical patches in composite structures are either metal or composite and are either mechanically or
adhesively fastened to the original structure. Selection of material for the patch, as well as the method of attachment, is
based on the type of damage and the structural functions to be provided. Typically, metallic patches with mechanical
fasteners are employed for thick structures that carry substantial loads, while adhesively fastened composite patches
are employed for thin structures that carry relatively minor loads.*? Despite these trends, not all composite patches are
fastened adhesively and not all metallic patches are fastened mechanically; mechanically fastened composite patches
and adhesively fastened metallic patches are also employed on occasion.

9.8.72 After the damage has been identified and a patch has been selected and designed, the basic procedure
involved in applying a patch is as follows:

a) remove the damaged portion of the structure;
b) fill the void with appropriate filler material; and
c) bolt or bond the patch to the structure.

Examples of this procedure are discussed in an effort to illustrate the main components and features of typical repair
patches.

9.8.73 Consider a sandwich panel that has been punctured by impact*’, such as the panel shown in Figure 111-9-
59(a). With the face sheet compromised, this type of damage can affect the load-bearing integrity of the sandwich
structure. For repair, the steps listed above are followed. The damaged portion of the face sheet and honeycomb core is
removed*®, as shown in Figure 111-9-59(b). After removal of the damage, a replacement core plug is inserted*®, as shown
by the dark material at the center of Figure 111-9-59(c). Finally, a composite repair patch is bonded into place43, as shown
in Figure 111-9-59(d). Subsequent steps will likely include smoothing the edge of the patch and treating and painting the
surface. Figure 111-9-60 is a schematic of what the cross section of the repair in Figure 111-9-59 may look like.** As can be
seen, the filler material in the core and the adhesively fastened composite patch are intended to reestablish the
structural load path through the previously damaged region.

9.8.74 A repair procedure similar to that just discussed for sandwich structures is employed for composite
laminates. Figure 111-9-61 and Figure 111-9-62 show two bonded composite repair patches.42 In these cases, composite
plies constitute the filler material and the patch. The smooth, angular interface in Figure 11I-9-61 is called a scarf interface;
the interface in Figure 11-9-62 is called a stepped interface.*? Scarf interfaces are typically used when relatively high
loads are to be transferred through the repaired region or when a smooth surface contour is needed.®”*

42. Hoke, M.J., “Repair Applications, Quality Control, and Inspection,” ASM Handbook, Volume 21: Composites, ASM International,
2001, pp. 893-898.

43. Heslehurst, R.B. and M.S. Forte, “Repair Engineering and Design Considerations,” ASM Handbook, Volume 21: Composites, ASM
International, 2001, pp. 885-892.
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Figure 111-9-59. (a) Puncture through the face sheet of a sandwich structure.
(b) Damaged portion of the structure is removed. (c) Void created by removing the damage is filled.
(d) Repair patch is bonded to the original structure.
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Figure 11I-9-60. Adhesively fastened patch repair in a sandwich structure cross-section,
similar to the repair shown in Figure I11-9-59
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Figure 1I-9-61. Adhesively bonded patch with a scarf interface in a laminate

Figure 11I-9-62. Adhesively bonded patch with a stepped interface in a laminate
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9.8.75 An example of a repair employing a mechanically fastened metallic patch42 is shown in Figure [11-9-63. In
this example, the damaged composite laminate is the skin of a wing. The damage is removed and a titanium patch is
attached with fasteners running through the laminate. No structural filler material is used in this case.

9.8.76 Metallic patches are typically made of aluminium or titanium. Because aluminium in contact with carbon
can lead to corrosion, titanium patches or surface protection are typically employed for metallic patches in carbon
composites. Figure I11-9-64 is a schematic of what the cross section of the repair in Figure 111-9-63 may look like, with a
low modulus filler material.** As can be seen, the metallic patch is intended to establish a load path around the
previously damaged region. The split of the backup plate on the undamaged side is typically used to minimize unwanted
local stiffness changes in the structure.

9.8.77 Many patches can be identified readily with a visual inspection of the structural surfaces. While
mechanically fastened patches may be readily identifiable, adhesively fastened patches, particularly those in which there
is a smooth interface between the edge of the patch and the original structure, may be more difficult to identify.
Reviewing any documented repair history of the structure can assist in this effort.

9.8.78 Resin injection is a repair technique in which resin is injected into the composite to fill certain types of
damage such as fissures, voids, gaps, and delaminations. Resin injection is typically reserved for non-structural or light-
structural repair, because composites generally obtain most of their strength from their fibers. Resin injection creates
regions of high resin content without reinforcement. Subsequent structural loading could lead to failure in the resin-rich
regions.
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Figure 11I-9-63. Mechanically fastened metallic patch
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Figure 11I-9-64. Mechanically fastened patch repair cross-section in a laminate,
similar to the repair shown in Figure 111-9-63
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Figure 1lI-9-65. The delamination on the right side is repaired with the resin injection
procedure demonstrated on the left side.
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9.8.79 Figure 111-9-65 shows an example of a resin injection repair.42 As shown on the right side of Figure 11-9-65,
the top face sheet of the sandwich structure contains a delamination. A delamination, as explained previously in this
discussion, is a separation associated with a loss of bonding between neighbouring laminate plies. For the
delaminations in Figure 11-9-65, resin injection is being used to fill the void and bond the delaminated layers. Once the
delaminated region is identified*, resin is injected through an injection hole in the laminate. The resin is intended to flow
between the injection hole and a series of vent holes near the boundary of the delaminated region.

9.8.80 Resin injection repairs can be challenging to identify because any markings left on the surface are typically
sanded and painted to restore an even surface finish. A review of any documented repair history of the structure can be
helpful in identifying the location of past repairs. In addition, radiography and cross sectioning of laminates can help
identify resin-rich regions created by the repairs.

Failure features

9.8.81 Like any other structural element, repairs are susceptible to failure in service. Inadequate design, errors in
manufacturing and installation, and unexpected service conditions can cause a repair to fail, which, in turn, can cause
the surrounding structure to fail. Potential failure modes in patches are strongly dependent on the method of attachment,
adhesive or mechanical. Examples of some of these failure modes are listed in Table 111-9-3. The above discussion on
adhesive and mechanical joints can provide significant guidance regarding the investigation of failures in adhesively and
mechanically fastened patches.

Table 11I-9-3. Examples of failure modes in adhesively and mechanically fastened repairs

Adhesively fastened Mechanically fastened

Degradation due to temperature Holes weaken surrounding structure

Degradation due to humidity Holes provide stress concentrations

Poor surface preparation Poor surface quality in finished holes

Improper curing of adhesive Galvanic corrosion

Curing degrades surrounding structure Poor geometric fit between original structure and

Poor geometric fit between original structure and repair elements
repair elements

9.8.82 Adhesively fastened patches have a few qualities that can potentially contribute to failure. One quality is
the bond created during installation of the patch. Surface preparation is critical to ensuring an adequate bond. The
surface must be clean and sufficiently rough. In addition, the bond should be full and complete, with no voids or wrinkles
across the interface between the adhesive and the adherends. In analyzing a failure involving an adhesive patch,
examination of the contact surfaces between the adhesive and the adherend can reveal some of these errors. Debris on
the interface can indicate that the adherends were not cleaned prior to bonding. Particularly smooth or particularly rough
surfaces on the adhesive and adherends can indicate that the roughness of the adherends was not adjusted
appropriately prior to bonding. Abrupt changes in the appearance of the adhesive surface can indicate the presence of
wrinkles or voids that created a local area without bonding.

44. Identification can be done by a coin tap test or nondestructive inspection (NDI) such as ultrasonic techniques. More information on
NDI can be found in most of the references contained in this section of the manual.
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9.8.83 Another quality of adhesively fastened repairs that makes them susceptible to failure is the curing process
of the adhesive. Typically, structural adhesives require specific temperature and pressure schedules to cure fully. As
with any critical process, failure to follow the specified procedure could lead to failure. A less obvious cause of failure is
the possibility that the curing process could degrade the mechanical properties of the adherends. For example,
thermoset materials typically have a lower cure temperature than thermoplastic materials. If a thermoplastic adhesive is
used to repair thermoset adherends, curing of the adhesively bonded patch could degrade the thermoset adherends and
lead to failure. One way to identify this failure mode is to test the mechanical properties of the adherends near the
bondline, relative to their properties away from the bondline. The curing process can also lead to moisture-related
failures in the bond. The heat and pressure of the process can cause moisture to be released from the adherends and
settle along the bondline, weakening the bond and leading to failure. An analysis of the moisture content of the
adherends near the bondline relative to the content away from the bondline may identify this failure mode.

9.8.84 Mechanically fastened patches have a few qualities that can potentially contribute to failure. First, the holes
drilled to accommodate the fasteners can weaken the original structure in a number of ways. Drilling the holes removes
material, creates stress concentrations, and creates new surfaces that may have defects. As with metals, free surfaces
in composites provide opportunities for imperfections, such as notches or microcracks, which can grow with continued
loading. In laminates, free surfaces provide an additional hazard because they are particularly susceptible to
delamination. In addition, the interaction of loads and geometry throughout fastened joints can be significantly more
complex than they were in the original structure. Specifically, the structure may not be optimized to carry bolt loads and
as such may be more susceptible to the previously discussed failure modes of bolted composite joints.

9.8.85 Resin injection repairs can contribute to subsequent failures. By the nature of the technique, resin injection
creates a region of high resin content. Because the matrix in a typical composite is relatively weak and compliant
compared to the fibers, a resin-rich region can provide a site for failure initiation. A visual examination of the fracture
surfaces of a broken structure can help identify resin-rich regions. Resin-rich regions associated with resin injection
repairs can be identified by locating the injection hole or by examining the structure around the resin. Typically,
deformed laminate plies or misaligned fibers, remaining from the original damage, will be found adjacent to the injected
resin. Resin-rich regions, particularly between plies, are susceptible to failure in shear, which can be indicated by
hackles, as discussed earlier and shown in Figure [11-9-37.

9.9 SPECIALIST EXAMINATIONS

9.91 In addition to examinations of composite specimens, some of the more frequently conducted laboratory
tests are (1) tests on metallic parts for evidence of fatigue cracking, poor welding, substandard material properties, poor
heat treatment, stress corrosion cracking, inadequate dimensional properties, etc., and (2) tests on smears, scores, cuts,
etc., to determine such things as the nature of the substance and the direction of applied forces.

9.9.2 Once the sample has been received in the laboratory, a variety of tests can be accomplished as
appropriate. Microscopic examination, heat, and loading experiments assist in the definition of causation with respect to
structural failure. It is possible through such testing to identify fatigue or corrosion cracking, inadequate welding, poor
heat treatment, substandard material properties, inadequate dimensional properties, etc. Likewise chemical analyses
can be employed effectively on material samples and are particularly useful in the identification of smears.

9.9.3 Tests are frequently performed in relation to the strength of the aircraft structure and this involves testing of
structural loads through the medium of strain gauges appropriately placed for either flight testing or static testing on the
ground. Testing of possible system errors by means of various recording devices may also be considered.



Part Ill.  Investigation
Chapter 9.  Structures Investigation 1-9-71

9.94 Where damage is suspected to be the result of unusual circumstances, such as the detonation of an
explosive device, many samples of debris — dust, cushion, furnishing, smears, pieces of paper, wires, etc. will be
necessary. The smallest item of a suspicious nature or appearance should not be neglected. All parts or items should be
carefully sealed in clean containers, fully labelled and dated.

9.10 FRACTOGRAPHY

General

9.10.1 Examination and analysis of the actual fracture faces, known as fractographic analysis or more commonly
fractography, will normally enable the investigator to identify the mode and cause of failure. This technique relies for its
success on the fact that precise identification of the macro and microscopic topography of the fracture surfaces can be
used to positively identify the mode of fracture (overload, fatigue, stress corrosion, etc.). Having identified the mode of
failure, analysis of the loading, geometry, deformation, environment and so forth can lead to deduction of the cause and
sequence of failure.

Initial examination

9.10.2 Initial examination by eye alone can sometimes give a sufficiently accurate analysis to identify the cause of
failure if the failed component is large enough. However, it is more normal for the investigator in the field to use a pocket
magnifying glass of perhaps 10x magnification power. This tool (together with a macro-closeup camera for permanent
recording of the details) will usually enable the field investigator to identify and select failed components suspected of
being a primary cause of the accident.

Laboratory examination
Stereomicroscope

9.10.3 To obtain more precise analysis the suspect components would be forwarded to a laboratory, or at least
the investigator’'s office, for closer examination. A good optical stereomicroscope will allow macro-examination to
typically 50x life size, and will also allow full colour photography of the revealed details. The availability of colour is often
of particular importance in recording details of corrosion products and/or paint chips and smears associated with fracture
faces.

Scanning electron microscope (SEM)

9.10.4 For many engineering metals, positive analysis of the fracture mode requires examination of the micro-
topography (the shape of the surface of the fracture across 1/1 000th of a centimeter rather than across centimeters).
Laboratory quality optical microscopes are capable of examination of flat surfaces up to 2-3 000x life size (this capability
is extensively used for example in metallography, where the investigator is examining a polished and etched flat section
cut from the component to identify its structure, and can hence derive its method of manufacture and heat treatment,
and possible subsequent environmental exposure). Unfortunately, fractures are seldom flat, and as the magnification is
increased the depth of field is reduced. As a result, at 1 000x life size, practically all of the fracture surface will be out of
focus and hence no true analysis and understanding of the fractography can be derived.
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9.10.5 This problem can usually be resolved by use of the scanning electron microscope (SEM). The SEM
examines the sample under a vacuum, but this is not normally a problem for inorganic (dead) samples. It operates by
scanning a fine electron beam across the sample, and picking up resulting electrons ejected from the surface. The
resulting signal is used to modulate the brightness of a beam creating a T.V. image scanning at the same rate as the
sample scanning beam. The observed picture is quite similar in appearance to an optical image, but has a depth of field
relatively 300x to 500x as great as the optical image at similar magnifications. In theory the magnification can be
increased indefinitely, as it is merely the ratio of the output T.V. screen area compared to the area being scanned on the
sample. Since the area scanned on the sample can be reduced to very small levels, in practice SEM examinations can
cover the range from perhaps 5x life size to 50 000x magnification. Most fractography analysis can be performed
effectively in the range of 100x to 10 000x magnification.

Transmission electron microscope (TEM)

9.10.6 Occasionally, it is necessary to enlarge the sample image even more than the limit for the SEM, In this
case the next resource for the investigator is the transmission electron microscope (TEM). Interestingly, the TEM is older
than the SEM, which has only been available for perhaps 10 to 15 years. The limitations for the TEM are that it looks at
a replica of the sample and not the sample itself, and it can only look at a tiny area (perhaps 2mm x 2mm) which may
hence not be representative and could lead to the wrong conclusion. In practice a plastic model is made by impressing
the fracture into a moldable plastic, removing the plastic, “shadowing” it with a very thin coat of metal, dissolving away
the plastic and then passing a wide area beam of electrons through the metal film (the replica of the fracture surface).
The image produced by collecting the electrons which passed through the replica can be interpreted to deduce the
micro-fractography of the sample (the image is not very similar to an optical image, but is more like an x-ray print or
shadowgraph). Since the TEM is using electrons instead of visible light, the limitation is the wavelength (as with light) of
electrons; hence magnifications of up to 1 000 000x life size are possible.

Conclusion

9.10.7 In real life the investigator would progress from naked eye through magnifier to optical stereomicroscope to
SEM and possibly TEM as necessary to deduce the fracture mode. The great advantage of all these techniques is that
the sample is not damaged in any way by any of the techniques (at least this is true for engineering alloys) and thus the
sample is still available for further examination in its original state.

9.11 AGING AIRCRAFT ISSUES

General

9.11.1 The expected service life of an aircraft or individual component is often specified in the design stage in
terms of total operating/flight hours, total number of flights, or perhaps a number of certain mission profiles. Whether or
not the structure or its parts achieve these figures depends on the properties of the aircraft materials and their abilities to
withstand the effects of the actual usage spectrum. It should be emphasized that this spectrum involves more than just
flight hours. While the aircraft is in flight, dynamic factors — fatigue, flutter, vibration (and to a lesser extent, creep) — are
the primary determinants of component life. However, when the aircraft is on the ground, corrosion becomes of primary
concern.
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Corrosion

9.11.2 Corrosion is sometimes described as nature’s attempt to return a metal to its natural state; for example, the
metal oxide ore from which it was produced. This implies that if a metal structure is not protected, the environment will
degrade the chemical and physical integrity of the metal, eventually leading to failure of the part. Indeed, this is the case,
but investigators should keep in mind that corrosive agents cause deterioration of all types of materials. Ceramics, as
well as metals, may react with environmental gases, especially at elevated temperatures, with the material being
destroyed by the formation of various compounds. Composites corrode if moisture is allowed to reach the epoxy matrix,
and polymers, in general, degrade when exposed to oxygen at high temperatures. Some materials suffer damage from
less common sources such as radiation or bacteria.

9.11.3 Corrosion is a natural and ever-present phenomenon, and, like fatigue and creep, a cumulative and
irreversible process. For the discussion that follows, corrosion is defined as the destruction of a material by chemical or
electrochemical means.

Chemical corrosion

9.11.4 Chemical corrosion occurs when a corrosive agent causes a material to dissolve, forming corrosion
byproducts. This can be seen in the attack of water on iron, which causes the familiar rust by-product. The same effect
would be seen on unpainted aircraft skin exposed to oxygen. A thin film of aluminium oxide would rapidly form. Once the
oxide film forms, however, the corrosion stops. Because of this, aluminium alloys are often called corrosion resistant.
Unfortunately the oxide is powdery and easily removed, so its value as a protective coating is limited.

9.11.5 Selective leaching is a form of corrosion in which one particular constituent of an alloy is attacked and
dissolved from the solid. An example is dezincification of brass containing more than 15 per cent zinc. The process
proceeds at high temperatures and the brass eventually becomes porous and weak.

9.11.6 Polymers also undergo chemical attack. In this case, solvents may diffuse between the molecular chains,
leading to softer, lower-strength polymers. High rates of diffusion can cause swelling which may lead to stress cracking.
This is sometimes seen in the action of water into nylon.

9.11.7 A final example in this section is one more likely to be familiar to pilots and maintainers. This is the reddish-
bluish discoloration or dulling appearance on sections of tailpipes or exhaust pipes. Known as high temperature
oxidation, this reaction generally takes place without the presence of agueous moisture.

Electrochemical corrosion
9.11.8 Electrochemical corrosion is the most common form of corrosive attack on metals. It occurs, in general,

when metal atoms give up electrons and form ions. This action causes the metal to be gradually consumed and a
corrosion byproduct to be formed.
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9.11.9 The process occurs most frequently in an aqueous medium of almost any liquid or in moist air. This gives
rise to an electric current and the overall effect is similar to a battery.

9.11.10 As in a battery, there are four components to an electrochemical cell:
a) The anode, which gives up electrons to the circuit and corrodes;
b) The cathode, which accepts electrons from the circuit;

c) A liquid electrolyte, which provides a conductive path for the metallic ions from the anode to the
cathode; and

d) An electrical connection between the anode and cathode to carry the electrons (usually metal-to-metal
contact).

9.11.11 The four components above are illustrated in Figure 11I-9-66. They are the same in electrochemical
corrosion or electroplating. Eliminating any one of the four will effectively stop either process.
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Figure 1ll-9-66. Typical electrochemical cell
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Uniform attack

9.11.12 When a metal is exposed to a corrosive agent that acts as an electrolyte, some regions of the surface can
be anodic to other regions. The locations of the anodic and cathodic regions move and may even reverse over time.
Since the regions continually shift, however, the net effect is to cause a uniform corrosion of the metal surface.
(Figure 111-9-67.)

Pitting corrosion

9.11.13 Pitting is the most common form of corrosion in aluminium and magnesium alloys. It generally starts at
very small, random sites on unprotected metal surfaces, appearing first as white or gray dots, and later as a powdery
residue. (Figure 111-9-68.)

9.11.14 While the surface pits may not seem severe, the interior damage to the metal is extremely large in
proportion. A pit usually will have a sharp, well-defined edge with walls oriented somewhat perpendicular to the surface.
The pit is capable of penetrating deeply into the metal and failure may occur before the extent of damage is recognized
from the surface effects.

9.11.15 Water, acid, alkali, and saline solutions all act as electrolytes in supporting pitting corrosion.
Galvanic corrosion

9.11.16 If two different metals are electrically connected and subjected to the same corrosive element, galvanic
corrosion can occur. This is often called “dissimilar metal” corrosion. In this case, one metal acts as an anode, giving up
valence electrons to a less active metal, the cathode, and a typical electrochemical cell reaction takes place.

9.11.17 Galvanic corrosion is seen in aircraft structures where two metals are in contact and the interface is
exposed to water or other fluids. Uncoated steel and aluminium, or copper and aluminium are examples of combinations
which can result in galvanic corrosion. The galvanic action will be apparent in the localized corrosion of the anode
(active metal) near the interface of the two metals. A third combination, magnesium and steel, is shown in Figure I11-9-69.

9.11.18 The activity of dissimilar metal combinations can be qualitatively gauged from a galvanic series of metals.
In general, the farther apart two metals appear in the series, the more active they will be in combination.

Crevice corrosion

9.11.19 If moisture can reach the crevices, or interfaces, between joined structures, it can cause a form of
corrosion called crevice, or oxygen concentration cell corrosion. The latter name refers to the electrolytic cell formed by
moisture and the metal surface. The moisture shields the metal from oxygen and creates an imbalance in the amount of
oxygen available to the metal above the moisture. This difference in concentration causes the crevice tip to act as an
anode to the surrounding base metal.

Intergranular corrosion

9.11.20 Intergranular corrosion occurs when there is galvanic corrosion activity at the microscopic level. This
involves the grains of an alloy in which processing or subsequent precipitation of a constituent metal causes the grain
boundaries to be chemically different from the interior (e.g. copper ions in 2024 series aluminium alloy). If an electrolyte
reaches these grains, galvanic action takes place resulting in cracking and weakening of the alloy. Exfoliation of
aluminium alloys and sensitization of stainless steels are forms of intergranular corrosion. (Figures 111-9-70 and 111-9-71.)
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Figure 11-9-67. Uniform corrosion

Figure 111-9-68. Pitting corrosion
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Figure 1I-9-69. Galvanic corrosion cell formed by steel fastener in magnesium alloy

Figure 11I-9-70. Final fracture associated with intergranular corrosion
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Exfoliation corrosion

9.11.21 Exfoliation is a form of intergranular corrosion in which the corrosion attacks the metal interior along paths
parallel to the surface. This is often identified by the lengthwise fragmentation of rolled or extruded aluminium alloy
structural shapes. The grains are longer and more directional as a result of the manufacturing process and if corrosive
agents reach an edge where more grain boundaries are exposed, penetration of the metal can be severe.

9.11.22 The grain’s elongated shape will restrict movement of the corrosion toward the surface and, instead, steer
it along a parallel path. Corrosion of the elongated grain boundaries creates a light, grey coloured aluminium oxide
byproduct. As the corrosion product grows it causes swelling and, eventually, cracking between the grains. The metal
then appears to separate and peel off as though layered. (Figure 111-9-72.)

Sensitization

9.11.23 True stainless steels contain a minimum of 12 per cent chromium and may contain as much as 30 per cent.
At 12 per cent and above, the chromium content is sufficient to form a thin oxide film on the surface. This gives the
steels good corrosion resistance, thereby justifying the term “stainless”.

9.11.24 However, stainless steels also contain approximately 0.08 per cent carbon. This generally is no problem,
but if, for example, a type 304 stainless steel is heated to between 850°F and 1 450°F (455° C and 788°C), the carbon
will combine with the chromium to form chromium carbide. The carbides form in the grain boundaries and deplete the
boundary areas of chromium. The boundaries thus lose their chromium oxide film protection and intergranular corrosion
will occur in the presence of water that is slightly acid. This effect is called “sensitization”. A sensitized steel is one that
experiences intergranular corrosion due to grain boundary carbide precipitation.

Filoform corrosion

9.11.25 Filoform corrosion occurs in a random, thread-like pattern often compared to the traces of insect borings
under the bark of trees. It can be found on the surface of metal skins, under protective coatings, such as polyurethane
paint, and in the epoxy matrix of some composites.

9.11.26 While not very destructive on its own, filoform corrosion may facilitate attack by other forms of corrosion. In
composite surfaces it could lead to delamination of the composite layer. (Figure 111-9-73.)

Stress corrosion cracking

9.11.27 This type of damage is caused by the combined effects of tension stress and a corrosive environment. The
stress may be stored residual stress or the result of applied tension loads. Neither the stress level nor the corrosion
effects alone are of serious magnitude; the synergistic action, however, causes fractures at stresses well below the yield
strength of the metal.

9.11.28 Stress corrosion cracking usually begins with a breakdown in the protective coating on the metal’s surface,
allowing corrosive attack to begin. Electrochemical corrosion then produces a network of fine cracks with extensive
branching along grain boundaries (secondary cracks spreading sideways from the main crack). The cracks form
perpendicular to the main tensile stress axis, which may be from either applied or residual stresses in the part. The
origin of the cracking can often be determined by the presence of a corrosion product. The metal as a whole, however,
will show very little uniform attack.
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Figure 1ll-9-71. Photomicrograph of grain structure of metal damaged by intergranular corrosion

Figure 11I-9-72. Exfoliation corrosion
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9.11.29 The final fracture may occur as a sudden, brittle fracture, even in ductile metals. In addition, the corrosion
pattern may resemble the stop marks of fatigue, or the cracking may be confused with hydrogen embrittlement. Because
of these factors, the investigator may need to rely on laboratory analysis for the final answer.

9.11.30 Higher strength alloys, hardened steels, high strength aluminium alloys, and titanium, are prone to stress
corrosion cracking. (Figure 111-9-74.)

Corrosion fatigue

9.11.31 As the name implies, corrosion fatigue is the result of simultaneous exposure of a metal to a corrosive
environment and the cyclic tension stresses of fatigue. Once the protective finish is penetrated, pitting corrosion can
create stress raisers and the cyclic stresses can initiate one or more fatigue cracks.

9.11.32 It is also likely that the fatigue cracks may develop first and provide the conduits for the corrosive agent. In
either case, the corrosive effects at the crack tip will cause the cracks to propagate faster than they would in a corrosion-
free environment. These combined effects are of concern since they can significantly decrease both the fatigue strength
and fatigue life of a component.

9.11.33 The investigator's task may be further complicated by the corrosive agent’s tendency to obscure the
fracture surface and its key markings. Again, a laboratory analysis may be needed. (Figure 11I-9-75.)

Fretting corrosion

9.11.34 Fretting is a form of erosion that results from low amplitude rubbing of highly loaded surfaces in contact.
The abrasive wear removes hardened or protective surface coatings and exposes the base metal. Oxygen or other
corrosive agents are then free to invade and attack the base metal, causing fretting corrosion.

9.11.35 The mechanical portion of fretting corrosion can be identified by surface roughness and discoloration.
Steels will display a red-brown discoloration; aluminium fretting debris is usually black and powdery. Fretting is also
frequently identified with the origins of fatigue cracks. Once fretting damage has occurred, the area is susceptible to
attack by corrosion elements and further damage by fretting corrosion. (Figures 11I-9-76 and 11I-9-77.)

Hydrogen embrittlement

9.11.36 Some metals and alloys, especially high strength steels, are susceptible to cracking caused by unwanted
hydrogen in the crystalline structure. The hydrogen atoms may be introduced during manufacturing processes —
electroplating is an example — or they may come from water in the atmosphere or wash solutions if bare metal is
exposed in in-service operations.

9.11.37 Hydrogen embrittlement is often seen in landing gear components, which are typically cadmium-cladded
steel structures. Over time the hydrogen may collect at the interface of the steel component and its cadmium coating,
where it expands and causes catastrophic cracking. To prevent this, landing gear and similar components must be
baked at about 400°F (200°C) for several hours to expel the hydrogen.

9.11.38 Hydrogen embrittlement cracks will normally be intergranular and, therefore, highly branched. The fracture
surface will resemble a brittle fracture and can easily be confused with stress corrosion cracking.
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Figure 11I-9-73. Filoform corrosion can be seen in metals and some composites.

Figure lll-9-74. Stress corrosion cracking may be identified by the presence of multiple,
fine cracks in high-strength alloys.
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Figure 11I-9-75. Corrosion fatigue is the combined action of corrosion and
the fatigue process on a metal.

Figure 11l-9-76. Fretting corrosion
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Figure 11I-9-77. Damage caused by fretting corrosion. Fretting corrosion may be considered
as mainly mechanical wear with some combined corrosive action.

Aircraft wiring

9.11.39 Following the tragic accidents involving TWA 800 (1996) and Swiss Air 111 (1998), greater emphasis has
been placed on the occurrence of electronic hardware failures, particularly wiring. As wiring ages along with the aircraft
structure, the insulation and jacketing may become brittle and crack, exposing the copper strands. Consequences of
such damage include arcing, fire, short circuits, and electromagnetic interference.

9.11.40 Wiring bundles are subject to mechanical damage through chafing against structural members or adjacent
bundles. At elevated temperatures, polymeric insulation materials are subject to chemical breakdown. Further chemical
damage will like occur in the presence of corrosive agents. These agents range from ever-present moisture to fuel, oil,
hydraulic fluid, galley and lavatory fluids, and even corrosion treatment fluids for metals.

Arcing
9.11.41 Although many conditions can lead to electrical failure, perhaps the most serious is arcing. Arcing is the

discharge of electricity across a gap between electrical conductors. Thus, whenever wiring in the proximity of structure is
exposed, the potential for arcing and fire is present.
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9.11.42 Safety personnel cite four kinds of arcing, or wire faults, associated with damaged insulation. These are:

a) Teased faults. Sometimes known as “sliding faults,” these refer to arcing that occurs when the
insulation is chafed or rubbed to the point where the wire is exposed, thereby opening a path for
arcing.

b) Ticking faults. These are arcing events of short duration, on the order of a few milliseconds. The
voltage normally drops to a low level while the amperage increases by a factor of 10 or more.

c) Wet arc tracking. This is a form of ticking fault that is enabled and supported by moisture-damaged
insulation. Wet arc tracking causes a carbonization of the insulation.

d) Dry arc tracking. Also known as “dry banding,” this is the explosive loss of an entire wire bundle.
Because free carbon is needed for this event, this type of failure only occurs in insulation materials
with a high carbon content, such as polyimide or Kapton.

Wiring assessment

9.11.43 Visual inspection remains the most common method of checking wiring bundles but, considering the more
than 200 km of wiring that snakes through the typical wide-body transport, it is apparent that many sections of wiring will
not be inspected. To aid the individual inspector, several techniques involving reflectometry are now in use or under
development. These include:

a) Time domain reflectometry (TDR). This technique is typically used when a wiring problem is
suspected. A rectangular pulse is applied to a cable and the cable’s impedance, termination, and
length create a unique signature on the reflected signal. Interpretation of the results can be difficult
and requires a skilled operator.

b) Standing-wave reflectometry (SWR). A simpler (and less expensive) method than TDR, SWR involves
applying a sinusoidal waveform to a wire. The reflected signal is also a sinusoid, and the two signals
add to create a standing wave on the wire. The peaks and nulls of the wave are then read to obtain
information on the length and terminating load of the wire.

c) Frequency domain reflectometry (FDR). This technology also uses sine waves, but measures the
phase difference between incident and reflected signals. Faults in a line will generate resonances
between the signals and can be interpreted by the operator. When fully developed, this system may
allow automatic preflight testing of cables.

9.11.44 Because many wiring faults occur during flight, work is under way to develop so-called smart wire systems.
Utilizing micro-miniature components, these systems will provide continuous monitoring of cables before and during
flight. The ultimate goal of such systems is to be able to identify and correct faults as they occur.

9.11.45 Newer aircraft will also employ arc-fault circuit breakers as standard equipment to protect against the
threat of arcing and fire. Using sophisticated electronics, these units can discriminate between normal current overloads
and arcing current, and can respond appropriately to each. Many older aircraft are being retrofitted with arc-fault circuit
breakers in configurations which either replace or can be used in tandem with ordinary heat-sensitive breakers.
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9.12 SERVICE LIFE EXTENSIONS

General

9.12.1 Mainly due to economic factors, many operators are electing to refurbish and maintain their existing aircraft
rather than purchase new ones. This fact was recognized in 1988 when an international conference established the
worldwide Aging Aircraft Program. At that time the number of the world’s transport aircraft flying beyond their design life
had already exceeded 20 per cent. That number has continued to grow, supported by better analysis of aging factors,
improved inspection techniques, and greater operator/maintainer awareness.

9.12.2 Ongoing efforts to achieve service life extensions focus mainly on the destructive roles of fatigue — the
primary cause of structural failures — and corrosion — the most expensive aspect of maintaining structural integrity.

Service life extension procedures

Safe-life approach — Fatigue

9.12.3 This approach establishes in-service replacement times for components, based on laboratory fatigue
testing and modified by safety factors. Upon reaching its calculated replacement time, the component’s safe life is
considered expired and the part is retired despite the absence of fatigue cracks. Shortcomings of this approach are (1)
the laboratory testing does not consider the presence of manufacturing or maintenance-induced defects in operational
items, and (2) the replacement times are not statistically derived. The latter case causes premature removal of safe
components.

Fail-safe approach — Fatigue

9.12.4 The basis of the fail-safe approach is the design of multiple load paths into critical components. The
concept is that should there be a failure of a primary load-bearing structural member, there will remain in adjacent paths
sufficient integrity to continue flight to landing. While currently in use in the design of many components, this approach
does not cover multiple site damage, where small cracks at fastener holes link up to cause failure.

Damage tolerance approach — Fatigue

9.12.5 The approach currently receiving the most attention deals with damage tolerance. Unlike other approaches,
damage tolerance assumes a minute crack or flaw in the material and uses the techniques of fracture mechanics to
calculate the time it takes a crack to grow to critical length. Such calculations are then used to define safe-inspection
intervals. In practice, any size crack actually found during inspection is cause for replacement of the component.

9.12.6 This approach extends component life by not requiring replacement unless it is damaged, and further
allows for reduction of safety factors in design. However, application of damage tolerance to establish inspection
intervals for an aircraft does require careful analysis of its usage profile.
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Corrosion assessment
9.12.7 Unfortunately methods do not currently exist for determining corrosion initiation or propagation times.

9.12.8 While damage caused by corrosion can be life-threatening, in most cases it does not lead to critical
structural failure. As pointed out, however, it is the most expensive factor in maintaining the safety of older aircraft.

9.12.9 Approaches to corrosion control typically involve visual inspection and nondestructive evaluation
techniques for the detection of affected areas. The frequency of inspections will be partly determined by the operating
environment of the aircraft: high or low altitude operations, salt air or dry air, hangared or kept on the flight line, etc.
Overall, it is essential that personnel follow the preventive practices and replacement procedures specified by the
manufacturer.




Chapter 10

MID-AIR COLLISION INVESTIGATION

10.1 INTRODUCTION

10.1.1 The mid-air collision is one of the classic aircraft accident types that will continue to confront professional
investigators. Although there have been advances in technology that have reduced the potential for this type of accident,
they have not been eliminated and it is probable that aircraft accident investigators will continue to investigate this type
of accident in the future.

10.1.2 Historically, many of the mid-air collisions which occurred in visual conditions were concluded with some
type of a finding which said there was a “failure to see and avoid” on the part of both crews. However, a thorough review
of the facts of the accident may have resulted in completely different findings. Unless it is known that a crew member
was physically capable of seeing or detecting the other aircraft and that there was sufficient time to react to a sighting, a
“failure to see and avoid” finding is not accurate. However, with a careful collection of all of the factual evidence and then
a systematic analysis of the data, an investigator can usually determine the collision angles involved in the accident.
Once that information is established, the investigator can accurately calculate what each crew member could have seen
from the cockpit. This information also provides a scientific basis for any safety improvements that the investigator wants
to pursue.

10.2 SOURCES OF INFORMATION

10.2.1 The investigator needs to determine the true airspeeds and relative headings for the two aircraft involved in
the collision. There are several basic sources of information for doing this: flight recorders, ATS surveillance system data
(including radar data), physical evidence, witness statements and flight plans. Of these, the most accurate source of
information is the flight data recorder. If good data is recovered from recorders on each aircraft, it is quite simple to
determine the collision angle since both headings and airspeeds are known for both aircraft. Even if only one aircraft has
a flight recorder, it will still provide half of the needed information.

10.2.2 ATS surveillance system data, if it is available, can provide accurate historical information on the track of
the two aircraft. Recorded ATS surveillance system data will reveal the location of the aircraft at regular intervals so that
a track and groundspeed can be calculated. If the winds at the flight altitudes are known, then adjustments can be made
to the ground speed and track to calculate true airspeed and heading. When ATS surveillance system data is combined
with the physical evidence in the wreckage then it is possible to know the history of the aircraft tracks leading up to the
collision as well as any evasive manoeuvres either crew may have attempted. If, for example, the ATS surveillance
system data shows one collision angle leading up to the collision but the physical evidence shows a significantly different
collision angle then either one or both of the crews may have attempted an evasive manoeuvre. Combining ATS
surveillance system data and physical evidence will give a more accurate picture of what took place prior to the collision.

10.2.3 Witness statements may be valuable if they come from individuals that actually saw the aircraft collide.
Unfortunately, many witnesses interviewed after a mid-air collision did not actually see the collision but heard the noise
of the collision and then saw the aircraft falling. This information is not helpful to the investigator. The best witness
statements may come from surviving crew members. Typically, surviving crew members will relate that they suddenly
saw the windscreen fill with the other aircraft so suddenly that they did not have time to react. However, if the crew

H-10-1
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members saw the other aircraft earlier in the collision sequence, they may be able to describe any evasive manoeuvres.
They may also be able to remember what levels, headings and airspeeds they had prior to the collision. Aircraft that are
equipped with ACAS (TCAS) and cockpit voice recorders can also provide detection and evasion information.

10.2.4 A flight plan may be helpful to the investigation. This can be either a filed flight plan with a government
agency or a company flight plan. A variation of this is to obtain statements from people that can relate how the crew was
intending to fly that day or how they normally completed similar flights. While none of this information is conclusive, it
may provide some general ideas about the flight or even a general range of airspeeds that may be useful later.

10.2.5 Physical evidence from the wreckage is particularly valuable to the investigation if no flight recorders were
fitted on either aircraft. The scratch marks, prop slashes or other signatures can tell the investigator the actual collision
angle at the time of the accident. Combined with other information, like ATS surveillance systems data or witness
statements, it will develop a more complete accident scenario. Flight recorders and ATS surveillance systems data are
covered in different sections of this manual so this section will expand upon the techniques for using physical evidence
from the wreckage.

10.3 USING PHYSICAL EVIDENCE

10.3.1 When two aircraft collide, they will always create scratch marks and other evidence that represents the
combination of the vectors of both aircraft. Unfortunately, additional damage such as aerodynamic loads, ground impact
or fire can mask this evidence so that it is difficult or impossible to locate. When a good scratch mark is located, it is
tempting to sight along a scratch mark as though that mark represents the flight path of the other aircraft. However, that
will not be accurate unless one aircraft was stationary or one aircraft was overtaking from the 6 o’clock position or the
aircraft were approaching head on. As is illustrated in Figure IlI-10-1, in most cases the scratch mark is a combination of
movements of two bodies in motion that does not represent the flight path of either aircraft individually.

10.3.2 The collision angle is the angle between the flight paths of the two aircraft (Figure 11I-10-2). More precisely,
the collision angle is actually the angle between the headings of each aircraft. It is the one most commonly referenced
by investigators but the other two angles in the triangle, the convergence angles, normally have greater usefulness. The
convergence angle gives the visual difference between the aircraft heading and the approaching aircraft. In other words,
the convergence angle is the relative bearing of the other aircraft or how far left or right (up or down) the pilot would have
had to look to see the other aircraft. If the speeds and headings of the two aircraft remain constant, both convergence
angles will also remain constant. In this condition, the converging aircraft will appear motionless to an observer on the
other aircraft. Since the human eye sees relative motion sooner than a stationary object, this helps to explain why pilots
do not as readily see aircraft on a collision course.

10.3.3 It is important to note that the convergence angles have to be based on headings rather than tracks in
order to establish a valid visual perspective for each crew member. However, since scratch marks are always parallel to
each other and the closure speed vector, they will always be based on the heading of the aircraft. These headings are
always a relative angle between the two aircraft headings rather than the actual compass headings of the aircraft.

10.3.4 Once the convergence angles are established, the visibility from a cockpit can be replicated with good
accuracy. A visibility study done with a computer will provide a graphical plot of what the pilot(s) could have seen from
the cockpit. The pilot’s visibility can also be assessed manually by reconstructing the pilot's seated height and seat
location in a similar aircraft and then determining what is visible at the convergence angle. If there is windscreen
surrounding this point and there was no other interference, such as from the sun, the pilot had the potential of seeing the
other aircraft at some point in the accident sequence. If there is structure in this location, it is then necessary to calculate
when the size of the other aircraft would have been larger than the relative size of the structure and then, using the
closure speed, calculate the time until impact. When combined with the time allowed for the crew to identify and react to
the target, calculations will show if the crew was even capable of avoiding the collision. Likewise, if the relative location
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of the converging aircraft was in a position normally not scanned, it is not reasonable to expect the crew to have seen
the other aircraft. Of course, these calculations work best with two aircraft that have continued for some time in a
consistent flight path before impact. Spending the necessary time to obtain the proper information will provide the
investigator with greater insight into the actual circumstances of the accident even with changing flight paths.

10.3.5 For larger aircraft, modern aircraft simulators are available to recreate the event with representative
weather, converging aircraft aspects, cockpit operations and air traffic control guidance information. In this respect, the
actual flight and cockpit conditions can be investigated to determine if the crew had sufficient internal or external
capabilities to identify and avoid the collision. Recreation of near mid-air collisions may be even more beneficial than
post-accident investigation. Given the complexity of flight deck management requiring more pilot emphasis inside the
cockpit, and the increasingly precise satellite navigation capability of aircraft, aircrew are spending much less time
looking outside while the randomness of surface-based navigation aids has been removed. Therefore, vigilance in
compliance with procedures and use of surveillance enhancement equipment is vital as terminal and enroute airspace
becomes more crowded.

10.4 LOCATING AND MEASURING VALID SCRATCH MARKS

10.4.1 One of the critical aspects of using physical evidence is the selection of scratch marks. A valid scratch
mark will always be straight and will ideally have a paint transfer from the other aircraft. Find a scratch mark on a
horizontal surface to determine the horizontal convergence angle and a scratch mark on a vertical surface to calculate a
vertical collision angle. While it is possible to use scratch marks from other surfaces or even a curved surface and then
convert them to an “equivalent” mark on the appropriate surface, the easiest marks to use come from flat horizontal or
vertical surfaces. These marks can be directly measured in reference to the rivet lines that correlate to the longitudinal
axis while at the accident scene or even measured later from photographs. When using photographs to make
measurements, it is critical that the photo be taken perpendicular to the scratch mark surface and that the scratch marks
are in the center of the photo to avoid introducing parallax error or distortion into the measurement. (Figures 111-10-3
and IlI-10-4.)

10.4.2 While it is preferable to obtain the scratch marks from the initial contact points of the two aircraft, this is not
always necessary. When the two aircraft do not significantly alter their flight paths during the impact, scratch marks
made later in the collision are acceptable. However, the more direct the collision, the more important it is to use scratch
marks from the initial contact.

10.4.3 Changing the direction of a flying aircraft is a function of two variables. There is the force applied and the
time that force is applied. The more direct the impact (force) or longer the contact (time), the more important it is to use
scratch marks made early in the collision sequence. While, theoretically, any contact with another aircraft during a mid-
air collision will change the direction of both aircraft after initial impact, this change is insignificant for many collisions.
Even for slower aircraft, the time of contact between the aircraft is usually measured in milliseconds. Therefore, the only
time there will be a significant change in the direction of an aircraft while the scratch marks are being created is when
there is a very large force applied, such as in a head-on collision, or when there is a longer time for the two aircraft to
interact, such as when one aircraft is slowly overtaking the second aircraft. Winds will create varying degrees of
differences between the aircraft’s heading and track.

10.4.4 Once a scratch mark has been located, its direction and the angle it forms with the longitudinal axis of the
aircraft needs to be documented. It should be noted that if a horizontal scratch mark is measured with reference to the
lateral axis or a vertical scratch mark is measured with reference to the vertical axis, the angle it makes with the
longitudinal axis can easily be calculated. While examining the aircraft wreckage, the investigator only needs to find
good scratch marks and accurately measure them in reference to a horizontal, lateral or vertical aircraft axis as
appropriate. The actual calculations for determining collision and convergence angles can be done later.
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10.4.5 The intersection of a scratch mark with the longitudinal axis forms four possible angles for measurement.
However, since the opposite angles are equal and the total of the angles on one side of the scratch mark is always 180
degrees, even if the “wrong” angle is measured on scene, the correct angle can be easily determined later. Although the
“wrong” angle will frequently work mathematically to give the right answer when using sine functions, the best approach
is still to use the correct angle for the measurement. When viewed perpendicular to the scratch mark surface, the slope
of the scratch marks and their direction will determine the proper angle to measure. A summary of the rules for which
angle to measure as well as the significance of the direction and slope of the marks with reference to the longitudinal
axis, are in the following guidelines. Although these guidelines will apply to both horizontal and vertical scratch marks,
they are covered separately for clarity.

Horizontal surfaces

10.4.6 1) If the scratch marks on each aircraft slope in opposite directions with respect to their longitudinal axis,
then the smaller angle between the longitudinal axis and the scratch mark is the one to be measured
on each aircraft (1 in Figure 111-10-5).

2) If the scratch marks on each aircraft slope in opposite directions, as in 2 in Figure IlI-10-5, then each
scratch mark was made in a direction proceeding from front to rear. The smallest angle between the
longitudinal axis and the scratch mark indicates the relative bearing at impact.

Figure lll-10-3. Scratch marks on a horizontal surface photographed
from overhead. Note the straight lines.








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































