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LEAFLET 241/1 

GENERAL 
1. GENERAL 

1.1 The purpose of the series of leaflets in AECTP-240 is to present characteristics, data 
samples and sources for mechanical conditions, particularly vibration and shock that 
influence the design of defence materiel. The information is amplified and extended by the 
identification of potential damaging effects of these conditions on defence materiel and also 
by providing advice on the selection of suitable test methods. Guidance is also given on the 
determination and validation of environmental test severities from actual measured data. 

1.2 This series of leaflets provides sufficient data on mechanical conditions for an item of 
defence materiel which, when used in conjunction with AECTP-100, 300, 400 and 500, 
should facilitate the development of a comprehensive and cost effective set of environmental 
tests in response to project environmental requirements. 

2. APPLICATIONS 

2.1 The characteristics and data contained in the Chapter 240 series of leaflets are intended for 
use in the following applications: 

a. To permit customers or potential customers to ask intelligent questions to confirm that key 
environmental characteristics and issues have been, or will be, addressed by suppliers or 
potential suppliers. 

b. To assist project engineers to compile environmental design criteria specifications through 
the identification of all major environments, and through the illustration and quantification of 
the key environmental characteristics and the parameters that influence their magnitude. 

c. To assist design engineers by indicating potential failure modes that specific environmental 
characteristics could induce, and thereby providing pointers to monitor during design and 
testing. 

d. To assist test engineers in the preparation of test specifications by indicating the preferred 
test methods to evaluate the effects of the mechanical environmental characteristics. The 
test methods contained in AECTP-400 are recommended where relevant. 

e. To assist test engineers in the compilation of programmes to acquire good quality field 
measured data. This aspect is extensively covered in these leaflets. Such data are used 
primarily to formulate the test severities for qualification trials. 

f. To provide specification writers, through the appendices attached to the leaflets, sources of 
further information on an environment. This information can be used for setting design and 
test levels in the earlier project development phases, when project specific measured data 
are unlikely to be available. 

g. To be considered when addressing life extension, role and deployment change; refer to 
STANAG 4570 with AECTP-600 for guidance. 
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LEAFLET 242/1 

ROAD TRANSPORTATION UP TO FORWARD BASE 

 

1. GENERAL 

1.1. This leaflet addresses the mechanical environments that may be experienced by materiel 
during road transportation between manufacturing sites and forward storage bases. It 
specifically includes vibration and shock transients associated with road transportation, 
bounce imparted by dynamic interactions of the cargo platform and jostling due to collisions 
with other cargo. The sources and characteristics of the mechanical environments are 
presented and where appropriate, advice is also given on potential damaging effects. 
Additional guidance is contained in Annex A on important parameters influencing the 
mechanical environments. Where relevant, advice is given on the selection of the appropriate 
AECTP-400 Test Methods. References are given in Annex B. 

1.2. For the purpose of this leaflet, materiel exposed to the road transportation environment may 
be unprotected or carried within some form of protection, package or container. A payload 
may consist of one or more items of materiel. Unless specifically stated otherwise, the 
environmental descriptions relate to the interface between the carriage vehicle and the 
payload. All axes relate to vehicle axes. 

1.3. Transportation beyond the forward depot, when environments associated with off-road and 
combat conditions may be experienced, is the subject of Leaflet 242/5. 

1.4. Handling conditions relevant to the loading and unloading of road vehicles, i.e.: hoisting, the 
use of forklifts, etc, are discussed in Leaflet 243/1. 

 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1. Materiel Carried as Restrained Cargo 

2.1.1. All the various road related sources of excitation produce at the payload a composite of 
continuous (vibration) and transient (shock) motions. For testing purposes, the resultant 
payload dynamic motions are usually considered as vibration responses and shock 
responses. For convenience these groupings are also used to discuss the characteristics of 
the environment. However, in reality the separation of the vibration and shock components 
can be quite a problem. Figures 1, 2, 3 and 6 contain typical descriptions of the road 
transport dynamic environment. The figures show for a 4 x 4 truck, rms g vibration levels, 
acceleration power spectral density and peak hold spectra, amplitude probability density 
and distributions, and a typical transient for the three principal axes. Responses were 
measured on the vehicle’s load bed over the rear axle. The figures are from the same 
vehicle travelling over a range of road types (motorways, major roads and minor roads) at a 
range of speeds. The effects of road speed on rms g and peak g vibration levels are shown 
in Figures 4 and 5. The vehicle was loaded to approximately 50% capacity (by mass), the 
payload was firmly attached and no significant bouncing occurred. 
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2.1.2. The predominant characteristics of the vibration component of the payload dynamic 
motions are essentially random and cover a fairly broad frequency bandwidth. Acceleration 
amplitudes tend to be more significant at the lower frequencies and particularly at the 
vehicle suspension modes. As the vehicle suspension modes can be fairly low frequency 
(typically 4-10 Hz), significant payload displacements can be induced. In general the most 
severe vibrations will occur in the vertical vehicle axis with fore/aft and lateral vibrations 
being of secondary importance. The rotational motions cannot always be ignored, 
particularly the pitching and, to a lesser extent, the rolling motions. The amplitude of the 
vibrations will be vehicle type dependent, but will also depend significantly on vehicle 
velocity. To a lesser extent, road surface can also be an influence. Some periodic motions 
may be superimposed on the payload responses originating from the engine and 
transmission system. Clearly, the frequency of these components will vary with engine 
speed. However, they are usually of only minor importance. 

2.1.3. The transients (or shocks) originating from the vehicle will originate from pot-holes, kerbs 
and general discontinuities in the road surface. Hence, the amplitude and profile will be 
dependent upon the “shape” of the discontinuity. Due to the influence of the vehicle and its 
suspension system transients, the initial shock pulse will be followed by a rapid exponential 
decay. Even for the most severe shocks the amplitude of the response decays to 
insignificance within 2 or 3 cycles. In most cases the dominant frequency component of the 
transient is that of the vertical vehicle suspension mode. The peak amplitudes of the 
transients appear to follow an approximately Gaussian distribution. The rate of occurrence 
and standard deviation will be influenced for a particular vehicle by velocity and road 
surface condition. Typical road surface induced transients are shown in Figure 7 and their 
associated shock response spectra in Figure 8; measurement and vehicle conditions as per 
Figures 1 to 6. 

2.2. Materiel Carried as Loose Cargo 

2.2.1. The motions originating from the payload bouncing on the cargo deck and jostling with 
neighbouring cargo are usually, for test purposes, considered separately from the shocks or 
transients originating from the road surface. The reason for this is that the severity and 
characteristics of these shocks, as experienced by the payload, will be significantly different 
from the transients originating from the road surface. 

2.2.2. The transformation of the available kinetic energy into a shock pulse will depend upon the 
structural stiffness of the two impacting faces (the payload platform and the package). The 
stiffer the two impacting faces, the shorter duration the pulse and greater its amplitude. 
Typical wooden packages impacting a wood load platform may induce accelerations of 
around 40 g during carriage over rough roads. Some evidence suggests that a package 
restrained, using conventional restraint systems, is still capable of sufficient motion to allow 
bounce to occur. However, the amplitudes are likely to be more limited than for 
unrestrained packages. 

2.2.3. Because large vertical motions of the load platform are usually also related to large pitching 
motions, the payload is likely to experience both rotational and translational motions. This in 
turn results in different impact orientations and hence severities. Even where no vehicle 
pitch occurs, any asymmetry of the package centre of gravity is likely to result in rotational 
motions of the package prior to impact. 

2.2.4. The shocks arising from bounce and jostle appear as short duration transients usually with 
a specific sense. The durations of the transients are likely to be markedly shorter than those 
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occurring directly from the road surface, which have a duration related mainly to the 
suspension frequency. The occurrence rate will depend upon the road surface and vehicle 
motions. In general the occurrence rate is complicated. In theory the motions could become 
"chaotic"; however, for many packages the frequency of the vehicle motions is probably too 
low for true chaotic motions to be induced. 

3. POTENTIAL DAMAGING EFFECTS 

3.1. General 

3.1.1. The mechanical environments arising during road transportation can induce in materiel a 
number of potential damaging effects. The most significant are those that relate to induced 
displacements or to acceleration loadings. Induced displacements within the materiel may 
produce relative motions which in turn may result in collisions between equipments, tension 
failures and connectors becoming loosened. Acceleration related failures may arise through 
the action of inertia loadings. These may be applied once, and could generate a threshold 
exceedance failure, or repeated to produce a fatigue failure. Failures resulting from an 
applied velocity are unusual. However, the application of velocity loadings on some 
electrical equipment and certain types of sensors may induce spurious voltages, which in 
turn may give rise to functional failures.  

3.2. Materiel Carried as Restrained Cargo 

3.2.1. Vibration: For many payloads the vibration environment arising from road transportation 
may be the most severe that it is likely to experience. However, as materiel is usually 
packaged during transportation, a reasonable degree of protection will probably exist. This 
protection is often designed to protect the materiel from shocks rather than vibration. As a 
result, in some packaging designs, significant amplification of the excitations can occur at 
certain modes of vibration. As these modes are usually of relatively low frequency (10-50 
Hz), significant velocities and amplitudes can arise (with the possibility of secondary 
impacts of the materiel with the inside of its package). Such motions can be amplified by 
coupling with the vehicle suspension modes. 

3.2.2. Shocks: Although the amplitude of shocks arising from poor road surfaces may not be 
particularly significant, the majority of the energy could well be below the frequency range 
where the payload’s anti-shock mounts are effective (because the major frequency of the 
transients will be at the vehicle suspension frequencies). Consequently, the materiel may 
experience the transients without any effective protection. 

3.3.      Materiel Carried as Loose Cargo 

3.3.1. For a loose or lightly restrained container a well designed protection system (or container) 
should significantly attenuate the majority of the effects of the shocks arising from bounce 
and jostle. Moreover, in general, the amplitude of the transients will be less severe than that 
likely to occur as a result of any mishandling i.e. being dropped. However, the payload may 
experience a number of such transients (in the region 100-10000) giving rise to possible 
medium cycle fatigue failure conditions. 

3.4. Packaging Parameters 

3.4.1. The majority of materiel intended to encounter the transportation environment will consist of 
the equipment contained within some form of protection or package. Some structural 
interaction may well occur between the materiel and its packaging. This interaction may 
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give rise to severities, at the equipment, more severe than those presented in this leaflet 
(which relate to the interface between the package and the carriage vehicle). However, 
when considering the possible damaging effects of the various modes of transport, it has 
been assumed that the interaction will not induce additional materiel failure modes. This 
assumption is not unreasonable for well designed protection or package. Four useful basic 
packaging principles are: 

a. The package should not open and spill its contents, or collapse on its contents 
under expected conditions of impact or loading. 

b. Articles contained in the packages should be restrained inside the container to 
prevent movement and resultant impact damage against the inside of the 
package itself. 

c. The means of restraining the contents inside the container must transmit forces 
to the strongest part of the contained items. 

d. The inside of the container must be designed to cushion and distribute impact 
forces over the maximum surface area of the contents, and possess “yield 
qualities” to increase deceleration time in case the contents break loose from 
their restraints. 

 

4. TEST SELECTION 

4.1. General 

4.1.1. Options: Three approaches of simulating the road transport environment are generally 
available, i.e.: in the test laboratory using vibrators, in the field using suitable test tracks, or 
on real road surfaces using real transportation conditions. The simulation of the 
environment in the laboratory has the advantage that it allows the simulation to be 
undertaken in defined and controlled conditions, including temperature. Moreover, 
laboratory testing permits reduced test times, reduced costs as vehicle operations are 
eliminated, and increased safety standards (particularly for munition testing). The simulation 
using a test track or real road conditions may be more convenient for large and awkward 
payloads, and may be essential where the payload interacts significantly with the dynamics 
of the carriage vehicle.  

4.1.2. Laboratory Testing: The simulation of the environment in the laboratory is usually viable for 
all but the largest payloads.  

4.1.3. Test Tracks: Due to the difficulties of establishing “worst case” road conditions, use is often 
made of standard test tracks. A wide range of test tracks is available. Not all of these are 
designed to simulate road transportation; some are designed to investigate aspects of 
vehicle handling, and reliability. Therefore, care is needed when selecting suitable surfaces 
to ensure representative payload responses. High amplitude bounce and jostle can be 
induced at a rate of occurrence many orders greater than that experienced in-service. For 
some payloads and materiel, this may induce modes of failure that are unlikely to occur in 
practice. 
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4.1.4. Road Trials: Trials conducted over public roads have the advantage that they are 
representative of real conditions. The difficulty of using real road conditions is that vehicle 
speed and manoeuvring are influenced by the prevailing traffic conditions. 

4.2. Materiel Carried as Restrained Cargo 

4.2.1. Laboratory Vibration Testing: When a vibration test is required specifically to simulate road 
transportation vibration, a broad band random vibration test is recommended. The test 
procedure used should be that of AECTP-400, Method 401 - Vibration.  

4.2.2. Laboratory Shock Testing: Shock or transient testing is undertaken to reproduce the 
structurally transmitted transients arising from the vehicle. In general, this test is less severe 
than the Loose Cargo test and will only be necessary if a Loose Cargo test is not 
undertaken. This testing is often applicable for large and/or heavy payloads when the 
payload is sufficiently constrained to prevent bounce and jostle. With regard to the selection 
of test procedures AECTP-400, Method 403 - Basic Shock, is applicable. This test method 
should suffice for most applications, but where a closer simulation is required the shock 
spectrum procedure contained in AECTP-400, Method 417 - SRS Shock, is recommended. 

4.3. Materiel Carried as Loose Cargo 

4.3.1. Laboratory Testing: The motions experienced by the payload are simulated by use of Loose 
Cargo test (AECTP-400, Method 406). This test offers very little scope for “tailoring” to the 
actual environmental conditions. This is primarily due to the limitations of the test machine 
normally used. Test severities for the loose cargo test, are controlled mainly by adjusting 
the duration of exposure. 

4.3.2. Provided that the specified motions can be generated in the test laboratory, such as a 
suitably modified vibrator, it is not mandatory to use the purpose built test machine for the 
Loose Cargo test. 

4.3.3. For some payloads, care needs to be taken when using the Loose Cargo test in the 
laboratory as the rate of occurrence of the shocks is many times greater than the real 
occurrence rate. In some instances this increased rate can result in unrealistic degradation 
of anti-shock mounts, foam supports, etc. 

4.4. Vehicle Acceleration 

4.4.1. Quasi-static inertia loadings are usually of such low amplitude that they are not of concern. 
Moreover, they are usually encompassed by testing or calculation for inertia loadings from 
other deployment phases. 
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Notes: i. Vibration measured on the vehicle load bed over the rear axle 
  ii. Vehicle loaded to approximately 50% capacity by mass 
 iii. Payload secured 

Figure 1: Vibration (g rms) from a Bedford 4x4 truck on a good quality road 
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Figure 2: PSDs from a Bedford 4x4 truck on a good quality road 
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Figure 3: Peak-hold spectra from a Bedford 4x4 truck on a good quality road
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Figure 4: Effect of road speed on block rms values from a Bedford 4x4 truck on a good 
quality road 
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Figure 5: Effect of road speed on block pk values from a Bedford 4x4 truck on a good 
quality road
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Figure 6: Probability functions (vertical axis) from a Bedford 4x4 truck on 
a good quality road
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Figure 7: Transient responses experienced on a Bedford 4x4 truck on a good quality 
road 
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Figure 8: Shock response spectra of a transient experienced on a Bedford 4x4 truck on 
a good quality road 
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ANNEX A 
 

PARAMETERS INFLUENCING THE MECHANICAL ENVIRONMENTS 
WHEN MATERIEL IS CARRIED AS RESTRAINED CARGO 

A.1 ROAD SURFACE INDUCED 

A.1.1 General: Dynamic responses of payloads originate from the interaction of the vehicle road 
wheels with the road surface. The mechanism producing these motions is dependent upon the 
irregularities of the road surface, vehicle velocity as well as wheel and suspension 
characteristics. In addition, the response of the payload to this form of vehicle excitation will be 
modified by the vehicle dynamic characteristics, the payload location on the vehicle and also 
vehicle wheel geometry. The latter is of importance because not only does this form of 
excitation occur at all road wheels but a high degree of correlation can exist between the 
motions originating at each wheel. 

A.1.2 Road Surface Quality: Measurements undertaken in recent years indicate that, in broad 
terms, road type has some effects on the amplitude of vibrations. However, this variability 
may not be as significant as the effects of variations in vehicle speed arising from the use of 
different road types. Road type does appear to have an effect on the amplitude distribution of 
the transient motions with the lower class roads generally producing a larger amplitude 
spread. Long measurement periods (several hours) on public roads, suggests that the 
continuous excitations (normally called the vibrations) are very broadly Gaussian distributed 
although not necessarily with a stationary variance. Moreover, on to this distribution is 
superimposed the effects of the transient excitations (bumps, pot holes etc). 

A.1.3 Velocity Effects: Vehicle velocity appears to be one of the most predominant parameters 
affecting the severity of payload dynamic responses arising from road surface. An 
approximate relationship between the root mean square of payload response and vehicle 
velocity has been noted in some instances. Variations in acceleration root mean square 
values during a typical journey are shown in Figure 1 of this leaflet. These are shown plotted 
against vehicle speed in Figure 5 of this leaflet. 

A.1.4 Vehicle Dynamics: Both the continuous and transient excitations, induced by road surface 
effects, are modified by the vehicle dynamics. The main modifier is the dynamic 
characteristics of the vehicle suspension system. The effects of the suspension system are 
usually to attenuate the higher frequency (>20 Hz) excitations and amplify the lower 
frequencies (in a nonlinear fashion), particularly at the vehicle suspension modes (typically 4-
10 Hz). In some cases the suspension modes dominate the payload responses to the extent 
that superficial inspection of the responses suggests an almost periodic response (although 
closer inspection usually indicates a Raleigh distribution) of amplitude. 

A.1.5 Vehicle Loading Configuration: The mass of the total payload carried by a vehicle will affect 
payload responses. In general, the lower the total payload mass, the greater the amplitude of 
responses. This effect is accentuated beyond that expected from ordinary mass loading 
considerations because of the non-linear nature of most suspension systems. Whilst worst 
case vibration and shock severities are likely to occur on an unloaded vehicle, Mil-Std-810D 
correctly observed that “nothing is carried on an empty vehicle”. 

A.1.6 Location on Vehicle: The dynamic response experienced by a payload is affected by its 
location on the vehicle. There are several rules of thumb which are often found to be 
applicable, although not necessarily for every vehicle and loading condition. For a fixed 
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chassis vehicle the worst case vertical motions are usually over the rear axles. For an 
articulated vehicle vertical motions may be particularly significant both above the rear trailer 
axles and above the fifth wheel. If air suspension is fitted to the trailer the latter may prove to 
be the worst case location. 

A.1.7 Wheelbase Geometry: The dynamic response of a vehicle may be influenced by its 
wheelbase geometry, i.e.: the excitation from the road surface is not independent at each 
road wheel and may be highly correlated (with a different correlation at each wheel). The 
effects of correlation on payload response will depend upon the location and number of road 
wheels. It is unlikely that this effect will be significant for small base area payloads. However, 
for payloads with a base area which is significant in proportion to the size of the vehicle, the 
degree of correlation may have to be considered when setting test severities. 

A.2 ENGINE AND TRANSMISSION INDUCED 

A.2.1 The excitations arising from engine and transmission sources are, as would be expected, 
predominantly periodic vibrations. They occur at frequencies related to engine speed and 
can be at least an order greater than those of the predominant vehicle/suspension modes. 
Unless the payload is located close to the engine/transmission system the vibrations arising 
from these sources are unlikely to be particularly significant. 

A.3 AERODYNAMIC INDUCED 

A.3.1 While vibrations can be induced from aerodynamic sources it is unlikely these will produce 
any appreciable payload response unless it is exceptionally “microphonic”. The excitations 
from these sources are usually random in nature and are usually more noticeable at the 
higher frequencies. In some instances cavity resonances may be induced which appear as 
periodic responses. However, unlike the periodic excitations from the engine and 
transmission, their frequency does not vary significantly with vehicle or engine speed. 
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ANNEX B 
 

REFERENCES 

B.1 TRM 10000 VEHICLE 
 
B.1.1 Title: Characterisation of the TRM 10000 mechanical environment  

 Author: LEBEAU Roger 
 Source: DGA/DME/LRBA 
 Ref No: E.T. No:159/92/ECM 
 Date: June 1992 
 Pages: 233 

 
B.1.2 Mission/Platform 

 
Road transportation of materiel (missiles in containers) 

 
B.1.3 Summary of Technical Data 

 
Environment description in different situations (road, off-road, cross country, Belgian block, 
pot holes, motorway) and for many speeds. 

 
B.2  TRAFFIC RENAULT VEHICLE 
 
B.2.1Title: Characterisation of the TRAFFIC RENAULT mechanical   
   environment  

Author:  LEBEAU Roger 
Source:  DGA/DME/LRBA 
Ref No:  E.T. No:159/92/ECM 
Date:  June 1992 
Pages:  233 

 
B.2.2 Mission/Platform 
 
 Road transportation of materiel 
 
B.2.3 Summary of Technical Data 

 
Environment description in different situations (road, Belgian block, pot holes, motorway) and 
for many speeds. 
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LEAFLET 242/2  
RAIL TRANSPORTATION UP TO FORWARD BASE 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during rail transportation between manufacturing sites and forward storage bases. The 
sources of excitation and characteristics of the mechanical environments are presented and 
supplemented by references. Information is given on potential damaging effects and, where 
relevant, on the selection of the appropriate AECTP-400 Test method. 

1.2 Although the information contained in this leaflet relates mainly to payloads transported on 
the UK rail network, the ride characteristics of mainland European and North American trains 
are largely similar to those in the UK. The dynamic conditions produced by UK train systems 
are discussed in Annex A. 

1.3 For the purpose of this leaflet, materiel exposed to the rail transportation environment may 
be unprotected or carried within some form of protection, package or container. A payload 
may consist of one or more items of materiel. Unless otherwise stated, the environmental 
descriptions relate to the interface between the wagon and the payload. All axes relate to 
wagon axes. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 General 

2.1.1 With the exception of shunting shocks in the longitudinal axis, the dynamic responses 
arising from rail transportation are generally less severe than those for road transportation. 

2.1.2 The traditional four wheeled simple loose coupled wagon has two axles, a simple 
suspension and a wheelbase of around 3 m in the UK (compared to approximately 6 m in 
mainland Europe and North America). This class of vehicle is limited to around 72 km/h (45 
mph). It is unlikely that loose coupled wagons would now be used for transporting materiel 
because current practice is to use only fully braked, tight coupled trains. Consequently, the 
data quoted for loose coupled wagons should be regarded as 'worst case' for rail systems. 

2.1.3 In recent years improved suspensions for longer wheelbase four wheel vehicles have been 
designed to allow higher speeds. Vehicles with bogie wheeled configurations offer a 
generally superior ride performance along with the ability to carry longer and heavier 
payloads. To meet the need for very low vibration levels at higher speeds, services are 
available that use vehicles with superior ride qualities. 

2.1.4 The dynamic environment experienced by a payload transported by rail can be considered 
to consist of continuous excitations that arise during motion along the track and transient 
excitations that mainly arise during marshalling (shunting operations) or switching. 

2.2 Motion Along the Track 

2.2.1 The major factors influencing the severity and characteristics of the vibration environment 
experienced by a payload transported by a rail vehicle are track condition, vehicle speed, 
vehicle loading condition and vehicle type (running gear, suspension, wheelbase, etc). The 
vehicle response to track imperfections is broadly of a random nature. An important spectral 
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peak results from wagons passing over sleepers, which when spaced at 0.7 m intervals 
results in frequencies of around 40 Hz at 100 km/h (62 mph). The fundamental body modes 
of the vehicle and its suspension system may also be apparent in the spectral data. 
Vehicles in a worn condition generate the highest vibration levels. Response amplitudes for 
the vertical and lateral axes of rail vehicles in a worn condition are given in the following 
tables. Vibration in the longitudinal axis is usually insignificant; values are less than ±0.15 g 
at 10 Hz. 

(a) Vibration in the vertical axis. 

Vehicle Vibration 
Type Speed 

km/h & (mph) 
Mean 

(g) 
Max 
(g) 

Freq 
(Hz) 

Freightliner 
4 Wheel-simple 
4 Wheel-advanced 

120(75) 
72(45) 

120(75) 

0.25 
0.45 
0.15 

0.8 
1.6 

0.75 

3-4 
2-6 
2-4 

 
(b) Vibration in the lateral axis. 

Vehicle Vibration 

Type Speed 
km/h & (mph) 

Mean 
(g) 

Max 
(g) 

Freq 
(Hz) 

Freightliner 
4 Wheel-simple 
4 Wheel-advanced 

120(75) 
72(45) 

120(75) 

0.2 
0.25 
0.1 

0.45 
1.0 
0.5 

3-5 
1-2 

0.5-2 
 
2.2.2 During transportation minor shocks arise during traction, braking and gradient effects. In 

such cases the shock magnitude is generally determined by train coupling and braking 
conditions. Vehicles may be equipped with air or vacuum brakes, or no brakes at all. 
Coupling between wagons may be either 'tight', which ensures buffers are in contact and 
limits longitudinal movement, or 'loose', which leaves a gap and permits longitudinal 
movement. Lightly loaded vehicles may experience accelerations approximately twice those 
of well loaded vehicles. Typical maximum longitudinal accelerations are; 

 Tight coupled, fully braked train  0.2 g 

Loose coupled, fully braked train   0.5 g 

Loose coupled, un-braked or partially braked train  2.0 g 

2.2.3 Steady state inertia acceleration loadings for the rail transportation environment, such as 
those that arise from the train accelerating or braking, are considered insignificant 
compared to those from other modes of transport and handling. 

2.3 Shunting and Marshalling 

2.3.1 The most severe shocks arising from heavy impact shunting or switching manoeuvres in 
marshalling yards are strongly aligned to the longitudinal axis. The shock magnitude is 
dependent upon impact speed, buffering equipment characteristics and the total mass of 
the wagons involved. The effects of impacts are strongly aligned to the axes of the vehicle, 
the most severe occurring in the longitudinal axis. 
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a. Spring Buffers: At one time all wagons were fitted with spring buffering equipment 
which provided minimal protection for wagons and their contents at impact 
velocities commonly found in marshalling yards. Typically, with fully laden wagons 
and at impact velocities between 8 km/h (5 mph) and 15 k m/h (9.3 mph), spring 
buffers will close solid and the effect is then of two solid bodies colliding. In 
addition, energy is stored in the buffers which can result in 'shuttling' of vehicles as 
the energy is released. Longitudinal decelerations while the buffers are being 
compressed are not particularly high, around 1.5 g for a heavily loaded wagon and 
3 g for a lightly loaded one, but once the buffers are fully compressed, shocks up 
to 6 g can result on 6 m wheelbase wagons and up to 15 g on traditional loose 
coupled (3 m wheelbase) wagons. 

b. Hydraulic Buffers: Hydraulic buffers are now fitted to all new wagons in order to 
minimise impact shocks. They are designed to give a constant retardation over 
their entire travel when the wagon is fully loaded. Decelerations of around 2 g for 
an 8 km/h (5 mph) impact velocity are typical, but this can rise to 4 g at 15 km/h 
(9.3 mph). The value of 4 g is typical of the maximum shock induced by a 
"cushioned" wagon fitted with hydraulic buffers. 

2.3.2 The position of the centre of gravity of many wagons is above the buffer height, and 
therefore a vertical component of the shunting shock may be induced in the payload. 

2.4 Bounce and Jostle 

2.4.1 Generally the bounce and jostle originating from rail transportation is less severe than that 
from road transportation. However, the excitation mechanisms producing the motions are 
similar to those generated by road transportation. As the severities of the loose cargo test 
cannot easily be tailored to specific environments, little value is gained by addressing this 
aspect of rail transportation separately from that of road transportation, which is discussed 
in Leaflet 242/1. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 General 

3.1.1 The mechanical environments arising during rail transportation may induce a number of 
potentially damaging effects. The most significant are those that relate to induced dynamic 
displacements or accelerations arising from shunting or rail impact shocks. Induced 
dynamic displacements within materiel may produce relative motions that can result in 
collisions between materiel, tension failures and connectors becoming loose. Acceleration 
related failures may arise through the action of dynamic inertia loadings, which may be 
applied once to generate a threshold exceedance failure, or be repeated to produce a 
fatigue induced failure. 

3.2 Motion Along the Track 

3.2.1 The dynamic environment experienced by a payload during motion along the track is 
relatively benign. In nearly all circumstances, the effects of rail transportation will be 
encompassed by the effects of other modes of transport, especially since transportation by 
rail is rarely the sole method of transportation. 
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3.3 Shunting and Marshalling 

3.3.1 Historically, shunting or rail impact shocks have been considered the most significant of 
mechanical rail environments. In recent times the use of modern rolling stock and rail 
operational procedures means that the severity of such shocks has significantly diminished, 
if not eliminated. However, should shunting occur, the environment experienced by a 
payload can generate unique loadings on the payload, because although the amplitude of 
the transient may not be particularly high (when compared with operational events), the 
long durations involved, 0.25 s to 1.00 s, may induce significant displacements in the 
payload. This may result in permanent deformation and failure of materiel attachments, or 
the "bottoming out" of anti-shock mounts. 

4. TEST SELECTION 

4.1 General 

4.1.1 Requirements for testing materiel for the rail transportation vibration and shock environment 
are rare because, with the exception of shunting shocks in the longitudinal axis, they are 
encompassed by those associated with road transportation.  

4.1.2 If a separate rail test is considered necessary, the options available for simulating the 
effects of the rail transport environment are laboratory or field trials. The simulation of the 
effects in the laboratory is useful because it allows the simulation to be undertaken in 
defined and controlled conditions. However, the use of field trials may be more convenient 
for large and awkward payloads. The use of field trials is essential if the payload interacts 
significantly with the dynamics of the wagon.  

4.2 Laboratory Trials 

4.2.2 The simulation of the effects of the environment in the laboratory is usually viable for all but 
the largest payloads.  

4.2.3 When testing for rail transportation vibration is required, the procedure to be used is that 
contained in AECTP-400, Method 401 - Vibration. 

4.2.4 The shock test severities associated with transportation by rail are usually either 
encompassed by those associated with road transportation (see AECTP-400, Method 403 - 
Shock) or by testing for bounce and jostle (see AECTP-400, Method 406 - Loose Cargo). 
When specific testing for rail shunting (or impact) shock is required, see paragraph 4.3.2 
below. 

4.3 Field Trials 

4.3.1 Trials conducted over a rail network have the advantage that they are representative of real 
conditions. The difficulty of using real rail conditions is that vehicle speed is difficult to 
control. Moreover, it may be difficult to establish that the materiel has been subjected to 
worst case conditions. 

4.3.2 Because the use of modern rolling stock and current rail operational procedures means that 
the occurrence and severity of shunting shocks is now significantly diminished, for the 
majority of materiel the advice referred to in paragraph 4.2.3 above should be adequate. 



 
AECTP-240 
(Edition 1) 

LEAFLET 242/2 
 

 
  24 ORIGINAL 

 
 

However, when transportation is required on another country's rail network, consideration 
will need to be given to the operational procedures of that network. For example, if 
transportation is required within the US, it is mandatory that the test procedure used be that 
of AECTP-400 Method 416 - Rail Impact, which is considered to be a relatively severe trial. 

5. DERIVATION OF TEST SEVERITIES FROM MEASURED DATA 

5.1 The extraction of rail test severities from measured data follows a philosophy similar to that 
for deployment on wheeled vehicles (see Leaflet 245/2). In general, the primary response 
frequencies will be lower than those arising from wheeled vehicles. Typically the spectral 
peak due to the wagon passing over sleepers (spaced at 0.7 m apart) will occur in the 20-40 
Hz region. In situations where loose shunting can occur the shock transients arising from 
shunting will almost certainly encompass those occurring during normal rail transportation 
and will require processing in shock spectra format. Where loose shunting is not anticipated, 
a methodology suitable for identifying transients from within the continuous vibration needs to 
be adopted. The methodology is essentially identical to that used for wheeled vehicles. 
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ANNEX A 

DYNAMIC CONDITIONS PRODUCED BY RAIL FREIGHT SERVICES 

A.1 GENERAL 

A.1.1. The dynamic conditions experienced by a payload during rail transportation are dependent 
upon the type of service used. Typically, freight may be carried by the following types of 
service. 

A.2. FREIGHT WAGONS  

A.2.1. Freight wagons are the traditional method for the carriage of freight. In recent times freight 
wagons have been largely phased out and today, defence materiel is unlikely to be 
transported in this manner. Such services involve goods being brought to a freight depot by 
road, and loaded onto wagons. These wagons are then conveyed to a marshalling yard 
where they are sorted into trains of suitable length for transit to their destination or another 
marshalling yard. The wagons used may be of any type including short wheelbase vehicles 
with simple suspension, i.e.: those giving generally the worst vibration environment. In such 
cases, speeds are generally low, i.e.: less than 72 km/h (45 mph). In marshalling yards, 
vehicles are sorted into different sidings by propelling them without a locomotive attached. 
In certain UK and US yards retarders may be used to help control wagon impacts. Impacts 
can occur between vehicles at speeds up to 24 km/h (15 mph), with a mean of 9.5 km/h 
(5.9 mph). Figure A1 shows the distribution of impact speeds in a typical marshalling yard. 
The effects on vehicle payloads of these impacts will be partly mitigated by the buffering 
gear. 

A.3. AIR-BRAKED VEHICLES 

A.3.1. An advancement on freight wagons are air-braked vehicles. The vehicles are loaded as for 
freight wagons and are conveyed to a point where they can be marshalled into a scheduled 
train service. They remain coupled to the locomotive during marshalling and are thus not 
subjected to impacts at velocities greater than 2-3 km/h (1.2-1.9 mph). 

A.4. BLOCK TRAINS 

A.4.1. Block or company trains run from one origin to one destination. They usually comprise air-
braked vehicles and are not normally marshalled at intermediate points. 

A.5. FREIGHTLINER SERVICE 

A.5.1.  In such services, containers are collected from a customer's premises by road, conveyed 
to a freightliner terminal, and loaded onto purpose-built air-braked vehicles. These vehicles 
may be marshalled at intermediate points but are not subject to high impact velocities. 

A.6. PARCEL FREIGHT 

A.6.1. Such services, for small consignments or single items uses both bogie vehicles, similar to 
passenger coaches, and long-wheelbase four-wheel vehicles. Re-marshalling may be 
involved but not loose shunting. 
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Figure A1: Distribution of wagon impact speeds in a marshalling yard 
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LEAFLET 242/3 
AIR TRANSPORTATION UP TO FORWARD BASE 

1 GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during air transportation between manufacturing sites and forward storage bases. The 
sources and characteristics of the mechanical environments are presented and 
supplemented by references. Advice is also given on potential damaging effects, treatment 
options and, where relevant, the selection of the appropriate AECTP-400 Test Method. This 
leaflet also refers to advice on the derivation of test severities from measured data. 

1.2 The leaflet considers air transportation by fixed wing jet aircraft, fixed wing propeller aircraft 
and rotary wing aircraft. In general the payloads are considered to be carried internally within 
the aircraft. In addition, the particular cases of helicopter under-slung loads and air dropped 
payloads are also included. The aircraft considered are those normally used for 
transportation purposes i.e.: transport aircraft. In practice the characteristics of most types of 
propeller aircraft and helicopters are likely to be encompassed, although transportation in 
high performance jet aircraft would almost certainly not be encompassed. 

1.3 For the purpose of this leaflet the materiel which is the subject of the transportation 
environment may consist of an item of unprotected materiel or materiel carried within some 
form protection, package or container. A payload may consist of one or more items of 
materiel. Unless specifically stated otherwise the environmental descriptions and test 
severities relate to the interface between the carriage vehicle and the payload. All axes relate 
to aircraft axes. 

 

2 CHARACTERISTICS OF THE ENVIRONMENT 

2.1 General  

2.1.1 The environments experienced by materiel, when carried as a payload within transport 
aircraft, depend on the type of transport aircraft used, i.e.: whether the transport aircraft is a 
fixed wing jet aircraft, a fixed wing propeller aircraft or a rotary wing aircraft.  

2.2 Fixed Wing Jet Aircraft  

2.2.1   The dynamic excitations experienced by equipment carried as payload within fixed wing jet 
aircraft arise predominantly from aerodynamic sources, power plant sources and jet plume 
effects. 
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2.2.2  The vibration environments experienced by payloads carried within fixed wing jet a ircraft are 
generally characterised as Gaussian broad band random motions with superimposed 
periodic components possibly just discernible. The broad band random vibration arises from 
both jet noise and aerodynamic sources. The periodic vibrations are generated by the 
rotating components within the turbines and transmitted mechanically throughout the 
aircraft structure.  

2.2.3 The extent to which excitations may be generated by the above sources depends upon the 
flight conditions. Four flight conditions are considered for illustration, namely take-off, climb, 
cruise and landing. Typical vibration severities for these conditions, using the rear-engined 
VC 10 aircraft for illustration, are shown in power spectral density format in Figure 1. 
Corresponding root mean square values are shown in Figure 2. 

a. Take-off gives rise to significant vibration levels, but only short durations. Taxiing 
generates low level vibration, which is normally encompassed by that from 
take-off.  

b. Significant vibration may be apparent during climb when high demand is placed 
upon the power plant. However, levels are unlikely to exceed those of take-off.  

c. Vibration levels associated with cruise conditions are of low level mainly because 
the flight dynamic pressures are relatively low. Also, the effects of aircraft 
manoeuvres, such as turns do not produce significant vibration responses of the 
payload although they may produce the largest loadings on restraint systems. 
Descent generally produces negligible levels, although if spoilers or flaps are used 
to provide air-braking low frequency vibration can be experienced. 

d. Landing can produce two distinct excitations: touch down, giving a transient 
excitation, and reverse thrust, giving a vibration excitation. Transient amplitudes 
levels can attain 1 g pk and can be characterised by a decaying sinusoid. 
However, in some cases (including the example shown) the transient cannot be 
distinguished from the vibrations. Vibration during reverse thrust can exceed the 
levels associated with take-off, although for shorter periods. 

2.3 Fixed Wing Propeller Aircraft  

2.3.1 Vibration measured at any point on a propeller aircraft will be the sum of many sources and 
mechanisms. Almost all these mechanisms arise as a result of the propellers, which can 
generate vibration directly or produce noise which generates vibrations when it impinges on 
the aircraft structure. Consequently, the maximum vibration severities within the cargo bay 
are experienced by materiel situated in the plane of the propellers. The relative severities 
along the length of the fuselage are shown in Figure 3. 

2.3.2 Because the dominant source of vibration arises from the aircraft's propellers, the spectral 
characteristic of the environment is dominated by peaks corresponding to the blade passing 
frequency and its subsequent harmonics. Generally, blade passing frequencies are more 
significant than shaft frequencies. However, the latter are still often important, especially 
given the low frequencies involved. The periodic motions are superimposed upon a 
background of broad band random vibration. 

2.3.3 The extent to which excitations may be generated depends upon the flight conditions. Four 
flight conditions are considered for illustration, namely take-off, climb, cruise and landing. 



 
AECTP-240 
(Edition 1) 

LEAFLET 242/3 
 

 
  32 ORIGINAL 

 
 

Typical vibration severities for four conditions, using the four-engined, four bladed, Hercules 
C130 propeller aircraft for illustration, are shown in power spectral density format in Figure 
4. Root mean square values for these and other conditions are shown in Figure 5. 

a. Take-off: The highest vibration severities occur during take-off as shown in Figures 
4 and 5. 

b. Climb: Significant vibration levels are generated during climb, although these are 
generally enveloped by those of take-off. 

c. Cruise: Vibration during cruise is relatively low level, even if the aircraft's engines 
are allowed to operate out of synchronisation with one another. Aircraft 
manoeuvres, such as turns, do not significantly increase vibration levels within the 
aircraft. Descent generally produces negligible levels. 

d. Landing: Vibration during reverse thrust can equal the levels associated with take-
off, although for shorter periods. Transient response levels can attain 2 g pk and 
be characterised by a decaying sinusoid. Typical landing shocks are shown in 
Figure 6. 

2.3.4 Many environmental descriptions of transportation severities in propeller aircraft indicate 
that the accelerations occurring at blade passing frequency are the most significant. This is 
not always the case. The second or third harmonic of blade passing frequency may be the 
most significant in some cases. 

2.3.5 The vibration characteristics for fixed wing propeller aircraft are similar to, but usually less 
severe than, those of helicopter carriage. However, it should be noted that the blade 
passing frequency on fixed wing propeller aircraft is likely to be significantly higher than that 
on helicopters. As such, the fixed wing propeller vibration environment is unlikely to be 
encompassed within that experienced by materiel carried on helicopters. 

2.4 Rotary Wing Aircraft  

2.4.1 The dominant source of vibration arises from the action of the helicopter's main rotor blades 
and gear boxes. Consequently a typical helicopter vibration spectrum is dominated by 
peaks at the main rotor blade passing frequency and its subsequent harmonics. For single 
rotor helicopters, components at frequencies associated with the tail rotor may be also be 
noted. For dual rotor helicopters, significant responses occur at twice the blade passing 
frequency due to interaction between the two sets of blades. In all cases the peaks in 
response spectra are superimposed against a background of broad band random vibration. 

2.4.2 The extent to which excitations may be generated by the above sources depends upon the 
flight conditions. Typical vibration severities for four conditions, using the Chinook dual rotor 
helicopter for illustration, are shown in power spectral density format in Figure 7. Root 
mean square values for these and other conditions are shown in Figure 8. 

a. Take-off: Vibration severity during take-off and hover (Figure 7b) is low and almost 
always encompassed by the levels encountered during flight. Vibration during taxi, 
when applicable, is also low. 

b. Straight and level flight: Under these conditions vibration severity is mainly 
dependent upon forward speed, although not linearly related to it. A typical 
acceleration spectral density for straight and level flight is shown in Figure 7d 
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where the contributions from shaft and the first four blade passing frequencies are 
clearly visible. 

c. Transient conditions: Short duration conditions, such as transition to hover, are 
likely to generate high vibration levels, but for only a few seconds. Maximum 
power climbs can also generate high vibration over several minutes.  

2.4.3 The variation of vibration severity along the fuselage of a Chinook helicopter is indicated in 
Figure 9. 

2.5 Under-slung Payloads.  

2.5.1 Materiel may be under-slung from helicopters, either directly in nets, or within containers. In 
either case, the dynamic environment experienced by the payload is largely independent of 
that of the carriage helicopter. Vibration responses tend to be broad band in character and of 
very low amplitude. Excitation is mainly due to aerodynamic forces such as atmospheric 
turbulence. 

2.5.2 The pick-up of materiel can give rise to transients of a decaying sinusoid nature. Response 
amplitudes are generally enveloped by those of set-down which can typically attain a peak 
amplitude of 4 g. Measured data indicate that impact velocities of up to 2.5 m/s are possible. 
Typical shock responses during set-down are shown in Figure 10. 

2.5.3 The high set-down velocities that can occur on naval vessels at sea, will result in severe 
transient response amplitudes.  

2.5.4 For some suspension arrangements, usually multi-cable suspension systems, rigid body 
dynamic interaction between the helicopter and payload can occur which can produce very 
high loads on the attachment cables (and any container if connected directly). 

2.6 Air Dropped Payloads  

2.6.1 Air dropped payloads will experience additional transients arising from parachute deployment 
and during impact. Air dropped payloads are usually arranged in a manner so as to mitigate 
the effects of impact. This mitigation often takes the form of shock absorbers intended to 
modify the impact transient to one with a longer duration and lower amplitude. 

2.6.2 Severe impact conditions may be experienced by payloads intended for low level drops. 
Measured data are not available for these conditions. 

2.6.3 Air dropped payloads should be capable of withstanding impact velocities up to 9 m/s (30 
ft/s). Those intended for low level drops, may be required to withstand higher impact 
velocities. 

2.7 Steady State Acceleration 

2.7.1 Quasi-static accelerations are experienced during flight. However, these are usually less 
than those experienced during other deployment phases. 
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3 POTENTIAL DAMAGING EFFECTS 

3.1 Failure Mechanisms  

3.1.1 The mechanical environments arising during the air transportation of materiel may induce a 
number of mechanisms of potential materiel failure. The most significant of these 
mechanisms are related to either displacements induced in the materiel or as a result of 
acceleration loadings. Induced displacements within the materiel may produce relative 
motions which in turn may result in collisions between equipments, tension failures and 
connectors becoming loosened. Acceleration related failures may arise through the action 
of inertia loadings. These may be applied once, to produce a threshold exceedance failure, 
or repeated to produce a fatigue induced failure. 

3.2 Fixed Wing Jet Aircraft  

3.2.1 As the dynamic environment experienced by payloads carried within fixed wing jet aircraft is 
benign any potential damage effects are unlikely to require special consideration. 

3.3 Fixed Wing Propeller Aircraft  

3.3.1 The vibration responses, experienced by a payload at the blade passing frequency and its 
subsequent harmonics, can be significant. In particular, the blade passing frequency can 
often be quite close to the internal mounting frequency of equipment within its container. 

3.4 Rotary Wing aircraft  

3.4.1 As the blade passing frequency may be less than the internal mounting frequency of the 
equipment within its container, the mounting arrangement may offer little protection against 
the vibration environment. 

3.5 Under-slung Loads  

3.5.1 The potential damage associated with carriage as an under-slung payload arises mainly 
from impact on set-down. With the exception of the relatively severe VERTREP 
(replenishment at sea) conditions, the loadings are similar to those for general handling 
conditions. Only for large items of materiel are set-down shock loadings likely to exceed 
those for handling. The most likely damage mechanism is that of materiel moving 
excessively within its packaging, such that the capabilities of the cushioning material are 
exceeded. 

3.6 Air Dropped Payloads  

3.6.1 Payloads subject to transients arising from airdrop are usually arranged to reduce peak 
acceleration amplitudes. As a consequence the duration of the transient is increased so 
that for most equipment it appears essentially as a quasi-static acceleration. A significant 
potential damage effect is that the impact can give rise to large relative displacements. This 
may be a problem for large mass items held in flexible restraints, e.g. vehicle engines. 
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4 TEST SELECTION 

4.1 General  

4.1.1 Options: Two approaches of simulating the air transport environment are generally 
available: in the laboratory or by use of field trials. The simulation of the environment in the 
laboratory is useful as it allows the simulation to be undertaken in defined and controlled 
conditions. However, the use of field trials may be more convenient for large and awkward 
payloads. The use of field trials is essential if the payload interacts significantly with the 
dynamics of the aircraft floor. 

4.1.2 Laboratory Testing: The simulation of the environment in the laboratory is usually viable for 
all but the largest payloads. The test severities defined in this leaflet are intended for use in 
laboratory trials. 

4.1.3 Field Trials: Trials conducted using actual aircraft have the advantage that they are 
representative of real conditions. The difficulty of using actual air transport conditions is that 
flight conditions are difficult to control. 

4.2 Fixed Wing Jet Aircraft  

4.2.1 Vibration: A broad band random vibration test is recommended. The appropriate procedure 
is that of AECTP-400 Method 401 - Vibration. 

4.2.2 Shock: Since the shock severities during transportation in jet aircraft are small compared to 
the vibration severities no separate shock testing is usually considered necessary. In rare 
circumstances when a shock test is required that proposed in this leaflet for propeller 
aircraft is suggested. 

4.3 Fixed Wing Propeller Aircraft  

4.3.1  Vibration: The preferred test for this type of transportation consists of three narrow bands of 
random vibration, superimposed on a background of shaped broad band random vibration. 
An alternative, using three sinusoids superimposed on a background of random vibration is 
also acceptable. The appropriate procedure is that specified in AECTP-400, Method 401 - 
Vibration. 

4.3.2  Shock: The test procedure associated with these shock loadings is that specified in 
AECTP-400, Method 403 – Classical Waveform Shock. 

4.4  Rotary Wing Aircraft  

4.4.1 Vibration: The simulation of the vibration environment experienced by a payload carried in a 
helicopter is best achieved by using either narrow bands of random vibration superimposed 
on a background of shaped broad band random vibration, or sinusoids similarly 
superimposed. The appropriate procedure is that specified in AECTP-400, Method 401 - 
Vibration. 

4.4.2 Shock: As the shock severities during transportation in rotary wing aircraft are small 
compared to the vibration severities no separate shock testing is usually considered 



 
AECTP-240 
(Edition 1) 

LEAFLET 242/3 
 

 
  36 ORIGINAL 

 
 

necessary. In the rare circumstances when a shock test is required, that proposed in this 
leaflet for propeller aircraft is recommended. 

4.5 Under-slung Loads  

4.5.1 Vibration: The appropriate procedure is that specified in AECTP-400, 
Method 401 - Vibration. 

4.5.2 Shock: The appropriate procedure is that specified in AECTP-400, Method 414 - Handling. 

4.6 Air Dropped Payloads 

4.6.1 Testing of payloads for the transient arising from air drop conditions is undertaken by actual 
aircraft drop tests or using drop towers tests based on measured data. 
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Figure 1:  Vibration spectra from a VC10 jet transport aircraft 
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Figure 2:  Variation of vibration severity in various manoeuvres and at two locations
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Figure 3:  Variation of vibration severity along the fuselage of a C130 aircraft 
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Note: all data from the plane of the propellers and in the vertical axis 
 

Figure 4: Vibration spectra from a C130 Hercules turbo-prop transport aircraft 
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Figure 5: Variation of vibration severity in various manoeuvres for a Hercules C130 turbo-
prop aircraft
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Figure 6: Propeller transport aircraft tactical landing shock 
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Figure 7: Vibration responses from a Chinook HC Mk2 transport helicopter during various 
flight conditions 
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Figure 8:  Variation of vibration severity in various flight conditions for a Chinook HC Mk2 
helicopter 
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Figure 9: Variation of vibration severity along the fuselage of a Chinook HC Mk 1 
helicopter 
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Figure 10: Measured shock responses from the set-down of a load under-slung from a 
Chinook HC MK 1 helicopter 
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ANNEX A 

DERIVATION OF SEVERITIES FROM MEASURED DATA 

A.1 DERIVATION OF AN ENVIRONMENT DESCRIPTION 

A.1.1 Requirements: It is first necessary to establish from the relevant requirements the type of 
aircraft(s) in which the materiel is to be installed, the role of the aircraft(s) and the flight 
segments associated with air transportation, the aircraft's operating speeds, and the 
location of the materiel in the aircraft(s). Having established the requirements, relevant 
vibration data may be acquired from data banks, should the data exist, or from field 
measurement trials. 

A.1.2 Environment Descriptions: An environment description for materiel installed in an aircraft 
should generally include for each relevant flight sequence over the range of operating 
speeds, frequency response characteristics, amplitude probability plots, and time histories 
of any transients. This information will be used to examine trends, such as how severity is 
influenced by manoeuvre, altitude and speed. The flow diagram outlined in Figure A.1 
points out the steps to be adopted to derive an environment description from measured 
data. This diagram enables frequency response characteristics and dynamic response 
amplitudes to be quantified for all the relevant test conditions. A process for using these 
components of the environment description to produce test spectra and durations is 
discussed below. 

A.2 DERIVATION OF VIBRATION TEST SEVERITIES 

A.2.1 General: Test severities are defined in terms of the characteristics and amplitudes of the 
broad band background vibration, narrow band components associated with passing blades 
frequencies or jet noise, and durations. Advice on establishing these parameters is given 
below. 

A.2.2 Broad Band Component 

a. Characteristics: In general, it can be expected that the broad band component 
spectral characteristics, i.e.: the shape of ASD plots, will be stable with respect to 
many parameters, including aircraft speed and altitude. 

b. Amplitude: amplitude probability analysis helps to check the data stationarity. An 
approach is to use amplitude probability distributions (APD). 

A.2.3 Narrow Band Components 

a. Characteristics: For propeller aircraft and rotary wing aircraft, the frequency of the 
narrow band components at a given speed can be calculated from knowledge of 
the passing blade frequencies. Those frequencies are expected to be easily 
recognisable in measured data, at least under constant speed conditions. For jet 
aircraft, even under constant speed conditions, narrow band conditions may be 
hardly discernible. 

b. Amplitudes: Establishing the amplitudes of these components can be a problem 
because of their changing frequency with aircraft speed. This can lead to an 
under-estimation of severity because of averaging effects implicit in a ASD 
analysis.  
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A solution is to gather data at a given flight segment and for constant speeds. 
Thus, the stationarity of the data and the repeatability of the acquisition process 
are both guaranteed. Those data can then be analysed separately.   
Alternatively, if the speed is not constant throughout a record, evolutionary spectra 
(waterfall plots) can be used.  
In either case, the severity, expressed in either ASD or RMS form, should be 
associated with the resolution bandwidth to make the definition unambiguous. 

A.2.4 Test Duration: Test durations should be based upon the required life of materiel and the 
usage profile of the relevant aircraft(s). In order to avoid impracticably long test durations, it 
is general practice to invoke equivalent fatigue damage laws such as Miner's Rule. This 
rule is also known as the "Exaggeration Formula" and is expressed as follows: 

( )n2/S1S1t2t =  

 
where 
t1 = the actual duration in the requirements of the flight segment 

characterised by the measured level  
t2 = the equivalent duration at the test level 
n = the exaggeration exponent  
 
For rms level 
S1  = the rms level of the measured spectrum 
S2 = the rms level of the test spectrum 
n = b = the exaggeration exponent (values between 5 and 8 are generally 

acceptable). 
For ASD level 
S1  = the ASD level of the measured spectrum 
S2 = the ASD level of the test spectrum 
n = b/2 = the exaggeration exponent (values between 2.5 and 4 are generally 

acceptable). 
 

(b corresponds to the slope of the fatigue (S/N) curve for the appropriate material) 
 

For rms levels, the exaggeration exponent is the slope of the fatigue (S/N) curve for the 
appropriate material. This expression is applicable to metallic materials such as steels and 
aluminium alloys which possess an essentially linear stress-strain relationship. This 
expression is used with less confidence with non-linear materials and composites. Although 
the expression has been shown to have some merits when applied to materiel, it should be 
used with extreme caution, if unrepresentative failures are to be avoided. On no account 
should test levels be increased beyond the maximum levels that equipment may be expected 
to experience during its Service life. Furthermore, where there is evidence that the materiel is 
not fully secured to the aircraft, Miner's Rule is totally invalid and should not be used. In such 
cases the Loose Cargo Test (AECTP-400, Method 406) should be considered as an 
alternative. 

 

A.3 COMPARING MEASURED DATA WITH TEST SPECIFICATIONS 

A.3.1 When comparing measured spectra from a vehicle trial with that contained in a test 
specification or generated by test house equipment, care must be taken to avoid an under-
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estimation of the severity of the measured data. This is because of the different amplitude 
distributions and peak to rms ratios of these types of data. These differences can be 
compensated for, as shown in this example: 

 
Measured peak APD level = 9 0.  g (at the 1 in 500 occurrence level, 

i.e.: 2.88 sigma) 

Equivalent Gaussian rms  9 00
2 88
.
.

 =  3.1g rms 

Measured non-Gaussian rms = 1 4. g rms  

Factor on measured g rms = 3 1
1 4

.
.

 =  2.2 

Factor on measured ASD = 2 22 4 82. .=  
 

Whilst this analysis indicates that in this instance a factor of 4.8 should be applied to the 
measured ASD levels, these higher levels would be appropriate for a relatively short 
duration. 
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Note: The steps outlined above would normally be carried out for each flight segment and for all 

relevant installations 

Figure A1: Derivation of an environment description from measured data 
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A.4 DERIVATION OF A TEST SEVERITY (LEVEL AND DURATION) FROM MEASURED 
DATA 

This example deals with the mechanical fatigue caused by vibrations that may be 
experienced by a fully secured cargo during air transportation within a DC8 cargo (jet 
aircraft) or a C130 Hercules or a C160 NG Transall (propeller aircraft). 

 
 This example deals only with the mechanical fatigue as a default mode. 

Although each of the induced mechanical environments associated with the different flight 
segments are unlikely to be critical in terms of generating potential damaging fatigue on 
their own, they all contribute in varying degrees to the materiel's fatigue damage. 

 
Hence, as emphasised previously in A.2.3-b, the first step to be performed is to identify the 
role of the aircraft and the flight segments associated with air transportation and the 
location of the cargo within the aircraft. 

 
The following pages describe the flight segments identified for each of the possible aircraft. 
Data are then gathered from field measurement trials for each of the specified aircraft and 
for each of the identified flight segments. The stationarity of the measurements allows 
calculation of ASD to describe the mechanical environment over the range 5 to 1500 Hz 
(for this example). 

 
The calculation results are presented for the different flight segments under the classical 
ASD format for the Z-axis only. For an actual test program, the following methodology 
should be applied for each of the 3 axes. 

 
The next steps are taken from leaflet 2410/1 where several technical aspects are 
developed. The objective is to combine different induced mechanical environments into one 
single test. 

 
Description 1 Description 2 Description 3 Description 4 Description n

Spectrum S1 Spectrum S2 Spectrum S3 Spectrum S4 Spectrum Sn

Duration T1 Duration T2 Duration T3 Duration T4 Duration Tn

Spectrum S
Duration T  

The typical mission profile (consecutive flight segments) for an air transportation in a DC8 
cargo is the following. 
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Flight segment Rate Duration 
Taxi 25 km/h 0 h 10 

Take off 290 
km/h 

0 h 05 

Climb 2500 
ft/min 

0 h 40 

Cruise  900 
km/h 

3 h 30 

Descent 5500 
ft/min 

0 h 20 

Approach 250 
km/h 

0 h 05 

Landing 250 
km/h 

0 h 01 

Taxi 25 km/h 0 h 09 

 
DC8 Cargo 

four engined jet aircraft 

Total  5 h 00  

 

Figure A2: ASD associated with DC8 Cargo air transportation 
 
The typical mission profile (consecutive flight segments) for an air transportation in a C160 Transall 
is the following. One can notice the change in passing blade frequency with the aircraft speed. 
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Flight segment Rate Duration 

  (min) 
Full ground 
power 

 0 h 05 

Taxi  0 h 14 

Take off  0 h 05 

Climb 500 
ft/min 

0 h 40 

Cruise  FL 170 
190 kt 

6 h 30 

Descent 750 
ft/min 

0 h 20 

Approach  0 h 05 

Landing  0 h 01 

 
C160 Transall 

double engined, four bladed propeller aircraft 

Total  8 h 00  

 

Figure A3: ASD associated with C160 Transall air transportation 
 

The typical mission profile (consecutive flight segments) for an air transportation in a C130 
Hercules is the following. One can notice that there is no change in passing blade frequency with 
speed. 
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Flight segment Rate Duration 
Full 
ground  
power 

70% low 
speed 

=19000 
lb/engine 

0 h 05 

Taxi  0 h 14 

Take off  0 h 05 

Climb 500 ft/min 0 h 40 

Cruise  FL 250 300 
kt 

6 h 30 

Descent 700 ft/min 0 h 20 

Approach  0 h 05 

Landing  0 h 01 

 
C130 Hercules 

four engined, four bladed propeller aircraft 

Total  8 h 00  

 

Figure A4: ASD associated with C130 Hercules air transportation 
 
 
Leaflet 2410 proposes a methodology for the computation of the accumulated fatigue damage.  
 
Once the flight mission profile and associated ASD have been collected, it becomes possible to 
determine the total mechanical fatigue, that materiel will accumulate over one flight.  The results 
are presented under the Fatigue Damage Spectrum (FDS) format, as noted in Leaflet 2410. The 
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FDS is the curve that represents variation of the damage as a function of the natural frequency for 
a given damping and slope of the material SN curve. 
 
Assumptions used for the calculations are: 
- single DOF system, as modelled for the Shock Response Spectrum, see Method 417, figure 

C4, 
- damping equal to 5% i.e. 'Q' equal to 10 (see leaflet 2410). 
- computation uses a slope 'b' of the fatigue (S-N) curve equal to 8 (see leaflet 245/1, Annex A, 

chapter A.2.4). 
- This value is adequate to describe the behaviour of the mainly metallic structure of the 

materiel. The electronic equipment are qualified from another test, which takes into account 
their own required life duration and their own LCEP. For electronic equipment and non metallic 
materials, elastomers, composites, plastics, explosives, a value of 'b' equal to 5 is 
recommended. 

 
For a given aircraft, one can sum the damage generated by each flight segment, prorated by the 
duration of the segments. By performing the calculations for each possible aircraft, one can 
compare the fatigue damage accumulated by a materiel over one whole flight corresponding to a 
real air transportation sequence. The following figure illustrates the fatigue corresponding to one 
flight for each aircraft. 

 

Figure A5: FDS for 1 flight associated with each aircraft 
 
The fatigue accumulated over N flights for each frequency is equal to N times a single flight fatigue. 
The principle used is to develop one unique ASD that will generate during a test the same 
mechanical fatigue that would occur during a real air transportation with all its different flight 
segments. 
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A.4.1 Application for one aircraft 
 

If there is only one aircraft scheduled for air transportation, then the test severity should 
generate the same fatigue as the number of flights in accordance with the requirements for 
that particular aircraft. 

 
For example the requirements are 200 hours of flight in a DC8 cargo jet aircraft over the 
whole lifetime of the materiel. 

 
The lower ASD amplitude of the following figure represents an ASD that, when applied for 
200 hours, will generate along the Z-axis the same mechanical fatigue as 200 hours of 
flight, whatever its natural frequencies. 

 

 

Figure A6: ASD associated with test level for DC8 Cargo air transportation 
 
It is obviously cost-effective to reduce the test duration in order to avoid a 200 hours test. The 
criterion of equivalence in mechanical fatigue leads to increase the test level with the decreasing of 
test duration. Thus, Figure A6 compares the test level that should be applied for 200 hours to be 
fatigue equivalent with 200 hours of flight with the test level for a 1 hour test only (upper ASD 
amplitude in Figure A6). 
 
A duration of about 1 hour represents the shortest test applicable without excessively increasing 
the test ASD over the measured environment in terms of robustness for the materiel. Thus, the 
Maximum Response Spectrum associated with the ASD test level will stay within realistic stresses 
in comparison with the ultimate stress that would be attained with the real environment. See 
recommendations in Leaflet 2410. 
 
Note that the value of b directly impacts the reduced test duration as for the exaggeration exponent 
in the 'exaggeration formula'. See for example leaflet 245, chapter A.2.4. 
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A.4.2 Application for several aircraft (composite example) 
 
In a case where several different aircraft should be considered in accordance with the 
requirements, a composite test may be derived from real measured data. This possibility exists 
when a total number of flights are required without knowing which aircraft will be used for each 
flight. 
 
Alternatives exist. 
a) One test item – Multiple aircraft:  

one can test an item for each possible aircraft. This solution leads to over-qualifying the 
materiel since the total number of hours of flight will be applied for each considered aircraft and 
then the accumulated fatigue will be greater than in reality. 

b) One test item – Prorated Multiple aircraft:  
one can assume that each possible aircraft will be used for a given fraction of the total number 
of hours of flight. But the validity of the time distribution is often questionable. 

c) Multiple test items – Multiple aircraft:  
one can test individual items for each possible aircraft, ensuring that the materiel will be able to 
survive any of the aircraft environments. However, this increases both cost and time. 

 
A composite test would allow checking the ability of a materiel to survive a given duration of air 
transportation without knowing the prorated use of each possible aircraft. 
An adequate composite test would also not over-test the materiel. 
 
In order to accomplish those aims, one has to prove for each aircraft the fatigue-resistance of the 
materiel in accordance with its natural frequencies. The envelope of the Fatigue Damage Spectrum 
provides for each possible natural frequency of the materiel the overall accumulated fatigue. 

 

Figure A7: FDS envelope i.e.: covering 25 flights indifferently split  
between a C130 Hercules and a C160 Transall 
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To develop a composite example, figure A7 illustrates the FDS enveloping the fatigue generated 
by 200 hours of air transportation in Hercules and in Transall aircraft.  
 
Figure A7 shows the relative severity of a C160 Transall compared with a C130 Hercules for each 
frequency: For example,  
- the Hercules aircraft is more severe in terms of mechanical fatigue for materiel which has a 

natural frequency at about 70 Hz (this frequency corresponds to the constant passing blade 
frequency for the C130), 

- the Transall aircraft is more severe in terms of mechanical fatigue for materiel which has a 
natural frequency between 40 and 60 Hz (these frequencies correspond to the passing blade 
frequency variable with speed for the C160). 

 
To develop a test severity covering 200 hours of air transportation split between a Hercules and a 
Transall, one calculates an ASD generating the Fatigue Damage described by the envelope of the 
two FDS. 
 
Figure A8 illustrates the result of such a calculation. 
The lower ASD amplitude of the following figure represents an ASD that, when applied for 200 
hours, will generate along the Z-axis the same mechanical fatigue as 200 hours of flight, whatever 
its natural frequencies. 
 
The assumption is that fatigue is the only considered failure mode. If other failure modes are 
expected, then refer to leaflet 2410. 

 

Figure A8: test level for air transportation i.e.: 
ASD covering 200 hours in either a C130 Hercules or a C160 Transall 
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For example, we consider a requirement of 200 hours of air transportation of a fully secured cargo 
within an Hercules C130, or a Transall C160 over the whole lifetime of the materiel.  
 
It is obviously cost-effective to reduce the test duration in order to avoid a 200 hours test. The 
criterion of equivalence in mechanical fatigue leads to increase the test level with the decreasing of 
test duration. Thus, Figure A8 compares the test level that should be applied for 200 hours to be 
fatigue equivalent with 200 hours of flight with the test level for a 1 hour test only (upper ASD 
amplitude in Figure A8). 
 
A duration of about 1 hour represents the shortest test applicable without excessively increasing 
the test ASD over the measured environment in terms of robustness for the materiel. Thus, the 
Maximum Response Spectrum associated with the ASD test level will stay within realistic stresses 
in comparison with the ultimate stress that would be attained with the real environment. See 
recommendations in Leaflet 2410. 
 
Note that the value of b directly impacts the reduced test duration since it is the exaggeration 
exponent in the 'exaggeration formula'. See for example Leaflet 245, Chapter A.2.4. 
When applied to a single ASD, the just illustrated methodology is strictly equivalent to the 
'exaggeration formula' used with the same value of 'b'. 
 
This methodology, when applied for: 
- all possible locations for a materiel, 
- all possible aircraft within the NATO forces, 
leads to more severe test severities (level and/or duration). 
 
Test severities, covering a large set of both locations and aircraft and including conservatism 
factors, are described in leaflet 401: 
- figures C-3 to C-8 for jet aircraft transport, 
- figures C-1 to C-2 for propeller aircraft transport, 
- figure D-1 for helicopter transport. 
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ANNEX B 

REFERENCES 

B.1 FIXED WING PROPELLER AIRCRAFT - HERCULES C130 

B.1.1  Title: Characterisation of Hercules C130 mechanical environment  
  Author:  LEBEAU Roger 

Source:  DGA/DME/LRBA 
Ref No:  E.T. No:636/92/ECM 
Date:  August 1992 
Pages:  163 

B.1.2  Mission/Platform:  
 
Air transportation of materiel (missiles in containers) 

B.1.3  Summary of Technical Data:  
 
Environment description in different situations (full ground power, take-off, 370 ft cruise, 
reverse thrust, landing approach, landing) 

 
B.2 FIXED WING PROPELLER AIRCRAFT - TRANSALL C160 NG 

B.2.1  Title:  Characterisation of Transall C160 NG mechanical environment  
   Author:  LEBEAU Roger 

Source:  DGA/DME/LRBA 
Ref No:  E.T. No:654/92/ECM 
Date:  August 1992 
Pages:  315 

B.2.2  Mission/Platform: 
 
Air transportation of materiel (missiles in containers) 

B.2.3  Summary of Technical Data:  
 
Environment description in different situations (full ground power, take-off, 300 ft and 180 
Kt, 14000 ft and 200 Kt, 19000 ft and 190 Kt, landing approach, landing) 

B.3 HELICOPTER - SUPER FRELON 

B.3.1  Title:  Characterisation of the Super Frelon helicopter mechanical environment  
   Author:  LEBEAU Roger 

Source:  DGA/DME/LRBA 
Ref No:  E.T. No:401/94/ECM 
Date:  May 1994 
Pages:  48 

B.3.2  Mission/Platform:  
 
Air transportation of materiel (missiles in containers) 
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B.3.2  Summary of Technical Data: 
 
Environment description in different situations (taxi operations, take-off, 500 ft and 110 Kt, 
500 ft and 130 Kt, 500 ft and 83 Kt, landing approach).  

B.4 FIXED WING JET AIRCRAFT - DC8 CARGO 

B.4.1  Title:  Characterisation of the DC8 Cargo aircraft mechanical  
 environment  

  Author:  DELOY Christian  
Source:  DGA/DME/LRBA 
Ref No:  E.T. No:636/92/ECM 
Date:  August 1992 
Pages:  163 

B.4.2  Mission/Platform:  
 
Air transportation of materiel (missiles in containers) 

B.4.2  Summary of Technical Data: 
 
Environment description in different situations (taxi operations, take-off, climb 2500ft/min, 
cruise FL 370 and M0.82, descent, landing approach, landing). 
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LEAFLET 242/4 

SEA TRANSPORTATION UP TO FORWARD BASE 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during sea transportation between places of manufacture and storage bases. The sources 
and characteristics of the mechanical environments are presented and supplemented by 
references. Advice is also given on potential damaging effects, treatment options and, 
where relevant, the selection of the appropriate AECTP-400 Test Method. This leaflet also 
refers to advice on the derivation of test severities from measured data. 

1.2 The leaflet considers sea transportation by either naval or commercial ships. For 
environmental conditions encountered when deployed on warships reference should be 
made to Section 248. Some critical design loads for warships are set by hostile conditions 
which are not usually relevant to transportation. 

1.3 For the purpose of this leaflet the materiel, which is the subject of the transportation 
environment, may consist of an item of unprotected materiel or materiel carried within some 
form protection, package or container. A payload may consist of one or more items of 
materiel. Unless specifically stated otherwise the environmental descriptions relate to the 
interface between the carriage vehicle and the payload. All axes relate to ship axes. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Vibration Environments 

2.1.1 The dynamic excitations, experienced by a payload during transportation by ship are mainly 
continuous vibratory motions. The continuous motions are principally vibrations arising from 
propulsion equipment and auxiliary machinery. In addition some responses occur due to 
sea motions. Accurate quantitative identification of the various sources of shipboard 
dynamic motions is often difficult due to the low levels involved. Any transient motions that 
do occur are usually associated with adverse sea states. 

2.1.2 Engine and Propulsion System: Vibration measurements made on payloads, carried in 
holds and on deck, usually indicate periodic motions related to engine speed and propeller 
blade passing frequency. The degree of contribution, from each of these components, 
appears to be related to proximity of the payload to the engine room or propulsion system. 
Responses from the holds of a Naval Armament Vessel (RMAS Arrocher) are shown in 
Figure 1. The responses illustrate the considerable number of essentially periodic 
components. These periodic components arise from auxiliary equipment in addition to the 
engine and propulsion system. 

2.1.3 Auxiliary Equipment: The operation of auxiliary equipment gives rise to a general 
background random vibration. This apparently random vibration is generally composed of 
periodic motions arising from the auxiliary systems. The severity of these periodic motions 
is related to the proximity of specific auxiliary equipment. Air conditioning and power 
generating equipment may give rise to significant amplitudes. However, measured data are 
not available for payloads in close proximity to such equipment. 

2.1.4 Sea State Induced: The effects of sea condition are often difficult to discern at low sea 
states. However, the severity of payload vibratory motions seems to increase at higher sea 
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states. Very little evidence exists to allow a relationship to be quantified, but a trend of 
increasing vibration severity with sea state can be identified in Figure 2. The information 
presented is from the same measurement source as for Figure 1. The severity of lateral 
responses seems to be influenced by the relative heading of the ship to the direction of the 
sea. Specifically the higher levels arise when the sea is transverse to the heading of the 
ship. 

2.2 Transient Environments 

2.2.1 Green Sea Loading: Equipment carried as deck cargo may experience green sea frontal 
loadings of 70 kPa acting over 350 ms with transient loadings of 140 kPa for 15 ms. 

2.2.2 Slamming: Higher sea states can give rise to transitory motions arising from waves 
impacting (or slamming) the ships hull. The actual payload would not experience these 
excitations directly but rather the dynamic responses of the ships hull (natural frequencies 
are in the 2-5 Hz region) arising from these excitations. The severity and occurrence rate of 
such conditions, for the various categories of sea state, do not appear to be quantified. 

2.3  Quasi-Static Environments 

2.3.1 Quasi-Static Accelerations: During all forms of transportation steady state inertia 
accelerations are experienced. However, these are usually less than those experienced by 
most materiel during other phases of deployment. For general cargo the worst case values 
are: 

a. Upwards 2 g 

b. Downwards 2 g (including gravity) 

c. Lateral 0.8 g 

d. Forward 2 g 

e. Aft 1 g 

2.3.2 Tilt: Materiel may be subject to static tilt of up to 30 degrees. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Mechanisms 

3.1.1 The mechanical environments arising during the sea transportation of materiel may induce 
a number of mechanisms of potential materiel failure. The most significant of these 
mechanisms are related to either displacements induced in the materiel or as a result of 
acceleration loadings. Induced displacements within the materiel may produce relative 
motions which in turn may result in collisions between equipments, tension failures and 
connectors becoming loosened. Acceleration related failures may arise through the action 
of inertia loadings. These may be applied once, to produce a threshold exceedance failure, 
or repeated to produce a fatigue induced failure. Failures induced as a result of an applied 
velocity are fairly unusual. However, the application of velocity loadings on some electrical 
equipment and certain types of sensors may induce spurious voltages. These in turn may 
give rise to functional failures. 
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3.2 Vibration Environments 

3.2.1 For equipment with low natural frequencies, the periodic nature of the excitations arising 
from sea transportation coupled with the long duration of exposure can result in large cycle 
fatigue damage. In addition the low frequency, and hence large displacement, motions can 
result in internal damage of sensitive items. (Some VDU screens have been found to be 
particularly sensitive.) 

3.3 Transient Environments 

3.3.1 At higher sea states a significant proportion of the transitory motions, experienced by a 
payload, occur at the lower flexible body modes of the ship. The frequencies of these 
modes (typically less than 5 Hz) are very low compared to the flexible modes of all, but a 
few, payloads. The consequence of this is that the payload, in effect, experiences mainly 
quasi-static loading rather than dynamic motions. 

3.4 Quasi-Static Environments 

3.4.1 The quasi-static inertia loadings are usually of such low magnitude as not to cause any 
concern. In general the quasi-static loadings due to handling exceed those of sea 
transportation. 

 

4. TEST SELECTION 

4.1 Vibration Environments 

4.1.1 It may be possible to subsume the sea transportation vibration environment into the road 
transportation test which is inevitably required for materiel. 

4.1.2 Where a specific sea transportation vibration test is required to encompass vibration arising 
from the engine and propulsion system or from auxiliary equipment, a sine sweep test 
should be used. The appropriate test procedure is included in AECTP-400 Method 401 - 
Vibration. 

4.2 Transient Environments 

4.2.1 Green Sea Loading and Slamming: No specific test for these loadings is identified. The 
materiel is normally evaluated by calculation. 

4.3 Quasi-Static Environments 

4.3.1 Quasi-Static Inertia Accelerations: Testing is not necessary because these loadings are 
either encompassed by testing or calculation for other phases of deployment.  

4.3.2 Tilt: Testing for tilt is not normally undertaken. 

5. DERIVATION OF TEST SEVERITIES FROM MEASURED DATA 

5.1 The recommended procedure for the derivation of test severities from measured data, for 
materiel transported by sea, is identical to that used for materiel installed within surface 
ships. Reference should be made to Leaflet 248/1. 
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Figure 1: Vibration spectrum for a transport ship’s hold (vertical axis) 
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Figure 2: Variations of vibration severity with sea state for a transport ship 
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ANNEX A 

REFERENCES 

A.1 REPLENISHMENT TANKER 

A.1.1 Title:   Characterisation of a replenishment tanker mechanical   
  environment 

 Author: LEBEAU Roger 
 Source: DGA/DME/LRBA 
 Ref No: E.T. No:91/92/ECM 
 Date: February 1992 
 Pages: 49 

A.1.2 Mission/Platform:  
 
Sea transportation of materiel (missiles in containers) 

A.1.3 Summary of Technical Data 
 
Environment descriptions for different speeds (13 kt, 14 kt, 15 kt, 15 kt, 20 kt) 

 
A.2 FERRY 

A.2.1  Title:   Characterisation of a ferry boat mechanical environment 
   Author:  LEBEAU Roger 

Source:  DGA/DME/LRBA 
Ref No:  E.T. No:82/94/ECM 
Date:  June 1994 
Pages:  191 

A.2.2 Mission/Platform 
 
Sea transportation of materiel 

A.2.3 Summary of Technical Data 
 
Environment descriptions for different speeds (20 kt, entering and departing port) 
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LEAFLET 242/5 

TRANSPORTATION BEYOND FORWARD BASE 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during transportation beyond the forward storage base. It specifically includes environmental 
conditions that may occur during carriage by wheeled vehicles on degraded and off road 
conditions. It also includes transportation by tracked vehicles such as Armoured Personnel 
Carriers (APCs). The sources and characteristics of the mechanical environments are 
presented. Advice is also given on potential damaging effects, treatment options and, where 
relevant, the selection of the appropriate AECTP-400 Test Method. This leaflet also refers to 
advice on the derivation of test severities from measured data. 

1.2 This leaflet considers only transportation over land because the mechanical environments 
experienced by materiel when transported by air, sea and rail beyond the forward base are 
essentially identical to those up to the forward base. For specific information on the 
mechanical environments experienced by materiel occurring up to the forward base 
reference should be made to Leaflets 242/1, 242/2, 242/3 and 242/4 for road, rail, air and 
sea transportation respectively. 

1.3 Procedural constraints during land transportation will be minimal beyond the forward base 
and therefore motions arising as a result of carriage as loose or unrestrained cargo are more 
likely. 

1.4 For the purpose of this leaflet the materiel, which is the subject of the transportation 
environment, may consist of an item of unprotected materiel or materiel carried within some 
form protection, package or container. A payload may consist of one or more items of 
materiel. Unless specifically stated otherwise the environmental descriptions and test 
severities relate to the interface between the carriage vehicle and the payload. All axes relate 
to vehicle axes. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 General 

 2.1.1 Transportation beyond the forward base may utilise good quality roads, however, it 
must be assumed that transportation can equally occur over poor quality or damaged road 
surfaces, rough tracks or even over cross country routes. All of these conditions are 
capable of producing dynamic responses more severe than those occurring during normal 
road transport. In addition certain types of vehicles may be utilised which are not ordinarily 
used for normal carriage, such as tracked vehicles. 

2.1.2 Payloads transported with limited restraint systems comprising straps, ropes, etc, are 
insufficient to prevent bounce and jostle. For such payloads it is prudent to assume that the 
payload is both sufficiently well coupled to the vehicle to induce some vibration and shock 
responses and sufficiently uncoupled to allow bounce and jostle to occur. 
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2.2 Wheeled Vehicles 

2.2.1 Transportation over rough and degraded roads will change the relative contributions of the 
dynamic responses arising from the various mechanisms and sources, compared to those 
occurring during transportation on classified road surfaces. In particular, severely degraded 
road surfaces will result in much larger displacement motions at low (suspension) 
frequencies. In addition degraded road surface quality will produce higher severity transient 
responses. Figures 1 to 3 show the effects of carriage over rough road conditions (a rough 
concrete track at 24 km/hr - the highest speed the driver could be persuaded to traverse the 
track using a 4x4 10 tonne vehicle). These figures can be compared with figures in Leaflet 
242/1 for normal road use (which originate from the same vehicle with the same driver and 
payload). The particular points to note are the increase in severity at low frequency and the 
perturbations in the probability density caused by the high amplitude/ low occurrence rate 
transients. 

2.2.2 Transportation over off-road and cross country conditions will exacerbate the conditions 
referred to in the preceding paragraph. The severity of the low frequency responses will 
increase due to the rough nature of the terrain. For the same reason the number and 
amplitude of the transients will also increase. Vehicle speed is likely to decrease as a result 
of the extreme motion. Contributions from the higher frequencies (i.e.: from vehicle dynamic 
characteristics, engine, transmission etc) will also decrease as a result of extreme motion. 

2.2.3 The use of trailers beyond the forward base will produce in most cases payload dynamic 
responses almost identical to those occurring on the vehicle itself. However, where trailers 
of lower mass, and with less sophisticated suspension systems are used, responses can 
become notably more severe than on the vehicle itself. 

2.3 Tracked Vehicles 

2.3.1 A full description of the characteristics and excitation mechanisms causing dynamic 
responses within tracked vehicles when using normal roads is given in Leaflet 245/1. 

2.3.2 During transportation over rough and degraded roads the effects of the track plates on 
payload responses become less pronounced and the low frequency displacements and 
higher severity transient responses increase. These increases are greater than those on 
wheeled vehicles due to the less sophisticated suspension systems and greater speed 
capability of tracked vehicles on such surfaces. 

2.3.3 During transportation over off-road and cross country routes the effects of track patter 
essentially disappears. However, both the low frequency displacements and transient 
responses increase. The latter can become very severe especially when the suspension 
system "bottoms out". The ability for a tracked vehicle to move at speed when using off-
road and cross country routes exacerbates these responses. 

2.3.4 The observations regarding transportation of materiel by tracked trailers are essentially 
identical to those for wheeled vehicles. 
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3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Mechanisms 

 3.1.1 The mechanical environments arising during the transportation of materiel beyond 
the forward base may induce a number of mechanisms of potential failure. Often these 
mechanisms are related to either displacements induced in the materiel or as a result of 
acceleration loadings. Induced displacements within the materiel may produce relative 
motions which in turn may result in collisions between items of materiel, tension failures and 
connectors becoming loosened. Acceleration related failures may arise through the action 
of inertia loadings. These may be applied once, to produce a threshold exceedance failure, 
or repeated to produce a fatigue induced failure. Failures induced as a result of an applied 
velocity are fairly unusual. However, the application of velocity loadings on some electrical 
equipment and certain types of sensors may induce spurious voltages. These in turn may 
give rise to functional failures. 

3.2 Wheeled Vehicles 

3.2.1 Vibration: For many payloads the vibration environment arising from road transportation 
may be the most severe that it is likely to experience. However, as materiel is usually 
packaged during transportation, a reasonable degree of protection will probably exist. 
Unfortunately this protection is usually designed to protect the materiel from shocks rather 
than vibration. As a result, in some designs of packaging, significant amplification of the 
excitations can occur at certain modes of vibration. As these modes are usually of fairly low 
frequency (10-50 Hz), significant displacements and velocity amplitudes can arise. This 
may give rise to the possibility of the materiel impacting the inside of its package. Such 
motions can be further amplified because of the correlation between vertical, pitching and 
rolling excitations of the vehicle. If any modes of the materiel within its package occur below 
20 Hz, the possibility of such modes coupling with the vehicle suspension modes must be 
considered. 

3.2.2 Shocks: In general the amplitude of any shocks arising from poor road surfaces are not 
usually of particular significance. However, the majority of the transitory dynamic energy 
could well be below the frequency range where the payloads anti-shock mounts are 
effective. This situation arises because the major excitation contributions will be at the 
vehicle suspension frequencies. Consequently the equipment may experience the 
transients without any effective protection. 

3.2.3 Bounce and Jostle: For a loose or lightly restrained container a well designed protection 
system (or container) should significantly attenuate the majority of the effects of the shocks 
arising from bounce and jostle. Moreover, in general, the amplitude of the transients will be 
less severe than those likely to occur as a result of any mishandling, i.e. being dropped. 
However, the payload may experience a significant number of such transients giving rise to 
possibly medium cycle fatigue failure conditions. Permanent deformation or damage to the 
package itself may arise after repeated impacts. Such damage may in turn result in greater 
loadings on the materiel. 

3.3 Tracked Vehicles 

3.3.1 Vibration: Both the amplitude and characteristics of the vibrations occurring as a result of 
track patter are distinctly different to those of the vibrations occurring during transportation 
by wheeled vehicle. The frequency range over which the main responses occur 
encompasses the modes of vibration of many packages. As such the potential exists for 
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packages to be excited at one of its modes of vibration sufficiently to generate significant 
materiel responses. 

3.3.2 Shock: The potential damage effects of shocks occurring during transportation by tracked 
vehicle are similar to those occurring during transportation by wheeled vehicles. 

3.3.3 Bounce and Jostle: The potential damage effects of bounce and jostle during transportation 
by tracked vehicle are similar to those occurring during transportation by wheeled vehicles. 

4. TEST SELECTION 

4.1 General 

4.1.1 Options: Three approaches of simulating the road transport environment are generally 
available, i.e.: in the test laboratory using vibrators, in the field using suitable test tracks, or 
on actual road surfaces under real conditions. The simulation of the environment in the 
laboratory has the advantage that it allows the simulation to be undertaken in defined and 
controlled conditions. Moreover, laboratory testing permits reduced test times, reduced 
costs because vehicle operations are eliminated, and increased safety standards 
(particularly for munition testing). The simulation using a test track or actual road conditions 
may be more convenient for large and awkward payloads, and is essential where the 
payload interacts significantly with the dynamics of the carriage vehicle. 

4.1.2 Laboratory Testing: The simulation of the environment in the laboratory is usually viable for 
all but the largest payloads. 

4.1.3 Test Tracks: Due to the difficulties of establishing "worst case" road conditions, use is often 
made of standard test tracks. A wide range of test tracks is available. Not all of these are 
designed to simulate road transportation, some are designed to investigate aspects of 
vehicle handling, and reliability. Therefore, care is needed when selecting suitable surfaces 
to ensure representative payload responses. High amplitude bounce and jostle can be 
induced at a rate of occurrence many orders greater than that experienced in-service. For 
some payloads and materiel, this may induce modes of failure that are unlikely to occur in 
practice. 

4.1.4 Road Trials: Trials conducted over public roads have the advantage that they are 
representative of real conditions. The difficulty of using real road conditions is that vehicle 
speed and manoeuvring are influenced by the prevailing traffic conditions. 

4.2 Wheeled Vehicles 

4.2.1 Laboratory Vibration Testing: When a test is required specifically to simulate wheeled 
vehicle transportation vibration, a broad band random vibration test is recommended. The 
test procedure should be that of AECTP-400, Method 401 - Vibration. The severities used 
will depend upon whether carriage is restricted to rough and degraded roads or 
encompasses off road and cross country transportation. 

4.2.2 Loose Cargo Testing: The loose cargo test has considerable historic precedent as a 
realistic "minimum ruggedness" test. As a ruggedness test it is applicable to all types of 
wheeled vehicles likely to be used for the transportation of materiel beyond the forward 
base as well as certain types of tracked vehicles (APCs etc). It is appropriate for rough and 
degraded roads as well as off road and cross country conditions. The test procedure used 
should be that of AECTP-400 Method 406 - Loose Cargo. 
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4.2.3 Laboratory Shock Testing: The vibration test is intended to be undertaken in addition to the 
loose cargo test. However, if the loose cargo test is not applicable (i.e. for large payloads 
normally well secured) then the vibration test needs to be augmented by a transient test. 
Several alternative permissible tests are: 

a. Basic Shock Test: This test utilises the procedure of AECTP-400, Method 403. 

b. Shock Response Spectrum Test: This test utilises the procedure of AECTP-400 
Method 417. 

4.2.4 Static Acceleration Test: The steady state acceleration levels experienced by payloads 
during transportation are usually encompassed by those from other environments. 

 

5. DERIVATION OF TEST SEVERITIES FROM MEASURED DATA  

5.1 Wheeled Vehicles 

5.1.1 Vibration, Shock and Transients: A considerable range of opinion exists as to the most 
appropriate methods for the processing of measured vibration data from both wheeled and 
tracked vehicles. A common approach for wheeled road vehicles is addressed in Leaflet 
245/2. 

5.1.2 Bounce and Jostle: Since the test severities for the bounce and jostle test cannot be 
tailored, it is inappropriate to derive test severities from measured data.  

5.2 Tracked Vehicles 

5.2.1 Vibration, Shock and Transients: Information on the derivation of test severities from 
measured data for tracked vehicles is given in Leaflet 245/1. 

5.2.2 Bounce and Jostle: Since the test severities for the bounce and jostle test cannot be 
tailored, it is inappropriate to derive test severities from measured data. 
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a: Vibration spectrum 
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c: Transient response 

Figure 1:  Vibration responses in the vertical axis measured during transportation on a 
rough road 
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Figure 2:  Vibration responses in the transverse axis measured during transportation on 

a rough road 
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c: Transient response 

Figure 3:  Vibration responses in the longitudinal axis measured during transportation on a 
rough road 
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LEAFLET 243/1 

HANDLING 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may occur during the handling of 
materiel. It includes the handling conditions associated with transportation and related 
logistical movements, and also those associated with deployment and operational use. The 
sources and characteristics of the mechanical environments are presented. During 
transportation materiel is usually packaged, while during deployment the materiel is normally 
in its unpackaged state and as such may be relatively vulnerable. 

1.2 For the purpose of this leaflet, materiel may consist of an item of unprotected equipment or 
equipment carried within some form of protection, package or container. A container may 
contain a single or several items of materiel. 

1.3 Although for most materiel the mechanical environments experienced during handling are 
relatively benign, for sensitive materiel to be used in fixed installations these environments 
could be the most severe they are ever likely to experience. 

1.4 The range of mechanical environments that may be experienced by sensitive materiel during 
handling is often constrained by specified procedures, or the use of special handling 
equipment or protective devices. 

1.5 It is impractical to address the wide range of handling operations that could be applied to 
materiel. Therefore the following descriptive information relates only to the more commonly 
encountered modes of handling. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Forklift Vehicles 

2.1.1 Several dynamic environments can arise from handling by forklift vehicles. These include 
shocks associated with lifting and setting down, and vibration during the vertical movement 
of the forklift platform. In general, these environments are benign. Of more significance are 
the transient dynamic motions that can be generated by a forklift vehicle when traversing 
irregular surfaces. Although procedures can specify the maximum speed of such vehicle 
operations, in practice it is difficult to enforce. 

2.1.2 While the type and size of the forklift vehicle, and the degree of loading, appear to have 
some influence on transient responses, their effects are not profoundly significant. Figure 1 
shows envelope shock response spectra, in three axes, for four different (US) forklifts. Also, 
because most forklift vehicles have only small wheels and are equipped with only the 
simplest of suspension systems, it is not surprising to learn that the dynamic motions 
experienced by materiel during fork-lift vehicle operations are not often of a Gaussian 
distribution. 

2.2 Hoisting and Lifting 

2.2.1 During hoisting, acceleration and deceleration levels of around 2 g can be induced in the 
materiel. In most cases these conditions can be treated as quasi-static loadings. 
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2.3 Intra-Facility Transport 

2.3.1 Transportation within a facility may utilise wheeled vehicles or trailers. Usually such 
transportation is undertaken with restricted speeds and over good surfaces, and therefore 
the levels are usually benign. However, recent work revealed that higher than expected 
levels can arise at commercial facilities such as airports. The particular levels arose mainly 
because intra-facility transportation speeds were above those anticipated, but were 
generally below those that arise from road transportation. 

2.4 Rough Handling 

2.4.1 The preparation of materiel for operational use, and operational use itself, allows 
considerable potential for rough handling. At this stage materiel is often unprotected and is 
most vulnerable to such treatment. Potential incidences of rough handling should be 
identified through detailed examination of the relevant sections of the Manufacture to Target 
Sequence. 

2.4.2 A severe condition usually adopted is to assume that equipment could be dropped from a 
bench or whilst being man carried (0.7 to 1 m). However, most materiel is unlikely to survive 
such a drop without serious (and obvious) damage. Moreover, clearly only small items can 
be dropped in such a manner and it is usually difficult to subject large or heavy items to 
rough handling to this extent. 

2.4.3 One method of establishing a rough handling severity is to determine the drop height that 
which will just produce visible external damage. The rationale is that visible external 
damage will necessitate a full performance check before the equipment is released for 
operational use. 

2.5 Special Purpose Handling Equipment 

2.5.1 Special purpose handling equipments, such as most forms of packaging, are designed with 
the prime aim of protecting the materiel against the handling environment. This type of 
handling equipment need not be considered further in this leaflet. Other special purpose 
handling equipments, such as trolleys, are used for logistics and transportation purposes. 

2.5.2 Transient responses from a UK S-trolley, used to move stores around airfields, are shown 
in Figures 2 and 3. These figures show responses arising from traversing typical airfield 
obstacles such as landing lights at 5 and 10 mph, and also the effects of snatch starts and 
emergency stops by the towing vehicle. 

2.5.3 Trolleys, if improperly used, can induce in some circumstances severe vibration and shock 
conditions. One well known example is associated with trolleys used to load torpedoes 
under helicopters. The height constraint imposed on such trolleys allows only simple 
suspension systems to be employed. As a consequence any improper movement of these 
trolleys over deck discontinuities can result in severe induced shocks. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 The mechanical environments arising during the handling of materiel may induce a number 
of failure modes. The most significant are related to either displacements induced in the 
materiel or as a result of acceleration loadings. Induced displacements within the materiel 
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may produce relative motions which in turn may result in collisions between equipments, 
tension failures and connectors becoming loosened. Acceleration related failures may arise 
through the action of inertia loadings. These may be applied once, to produce a threshold 
exceedance failure, or repeated to produce a fatigue induced failure. Failures induced as a 
result of an applied velocity are uncommon. However, velocity loadings on some electrical 
equipment or types of sensors may induce spurious voltages, which in turn could lead to 
functional failures. 

3.2 Shocks and Transients 

3.2.1 The most severe mechanical aspects of handling are usually associated with the shocks 
and transients arising from rough handling, and particularly from the materiel being 
dropped. Such events may cause local structural damage and internal fractures. However if 
the package or equipment, at the impact face, is very stiff then failure of internal equipment 
or structure may be induced as a result of acceleration loadings. During drop events 
significant displacements of the materiel can arise which may cause the materiel to impact 
with the inside of its package. 

3.3 Vibration 

3.3.1 For most payloads the vibration environment arising from handling is less severe than that it 
is likely to experience during transportation. However, it is likely that any packaging will be 
designed to protect the materiel from shocks rather than vibration. As a result, in some 
designs of package, significant amplification of the excitations may occur at low frequencies 
(10-50 Hz) which may give rise to the materiel impacting with the inside of its package. 

4. TEST SELECTION 

4.1 Shocks and Transients 

4.1.1 The tests usually undertaken to cover the shock and transient events associated with 
handling are those specified in AECTP-400, Method 414 - Handling. In addition, where 
materiel is to be strapped down, or lifted, consideration should also be given to Method 407 
- Tiedown and Method 409 - Lifting. 

4.2 Vibration  

4.2.1 It is unusual to select tests only to accommodate the vibration elements of the handling 
environment. In most cases these vibration elements are covered by the tests specified for 
road transportation conditions, see Leaflet 242/2. 
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Figure 1: Shock response spectra for transients measured on four forklift trucks
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Figure 2: Vertical  responses from an airfield S-trolley measured above rear axle 
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Figure 3: Longitudinal responses from an airfield S-trolley measured above rear axle 
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LEAFLET 243/2 
STORAGE 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during storage at a facility such as its place of manufacture, a depot, a shelter, a transit site, 
etc. It also encompasses storage conditions beyond such facilities, when environments 
normally associated with deployment may be experienced. The sources and characteristics 
of the mechanical environments are presented. Where relevant, advice is given on the 
selection of the appropriate AECTP-400 Test Methods. 

1.2 For the purpose of this leaflet, materiel may consist of an item of unprotected equipment or 
equipment carried within some of form of protection, package or container. A container may 
contain a single or several items of materiel. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Mechanical loadings can be induced during storage as a result of: 

a. the mass and stiffness distributions of the materiel 

b. the permitted stacking configurations for the materiel 

c. uneven floor and racking levels on which the materiel is stored 

 These loadings can be treated using quasi-static analyses and test methods. 

2.2 No significant dynamic mechanical environments are identified during storage. Dynamic 
environments arising from handling are the subject of Leaflet 243-1. 

2.3 Although ageing during storage can cause mechanical defects in materiel, such as 
permanent deformation in seals and drive belts, it is not in itself a mechanical induced 
environment. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 The following are examples of problems that could occur when materiel and its container are 
subjected to the quasi-static mechanical loadings arising from the conditions described in 
paragraph 2.1: 

a. failure or displacement of structural elements 

b. loosening of screws, rivets, fasteners, etc 

c. unacceptable deflection of cushioning elements 

d. deterioration of climatic protection 

e. damage to protective coatings 
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4. TEST SELECTION  

4.1 A series of three test methods has been included in AECTP-400 to accommodate the 
mechanical loadings experienced by materiel during storage. They are: 

a. Method 410 Stacking 

b. Method 411 Bending 

c. Method 412 Racking 

4.2 If any potential storage conditions are identified that may exceed those covered by the above 
three tests then field measurements should be acquired from which environmental 
descriptions and test severities can be determined. 

4.3 If the materiel to be tested is believed to be sensitive to adverse climatic conditions involving 
temperature and/or humidity, then it is important that these tests are conducted as a series of 
combined environments tests incorporating the relevant climatic conditions. See AECTP-300 
for specific environments and tests. 
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LEAFLET 244/1 
MAN MOUNTED AND PORTABLE 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by man 
mounted and portable materiel (i.e.: materiel deployed on or carried by personnel). The 
conditions encompassed are those that may arise beyond the forward storage base. The 
sources and characteristics of the mechanical environments are presented and where 
appropriate, information is given on potential damaging effects. Advice is given on the 
selection of the appropriate AECTP-400 Test Methods. 

1.2 The mechanical environments experienced by man portable materiel during tactical 
transportation include those that may arise from wheeled vehicles under both on-road and 
off-road conditions. They also encompass those that may occur in certain types of tracked 
vehicles such as Armoured Personnel Carriers (APCs). The mechanical environments 
considered also include tactical air transportation in fixed and rotary wing aircraft. 

1.3 The majority of conditions experienced by man mounted materiel are identical and 
indistinguishable from those of man portable materiel. Therefore, only in very specific 
instances will the mechanical environmental conditions experienced by man mounted 
materiel vary from those of man portable materiel. Moreover, in these specific instances the 
environmental conditions (when man mounted) will be less severe than those occurring 
during other man handling conditions. 

1.4 For the purposes of this leaflet materiel is considered to be unprotected by its normal 
transportation package or container. It may still be protected by secondary systems or 
"battlefield" protection devices. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Tactical Ground Transportation 

2.1.1 The environmental conditions occurring during tactical transportation of man portable and 
mounted materiel are in many respects similar to those occurring during tactical 
transportation. In addition to being essentially unprotected, the materiel is probably not 
securely restrained within the carriage vehicle. Any restraint that exists is unlikely to be 
sufficient to prevent bounce and jostle of the materiel occurring and consequently, the 
resulting motions generate the major dynamic responses. 

2.1.2 While tactical transportation may utilise good quality made up roads, it must be assumed 
that transportation can also occur over poor quality or damaged road surfaces, unmade 
tracks and even over cross country routes. These inferior conditions are capable of 
producing significantly higher dynamic responses. Moreover, certain types of vehicles may 
be utilised which are not ordinarily used for normal transportation, e.g.: APCs. 

2.1.3 For unrestrained cargo the most damaging environmental conditions are those producing 
relatively large low frequency displacements and velocities. Increasingly rough surfaces 
and cross country conditions produce increasingly more severe dynamic responses. 
However, these conditions also reduce vehicle speeds and act to some extent to limit 
response amplitudes. 
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a. Wheeled Vehicles: The conditions causing dynamic responses in materiel during 
tactical carriage in wheeled vehicles are described in Leaflet 245/2. The 
characteristics of the environments described in that chapter are very similar to 
those likely to be experienced by man portable materiel during tactical 
transportation. 

b. Tracked Vehicles: The conditions causing the dynamic responses in materiel 
during tactical carriage in a tracked vehicle are described in Leaflet 245/1. 
Although that leaflet deals with deployed materiel the characteristics of the 
environments are very similar to those likely to be experienced by materiel during 
tactical transportation. 

2.2 Tactical Air Transportation 

2.2.1 The characteristics of the environments arising from tactical transportation in fixed wing and 
rotary wing aircraft are unlikely to be sufficient to generate any significant bounce and 
jostle. As such, the circumstances causing the mechanical environmental conditions will be 
essentially identical to those set out for normal air transportation in Leaflet 242/3. 

2.3 Man Carriage 

2.3.1 During man carriage, man portable materiel may be picked up, put down, dropped, moved 
or even thrown. The exact type and severity of environments arising from such handling will 
depend upon the size, mass and operational use of the materiel in question. In the majority 
of cases the most significant dynamic environments will arise from impact conditions. Such 
impacts can occur against a wide range of surfaces from soft mud to concrete. In addition 
the geometry of the surface may be flat or exhibit a high degree of irregularity. 

2.3.2 In attempting to identify the limiting conditions it is useful to consider the wide range of 
possible impact scenarios. These scenarios should generate the worst case dynamic 
deceleration loads, penetration and bending likely to occur during battlefield handling 
conditions. 

a. Impact. The materiel may be assumed to impact, at any conceivable angle, a hard 
rigid surface. This velocity should generate the limit deceleration conditions. 

b. Bending. Impact of the materiel over a trench, whose dimensions are such as to 
just prevent the materiel falling into it, will generate the limit dynamic bending 
conditions. In some cases the limit bending condition may be caused by the 
weight of a man acting at the centre of the materiel when deployed over a trench. 

2.3.3 The previous paragraph indicates maximum potential impact velocities. However, these are 
considered to be upper limits for small, low mass materiel in tactical operational 
environments. For larger, heavier and bulky materiel these values may be reduced 
significantly. 

2.4 Man Mounted  

2.4.1 The conditions experienced by man mounted materiel are in general similar to those for 
man portable materiel. Where differences do occur it is because the materiel is only 
deployed when attached to the man. In some circumstances man survival limits may drive 
the degree of materiel protection. However, in most cases the necessary degree of 
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robustness will be set to similar levels as for man portable materiel. Important exceptions 
may be aircrew helmet mounted materiel such as gun and night sights. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 The mechanical environments arising during the deployment of man portable and mounted 
materiel may induce a number of mechanisms of potential materiel failure. The most 
significant of these mechanisms are related to either displacements induced in the materiel 
or as a result of acceleration loadings. Induced displacements within the materiel may 
produce relative motions which in turn may result in collisions between equipments, tension 
failures and connectors becoming loosened. Acceleration related failures may arise through 
the action of inertial loadings. These may be applied once, to produce a threshold 
exceedance failure, or repeated to produce a fatigue induced failure. Failures induced as a 
result of an applied velocity are unusual. However, the application of velocity loadings on 
some electrical equipment and certain types of sensors may induce spurious voltages. 
These in turn may give rise to functional failures. 

3.2 Vibration 

3.2.1 The vibration environment, experienced during tactical transportation, is essentially similar 
to that likely to be experienced by man portable materiel during normal transportation. 
However, during tactical transportation, the materiel is unlikely to be as well protected, if 
protected at all, against vibration. Moreover, because the materiel is likely to be only lightly 
restrained, low frequency vibrations are likely to result in bounce and jostle. 

3.3 Bounce and Jostle 

3.3.1 The damage potential of bounce and jostle can be significant for lightly, or unprotected, 
materiel. A well designed protection system (or container) should significantly attenuate the 
majority of the effects of the shocks arising from bounce and jostle. 

3.4 Impact 

 3.4.1 Impacts against a hard surface may result in plastic deformations and distortions at 
the impact point. In addition the resultant deceleration loads may have the potential to 
produce loss of structural integrity or failure of the internal equipment. 

3.5 Bending 

3.5.1 High bending loads may produce loss of structural integrity and deformation sufficient to 
produce failure. 

4. TEST SELECTION 

4.1 Tactical Transportation 

4.1.1 The relevant test procedures set out in paragraph 4 of Leaflet 242/5 - Transportation 
beyond the forward base. 
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4.2 Man Carriage and Man Mounted 

4.2.1 Impact: The test procedure set out in AECTP-400, Method 414 - Handling should be used 
for these conditions. The materiel should be subject to an impact against a hard rigid 
surface. The angle and orientation of impact should be that likely to cause maximum 
damage to the materiel. 

4.2.2  Bending: The test procedure set out in AECTP-400, Method 414 - Handling should be 
used. The materiel should be subjected to an impact against two hard rigid surfaces 
arranged such that conditions of greatest bending are induced. In addition, consideration 
should be given to the condition where the weight of a man is applied instantaneously to the 
centre of the materiel when arranged between the hard surfaces. 
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LEAFLET 245/1 
DEPLOYMENT ON TRACKED VEHICLES 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be encountered by materiel 
when deployed on or installed in tracked vehicles. The following categories of tracked 
vehicles are considered: main battle tanks, armoured fighting vehicles (including armoured 
personnel carriers) and logistics vehicles. The use of these vehicles in both on and off-road 
situations is addressed. 

1.2 The sources and characteristics of the mechanical environments are presented and where 
appropriate, information is given on potential damaging effects. Advice is given on the 
selection of the appropriate AECTP-400 Test Methods. Guidance is given in Annex A on the 
compilation of environment descriptions and test severities from measured data. 

1.3 Some critical design loadings arise from the effects of hostile action such as blast, or the use 
of explosive reactive armour. Such hostile environments are not addressed in this leaflet. 

1.4 When a tracked vehicle moves across a terrain, interactions between the vehicle's tracks and 
irregularities in the terrain result in vibration excitation being transmitted to the vehicle's 
installed materiel via the suspension system and hull structure. Vibration is also generated by 
the action of the tracks moving over their wheels, sprockets and rollers (see Figure 1) which 
can pass directly into the vehicle's hull. In addition, materiel will experience inertial loadings 
arising from the vehicle's acceleration, e.g.: when increasing speed, braking, cornering, etc. 

1.5 The action of the vehicle's engine, transmission, pumps, etc, can also give rise to vibration, 
which is likely to be most significant at discrete frequencies associated with rotating shafts, 
gear meshing, etc. The significance of these excitations is strongly dependent on the position 
of the materiel relative to these sources. 

1.6 Vibration spectra acquired from the measurements on tracked vehicles comprise a wide 
band random spectrum upon which is superimposed a number of relatively low frequency 
narrow band peaks. An example of such a spectrum is shown in Figure 2. The impact of 
successive track plates on the ground is perceived within the vehicle as narrow band spectral 
components, which can be severe. These narrow band components are speed dependent 
and relate to the fundamental track patter frequency and usually several higher harmonics. 
The wide band component is generated by the combined effects of the rolling of the wheels 
on the tracks, interactions between the track links and the various other sources including 
engine, gearbox, generators, etc. Peaks in response frequencies corresponding to the 
vehicle's suspension system can be expected to be low, e.g.: <3 Hz. Relatively broad band 
peaks in frequencies may also be evident corresponding to structural dynamic modes of the 
vehicle itself. These modes may lie in the 20 to 100 Hz frequency range.  

1.7 The dynamic responses of materiel deployed on tracked vehicles depend on the factors 
discussed below. 
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2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Terrain Type 

2.1.1 The nature of terrain experienced by a tracked vehicle will significantly influence the 
response of the materiel. Terrain which may need to be considered depends upon the 
vehicle's role, and could include classified roads, rough roads, Belgium Block (pavé), etc, in 
addition to cross-country. As noted above, the action of the track plates impacting on the 
ground may be a major source of vibration. Therefore hard surfaces, including classified 
roads, are likely to provide a more severe environment than softer terrain such as cross 
country, which tends to cushion the impact of track links on contact with the ground. This is 
in contrast to the trend associated with wheeled vehicles, which produce relatively benign 
vibration loadings on classified roads. An example for a tracked vehicle of how vibration 
responses, expressed as overall g rms, vary with respect to terrain type, is shown in 
Figure 3. 

2.2 Vehicle Characteristics 

2.2.1 The vibration environment associated with main battle tanks is particularly severe. The 
contributing factors are the stiffness of their suspension systems, their overall structural 
rigidity and lack of damping, their powerful engines and track systems. 

2.2.2 Other tracked armoured fighting vehicles (AFV) tend to produce a similar dynamic 
environment to that of main battle tanks but the severity is dependent upon vehicle design. 

2.2.3 Logistics vehicles may be armoured and are often based on standard chassis designs. The 
vibration severity of these vehicles is likely to reflect the design aims of their chassis, which 
may be to meet either commercial or military requirements. The vibration environment for 
logistics vehicles built on military chassis would be expected to be more severe than those 
built on commercial chassis because of their relatively high suspension system stiffness 
and structural rigidity. 

2.2.4 The type of track plates fitted to a tracked vehicle is a major influence on the vibration 
environment within the vehicle. Two aspects of plate design can influence vibration severity. 

a. Plate Connections: There are a number of different designs used to connect the 
plates together. Recent work has shown that for AFVs, hull vibration in terms of 
the overall g rms (0 to 1000 Hz) associated with a dry pin design of track is up to 2 
times as severe as that associated with end connector track. See illustrations at 
Figures 4 and 5. 

b. Plate Facings: The type of facing fitted to the metal track plates should reflect the 
type of terrain that a vehicle may be expected to encounter. For example, rubber 
facings are often used when a vehicle is to spend a high proportion of its time on 
classified roads. Whilst these are fitted to avoid damage to the road surface by the 
track, a secondary effect is to reduce significantly the severity of track patter 
vibration. 

2.2.5 The agility of a vehicle is related to its power to weight ratio. Modern AFVs tend to have 
high power to weight ratios and are therefore capable of high speeds, e.g.: greater than 60 
km/hr As vibration severity tends to increase with speed, there is reason to expect that high 
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power to weight ratio vehicles will produce an increase in the severity of the dynamic 
environments. Higher speeds will also extend the frequencies of the track patter harmonics. 

2.3 Vehicle Operation 

2.3.1 In general, vehicle structural vibration severity can be expected to increase as vehicle 
speed increases but g rms levels do not increase linearly with speed. 

2.3.2 If resonances are excited, the maximum vibration responses of installed materiel do not 
necessarily occur at the vehicle's maximum speed. Such resonances could be associated 
with the vehicle's structure, the particular item of materiel or its mounting arrangements. 

2.3.3 Recent work indicates that for AFVs, vibration during cornering is considerably more severe 
than when travelling in a straight line, e.g.: by up to 2 times for the hull and up to 2.5 times 
in the turret in terms of the overall g rms (0 to 1000 Hz). 

2.3.4 Some materiel might be susceptible to vehicle tilt, which may become significant in off-road 
conditions. In such circumstances, tilt angles approaching 90 degrees may be encountered. 

2.3.5 Steady-state accelerations will be experienced by the vehicle when increasing speed, 
braking or cornering. Such levels are unlikely to exceed 1 g during use on classified roads. 
During off-road use, accelerations arising from jolts when uneven terrain is traversed may 
exceed 1 g. 

2.4 Materiel Position and Mounting 

2.4.1 The severity of the environment perceived by materiel installed in a vehicle depends on 
where the materiel is mounted. Evidence suggests that hull vibration, expressed as the 
overall g rms (0 to 1000 Hz), is generally more severe than in the turret, depending on 
vehicle type and measurement axis. With respect to the relative severity of axes, vibration 
in the vertical axis in the hull or turret is often more severe that in the transverse or 
longitudinal axes. The mass and mounting arrangements of the materiel can also influence 
its response. 

2.5 Gunfire and Launch of Weapons 

2.5.1 The launch of weapons and the firing of guns can subject the vehicle to high levels of 
shock, vibration and blast pressure. These conditions are highly specific to particular 
installations and therefore generalised guidance on their characteristics is inappropriate. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 Materiel may be susceptible to three possible failure modes, i.e.: related to displacement, 
velocity and acceleration. Displacement related failures in materiel can arise through 
collisions between materiel after relative movement; tension failures after relative 
movement; connectors becoming loose leading to a break in electrical continuity. 
Acceleration related failures may arise through the action of inertial loadings. These may be 
applied once, to produce a threshold exceedance failure, or repeatedly to induce a fatigue 
failure. Velocity related failures are not as common as those of displacement or 
acceleration. However, velocity loadings on some electrical equipment, including sensors, 
could induce spurious voltages, which in turn could lead to functional failure. 
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3.2 Vehicle Operation 

3.2.1 As tracked vehicle operations can induce high levels of vibration in deployed materiel, 
potentially, any of the above failure modes could occur. For items that are not securely 
fastened, additional problems can arise through the action of rattling, e.g.: scuffing, fretting 
and brinelling. These kinds of surface degradation could provide problems for optical 
instruments such as sighting equipment. Another area of concern is of possible coupling 
between vehicle excitation at track patter frequencies and the response of equipment, i.e.: 
associated with the equipment itself or its mounting arrangement. As the fundamental track 
patter frequency varies, according to vehicle speed, between 0 and perhaps 150 Hz 
depending on vehicle type, it can be difficult to avoid such coincidences at all times. This 
problem is exacerbated when strong harmonics of track patter are evident. 

4. TEST SELECTION 

4.1 Testing Options 

4.1.1 Three approaches of simulating the tracked vehicle environment are generally available, 
i.e.: in the test laboratory using vibrators and other facilities as necessary, in the field using 
suitable test tracks, or in the field using road and terrain surfaces under real conditions. The 
simulation of the environment in the laboratory has the advantage that it allows the 
simulation to be undertaken in defined and controlled conditions. Moreover, laboratory 
testing permits reduced test times, reduced costs as vehicle operations are eliminated, and 
increased safety standards (particularly for munition testing). An advantage of field trials is 
that all units are in their correct relative positions and all mechanical impedances are 
realistic; consequently, field trials can be expected to expose materiel to all relevant failure 
mechanisms. Field trials may be necessary if inadequate data are available from which to 
base laboratory test severities. A simulation using field trials may be more convenient for 
large and awkward payloads, and is essential where the payload interacts significantly with 
the dynamics of the carriage vehicle. 

4.2 Laboratory Vibration Testing 

4.2.1 The simulation of the environment in the laboratory is usually viable for all but the largest 
items of materiel. When a vibration test is required the test procedure used should be that 
of AECTP-400, Method 401 - Vibration. 

4.3 Laboratory Shock Testing 

4.3.1 In some cases it may be necessary to undertake shock or transient testing to reproduce the 
structurally transmitted transients arising from the vehicle. The test procedure used should 
be that of AECTP-400, Method 403 - Shock. The basic pulse procedure should suffice for 
most applications, but where a closer simulation is required AECTP-400, Method 417 is 
recommended. 

4.4 Test Track Trials 

4.4.1 Due to the difficulties of establishing 'worst case' road conditions, use is often made of 
standard test tracks. A wide range of test tracks is available. Not all of these are designed 
to simulate tracked vehicle environments, some are designed to investigate aspects of 
vehicle handling, and reliability. Therefore, care is needed when selecting suitable surfaces 
to ensure representative materiel responses. High amplitude responses can be induced at 
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a rate of occurrence many orders greater than that experienced in-Service, which for some 
materiel may induce modes of failure that are unlikely to occur in practice. The test 
procedure used should be that of AECTP-400 Method 408 -Large Assembly Transport. 

4.5 Road and Terrain Trials 

4.5.1 Trials conducted over representative roads and terrain for representative durations are the 
most realistic. Such trials are only valid when detailed knowledge is available of the 
materiel's installation and the intended use of the tracked vehicle. Even when conducting 
these trials, it may be desirable to include some test track trials as a convenient way of 
incorporating limit conditions. The test procedure used should be that of AECTP-400 
Method 408 - Large Assembly Transport.  

4.6 Acceleration Testing 

4.6.1 Testing by the application of quasi-static loadings to simulate vehicle accelerations is 
usually unnecessary, because the loadings are either encompassed by testing for other in-
Service environments or the adequacy of the materiel is demonstrated by assessment.
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Figure 1: Equipment mounting zones and track features for a main battle tank 
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Notes: 
1. Data from the hull of an armoured fighting vehicle running on a Tarmacadam surface at 50 km/h 
2. Spectrum is equivalent to 3.25 g rms (vertical axis) 
 

Figure 2:  Vibration spectrum for a tracked vehicle (Armoured Personnel Carrier) 
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Figure 3: Relative severity of terrain for the hull of a tracked vehicle  

(Armoured Personnel Carrier) 
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Figure 4: Dry pin track type 
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1.  Track pad 
2.  Track link 
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4.  Centre connector 
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moulding 
7.  End Connector 
8.  Screw 
9.  Horn 
10. Projection 

 

Figure 5: End connector track type 
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ANNEX A 

DERIVATION OF SEVERITIES FROM MEASURED DATA 

 

A1 DERIVATION OF AN ENVIRONMENT DESCRIPTION 
A1.1 Requirements: It is first necessary to establish from the relevant requirements the type of 

tracked vehicle in which the materiel is to be installed, the role of the vehicle and the terrain 
over which it will travel, the vehicle's operating speeds and the location of the materiel in 
the vehicle. Having established the requirements, relevant vibration data may be acquired 
from relevant data bases or from field measurement trials. 

A1.2 Environment Descriptions: An environment description for materiel installed in a tracked 
vehicle should generally include frequency response characteristics, amplitude probability 
plots, and time histories of any transients for each relevant terrain over the range of 
operating speeds. This information will be used to examine trends, such as how severity is 
influenced by terrain and vehicle speed etc. The flow diagram outlined in Figure A.1 points 
out the steps to be adopted to derive an environment description from measured data. This 
diagram enables frequency response characteristics and dynamic response amplitudes to 
be quantified for all the relevant test conditions. A process for using these components of 
the environment description to produce test spectra and durations is discussed below. 

A2 DERIVATION OF VIBRATION TEST SEVERITIES 

A2.1 General 

Test severities are defined in terms of the characteristics and amplitudes of the broad band 
background vibration, narrow band components associated with track patter, and durations.  

A2.2 Broad Band Component 

a. Characteristics: It is often assumed that the broad band spectral characteristics, i.e.: the 
shape of auto spectral density (PSD) plots will be stable with respect to many 
parameters, including vehicle speed and terrain type etc.  However, this assumption 
does not fully represent the entire service environment because it is often apparent that 
the broadband frequency content increases with speed.  This inconsistency must be 
taken into account when defining a test specification.   

b. Amplitude: The severity of the test spectrum may not in general be obtained directly 
from PSDs because, for tracked vehicles, they are unlikely to be an adequate 
description of the environment. This is a consequence of the character of this type of 
data; it can be non-stationary resulting in relatively high peak to rms ratios. It is 
therefore also non-Gaussian. These properties of non-stationality and being non-
Gaussian are in contrast to the character of vibration generated in test laboratories. 
Consequently, action may be required to avoid under testing in the laboratory. In some 
cases sufficient conservatism can be incorporated into the test spectrum by the 
technique of enveloping and factoring. An alternative approach is to use amplitude 
probability distributions (APD) as the basic measure of severity and to derive 
appropriate factors which can then be applied to mean spectra. This approach is 
preferred for tracked vehicles and an example of its use is given in paragraph 3.  
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A2.3 Narrow Band Components 

a. Characteristics: The frequency of the narrow band components at a given speed can be 
calculated from knowledge of the track pitch dimension, and can be expected to be easily 
recognisable in measured data, at least for hard terrain and under constant speed 
conditions. To accommodate these effects in a test spectrum, i.e.: that the frequency of 
these components are speed dependent, the narrow bands should be swept over an 
appropriate frequency range.  

b. Amplitudes: Establishing the amplitudes of these components can be a problem because of 
their changing frequency with vehicle speed. This can lead to an under-estimation of 
severity because of averaging effects implicit in the PSD analysis. One solution is to gather 
data at a number of constant speeds which can then be analysed separately. Alternatively, 
if the speed is not constant throughout a record, evolutionary spectra (waterfall plots), can 
be used. In either case, the severity, expressed in either PSD or RMS form, should be 
associated with the resolution bandwidth to make the definition unambiguous.  Care should 
be taken using this technique to avoid areas within the response spectrum where 
insufficient data exists to allow adequate analysis definition. 

A2.4 Test Duration 

Test durations should be based upon the required life of materiel and the usage profile of 
the relevant tracked vehicle. In order to avoid impracticably long test durations, it is general 
practice to invoke equivalent fatigue damage laws such as Miner's Rule to normalise all the 
test levels to the highest measured severity.  One method of achieving this requirement is 
shown below as follows: 

( )n2/S1S1t2t =
 

 
where 

t1 = the actual duration in the requirements characterised by the 
measured level  

t2 = the equivalent duration at the test level 
n = the damage equivalence exponent  
 

For rms level 
S1  = the rms level of the measured spectrum 
S2 = the rms level of the test spectrum 
n = b = the damage equivalence exponent; values between 5 and 8 are 

typically used 
 

For PSD level 
S1  = the PSD level of the measured spectrum 
S2 = the PSD level of the test spectrum 
n = b/2 = the damage equivalence exponent; values between 2.5 and 4 are 

typically used 
 

 
The value of ‘b’ corresponds to the slope of the fatigue (S/N) curve for the appropriate 
material. A value of ‘b’ equal to 8 is adequate to describe the behaviour of metallic structures 
such as steels and aluminium alloys which possess an essentially linear stress-strain 
relationship. This expression is used with less confidence with non-linear materials and 
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composites. For electronic equipment and non metallic materials, elastomers, composites, 
plastics, explosives, a value of 'b' equal to 5 is recommended. 

 
Although the expression has been shown to have some merits when applied to materiel, it 
should be used with caution if unrepresentative failures are to be avoided. It is inadvisable for 
test levels to be increased beyond the maximum measured levels that equipment may 
experience during in-service life, with a statistically based test factor applied. Furthermore, 
where there is evidence that the materiel is not fully secured to the vehicle, Miner's Rule is 
invalid. 

 
In the calculation of test time it is necessary to take account of the derived test times from 
the narrowband and broadband components and then equalise the test times so that a 
single test time is applied to the test specification of swept narrowbands on a broadband 
random vibration.  

 
Narrowband test times are calculated for the 3 axes.  The narrowband test times are 
calculated from the highest 1st order Track Patter Frequency (TPF) Maxima level for each 
of the road speeds in the data sets (using Miner’s Rule with an index of 2.5) compared to 
the single highest 1st order TPF level in the data set being considered 

 
Broadband test times are calculated for the 3 axes.  The broadband test times are 
calculated from the broadband Maxima level for each of the road speeds contained in the 
data sets (using Miner’s Rule with an index of 2.5) compared to the highest broadband 
Maxima level in the data set being considered.   

 
In order to align the broadband test times with the narrowband test times the vibration test 
specification broadband level are adjusted where possible.  This is carried out in cases 
where the calculated broadband test time is greater than that calculated for narrowband.  In 
order to reduce the broadband test time to that of the narrowband, the broadband level has 
to be increased (via Miner’s Rule). However, in cases where the broadband time is less 
than the narrowband, an alignment of the test times, via Miner’s Rule, would result in a 
reduction of the broadband level.  As this is deemed to be unacceptable it is necessary to 
concede an over-test in this case (in terms of test duration) by keeping to the original 
broadband level and using the narrowband test time for the combined swept narrowbands 
on a broadband random vibration test specification. It is not permissible to modify the level 
of the narrowbands in order to equalise the test times. 

 
A simplified example of the derivation of a test duration using Miner's Law is given in Table 
A1 below. 
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Terrain Speed 
(mph) 

Severity 
index 

Duration Time (min) 

   % Actual 
t1 

Equivalent 
t2 

Pavé 25 1.0 5.0 3 3.00 

Pavé 20 0.7 6.7 4 0.67 

Rough road 15 0.6 13.3 8 0.62 

Cross country 35 0.5 16.7 10 0.31 

Main road 45 0.4 30.0 18 0.18 

Main road 35 0.3 20.0 12 0.03 

Main road <20 0.2 8.3 5 <0.01 

  Totals: 100.0 60 4.82 
 
Notes 
 
(1) 4.82 minutes test is equivalent to 60 minutes real time vehicle vibration. 
 
(2) The "Severity Index" for a terrain is the overall g rms normalised with respect to the 

maximum measured overall g rms (associated with pavé in this example). It is important to 
check that the PSD spectrum profile associated with the reference level (again, pavé in this 
example) either reflects, or is modified to reflect, the maximum amplitudes observed over the 
total frequency range.  

 
Table A1 Simplified Example of the Application of Miner Rule to Materiel 

 

A3 COMPARING MEASURED DATA WITH TEST SPECIFICATIONS 

A3.1 When comparing measured spectra from a vehicle trial with that contained in a test 
specification or generated by test house equipment, care must be taken to avoid an under-
estimation of the severity of the measured data. This is because of the different amplitude 
distributions and peak to rms ratios of these types of data. These differences can be 
compensated for, as shown in Table A2. 
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 G rms 

Measured peak APD level
(at the 1 in 500 occurrence level, ie: 2.88 sigma) 9 

Equivalent Gaussian rms 3.1 

Measured non-Gaussian rms 1.4 

Factor on measured g rms 2.2 

Factor on measured PSD 4.8 

 
Note : Whilst this analysis indicates that in this instance a factor of 4.8 should be applied to the 

measured PSD levels, these higher levels would be appropriate for a relatively short 
duration. 

 
Table A2 Compensation for non-Gaussian data 

 
A4 TEST LEVEL DERIVATION 

A4.1 General 

A4.1.1 Three alternative test level derivation approaches are presented, taking into account with 
increasing complexity the nature of the track vehicle environment. 

The vibration of tracked vehicles includes excitation at discrete frequencies which change 
with vehicle speed. These narrowband frequency components are known to be track patter 
fundamental frequency and its harmonics. Knowing the track pitch, for a given speed, the 
frequency at which successive track plates impact the ground can be calculated, e.g. at 40 
kph the frequencies of the fundamental and first and second harmonics could be 72 Hz, 
142 Hz and 215 Hz, respectively.  

A4.1.2  The flow diagram outlined in Fig A1 illustrates the steps to be adopted to derive an 
environmental description from measured data. This diagram enables frequency response 
characteristics and dynamic response amplitudes to be quantified for all the relevant 
operating conditions. 

A4.1.3  To further quantify the effects of track patter at speed, a Waterfall type analysis can be 
carried out, which enables structural resonances and track patter forcing frequencies to be 
identified, distinguished and quantified. An example of this analysis is shown in Figure A2, 
where the track patter frequencies are clearly visible, tracing diagonal lines radiating from 
the origin, whilst structural resonances appear as horizontal lines. This analysis is used to 
identify the speed related frequency components (f1, f2 and f3  etc). 

A4.1.4  Different vibration test houses have different capabilities with respect to vibration control. 
Consequently, tailored tests can be compiled in three alternative formats, with varying 
degrees of complexity: 

             a) Swept narrow bands on broadband random vibration - This is the traditional 
test format for this environment but has been problematic to implement 
because of the requirement for large amplitudes at low frequencies. 
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             b) A two tier, high and low level test utilising swept narrowbands on broadband 
- This test is designed to alleviate the high amplitude low frequency 
problems mentioned in (a). The alleviation is due to the fact that in the case 
of most tracked vehicles, vibration is relatively benign at low speeds. 

c) Ramped and swept narrow bands on broadband random vibration - This test 
format is the most representative simulation of this environment. However, 
some test house vibration control software may not be able to implement 
such a test. 

A4.1.5  Of these three alternatives, Option C is to be preferred as it is most representative of the 
in-service environment. The following figures further illustrate that if the test house has the 
ability to implement Option C this is the most representative of the environment, whilst the 
other Options lead to an over test at lower frequencies.  

A4.1.6  Typically the track patter harmonics associated with tracked vehicles drive the severity of 
the vibration environment. In comparison to the narrowband components the broadband 
random is relatively benign for each respective axis. When determining exactly what the 
broadband component should be, care must be taken not to include track patter effects, as 
these are treated separately and included as swept narrow bands or sinusoids.  An 
example of the broadband and narrowband component can be seen in Figure A3. 

A4.1.7  The following procedure indicates how broadband vibration test severities may be derived 
from measured data. This procedure has been found to be satisfactory in a number of 
situations; however, no specific approach can be expected to be universally successful. 
Nevertheless, the underlying logic of the procedure can be considered to be generally 
applicable to all materiel deployed on tracked vehicles. 

 

Step 1:  Produce power spectral density (PSD) plots of vibration amplitude (g2/Hz) 
verses frequency  for each measured speed within the vehicle speed range 
of interest 

Step 2:  For each speed PSD, identify the principal narrowband components to be 
dealt with separately. 

Step 3:  Produce an envelope PSD of the measured data by closely following the 
broadband component and ignoring any narrowband components.  

Step 4:  Simplify the envelope PSD by reducing the number of breakpoints. Between 
10 and 50 breakpoints are typically appropriate. In selecting the number of 
breakpoints the target should be not to increase the broadband grms value 
by more than about 10% by moving from the envelope produced in step 3 
and the final selected number of breakpoints. 

Step 5:  Produce an overlay plot of the all the enveloped PSDs.  

Step 6:  Produce an envelope of the over-layed PSDs from step 5. 

Step 7:  Factoring of the envelope to account for statistical variation in the field will be 
required. Where possible this factoring should be based upon knowledge of 
the variation in service on different vehicles. When this is not possible 3dB is 
typically added. 



 
AECTP-240 
(Edition 1) 

LEAFLET 245/1 ANNEX A 
 

 
  106 ORIGINAL 

 
 

A4.1.8  The narrow bands or sinusoids included to represent the track patter components are 
intended to be implemented as linear sweeps; a logarithmic sweep would place undue 
emphasis on the lower end of each frequency range, which is not appropriate for this 
environment.  

 

Environment 
Description 

Identify  
any critical 

speeds  

Check data 
stationarity 

Data 
Verification 

Gather data 

Check  
normality 
of data 

Identify and 
capture g-t 

for transients 

Amplitude 
Probability 
Analysis  

PSD 
Analysis 

Vibrations (rms et pk) 
and speed version time 

histograms 

Establish pk  
to mean ratio 

and 1 in 500 case 
amplitude 

Compute  
Shock Response 

Spectra 

Establish  
background spectral

shapes and long 
term rms values 

Characterise 
track patter 
components 

 
 
 
Note: The steps outlined above would normally be carried out for each terrain and for all relevant 

installations 
 

Figure A1: Derivation of an environment description from measured data 
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Figure A2 – Example of Waterfall Analysis on Tracked Vehicle Data 
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Figure A3 – Tracked Vehicle Broadband and Narrowband Component Data 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 245/1 ANNEX A 
 

 
  108 ORIGINAL 

 
 

 

A4.2 Test Option A: Swept Narrow Bands on Broadband Random 

A4.2.1 A methodology to develop the broadband spectrum has been outlined above. 

A4.2.2  The amplitudes of the track patter components are derived from spectral analysis at a 
range of constant speed conditions. This analysis provides a measure of the maximum 
amplitude (g pk) as a function of speed for each terrain and for each significant component, 
i.e. fundamental, first and second harmonics. For testing purposes, the amplitude of these 
components is usually increased to provide a confidence margin. These components can 
be implemented as either swept sinusoids or swept narrow bands and an example of each 
is shown in Table A3. As these narrow bands are implemented simultaneously with the 
broadband the overall g rms of the test is also included in the definition. 

A4.2.3  The amplitude of the track patter components is calculated as g pk. To convert this to a 
g2/Hz for application as a narrow band random component, the following equation can been 
used: 

 B
pkg

Hz
g 1

2

22
×⎥

⎦

⎤
⎢
⎣

⎡
=

  

where:  g pk is the measured amplitude and 

 B is the bandwidth of the narrow band (either 5, 10 or 15 Hz, 
depending on order). 

A4.2.4 The process for obtaining the test time is based upon the fundamental track patter 
component.  The broadband random level is then adjusted upward (never downward) to 
match the test time.  If the random level is already high then it is necessary to live with an 
over-test based upon the broadband random. 

A4.3 Test Option B: Two Tier Swept Narrow Bands on Broadband Random 

A4.3.1 The methodology to develop the broadband spectrum has been outlined above. 

A4.3.2  This test format recognises that track patter vibration severity depends upon vehicle 
speed, or frequency. This relationship has been quantified by trial for different 
measurement positions, axes and the significant track patter components, i.e. the 
fundamental frequency and first two harmonics. These relationships have been seen to be 
complicated in some cases but can be idealised for the purpose of specifying a test. Based 
upon the trial’s data and the overall g rms amplitudes measured on each terrain and at 
each speed, a speed break point can be identified. It is noted that the actual speed chosen 
to divide the two testing regimes determines not only the test amplitudes but also the test 
duration.  The methodology used to determine the test duration described in Method A is 
also used for Method B for both the high and low vibration test levels. 

A4.3.3  An example of the implementation of the track patter components in a two-tier test as 
swept sinusoids is shown in Table A4. These sinusoids could be implemented as swept 
narrow bands, if desired, using the equation above. Again, the overall g rms of the test is 
included. For the high level test, the severities are identical for those of test Option A but for 
the low level test, the severities are considerably lower, as desired. 
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A4.4 Test Option C: Ramped and Swept Narrow Bands on Broadband Random 

A4.4.1 A methodology to develop the broadband spectrum has been outlined above. 

A4.4.2 The Waterfall analysis is used to quantify the relationship between speed (or frequency).  
The spectral analysis under constant speed conditions is used to derive the narrowband 
amplitude for each track patter component. This information is idealised and factored to 
provide graphs of amplitude versus speed for the f1, f2 and f3 components. These ramped 
data form the basis of the swept narrowband components within the test specification. The 
amplitude of the track patter components is defined as sinusoids but these could also be 
implemented as narrowband random vibration using the equation above to calculate the 
g2/Hz amplitudes. 

A4.4.3  The idealisation of the amplitude versus speed relationships for the track patter 
components results in simple ramps defined by just two breakpoints (Table A5). A more 
sophisticated model could be developed from the measured data, but it would need to be 
justified against considerations of basic repeatability, spatial variations and accuracy of the 
frequency response data. 

A4.4.4  The overall narrowband severity of this test equals that of Option A at its maximum 
frequency i.e. at the top of the sweep band. However, at the lower end of the sweep band 
the overall g rms will only marginally exceed that of the broadband background vibration. 
Consequently, this test is more representative of the service environment and least 
demanding in terms of shaker performance. 

 

Narrow Band Random Track 
Patter 
Order 

Sweep 
Range 

(Hz) 
Bandwidth

(Hz) 
PSD 

(g2/Hz) 

Sinusoid 
(g peak) 

BBR 
(g rms) 

Overall 
Test 

Severity 
(g rms) 

f1 10 to 140 5 2.80 5.25 

f2 20 to 280 10 0.20 2.00 

f3 30 to 420 15 0.05 1.25 

8.39 9.33 

 

Table A3 Option A: Swept Narrowband or Sinusoid on Broadband Random 
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Table A4 Option B: Two Tier Swept Sinusoids on Broadband Random 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
Table A5 Option C: Ramped Narrow Band on Broadband Random 

 
 
 
 
 
 

Overall Test 
Severity 
(g rms) 

Track 
Patter 
Order 

Sweep 
Range 
(Hz) 

Sinusoid 
Amplitude 

(g pk) 

BBR 
(g rms) 

High 
Level 

Low 
Level 

10 to 70 2.7 
f1 

70 to 140 5.25 

20 to 140 1.2 
f2 

140 to 280 2.00 

30 to 210 0.9 
f3 

210 to 420 1.25 

8.39 9.33 8.67 

Track Patter 
Order 

Frequency 
(Hz) 

Amplitude 
(g pk) 

10 0.50 
f1 

140 5.25 

20 0.50 
f2 

280 2.00 

30 0.50 
f3 

420 1.25 
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A5 EXAMPLES 

The worked example below demonstrates the use of the three test methods described above.  
Each method uses the same measured data thus allowing direct comparison between them. 
 
 
 

Vertical  Lateral  Longitudinal 
  Frequency 

(Hz) 
PSD 

(g2/Hz)  
Frequency

(Hz) 
PSD 

(g2/Hz)  
Frequency 

(Hz) 
PSD 

(g2/Hz) 
10 0.0001  10 0.0001  10 0.0002 
60 0.02  50 0.006  65 0.005 

180 0.02  235 0.006  95 0.005 
210 0.01  300 0.002  120 0.0015 
465 0.025  450 0.002  200 0.001 
525 0.015  550 0.001  355 0.0015 
640 0.8  875 0.0125  510 0.004 
700 0.025  1085 0.002  630 0.003 
735 0.14  1360 0.025  701 0.015 
920 0.002  1500 0.0025  735 0.0035 

1000 0.01  1640 0.042  923 0.0015 
1050 0.005  2000 0.001  1000 0.006 
1100 0.03   1140 0.015 
1150 0.0035    1340 0.01 
1200 0.025   1415 0.0025 
1295 0.003   1525 0.007 
1600 0.04   1575 0.04 
1700 0.04   1710 0.3 
2000 0.004   1780 0.06 

  2000 0.03 

Equivalent to 8.394 g rms  Equivalent to 3.788 g rms  Equivalent to 6.791 g rms

Note 
See Figures A4, A5 and A6 for graphical representation of these data 

 
 

Table A6 Broadband random test definition 
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Narrow band definition - swept 

Narrow band randomSweep 
range 

Bandwidth PSD 

Sinusoid
BBR 

Overall 
test 

severity 

Axis Track 
patter 
order 

(Hz) (Hz) (g2/Hz) g pk (g rms) g rms 

f1 10 to 140 5 2.76 5.25 

f2 20 to 280 10 0.20 2.00 Vertical 

f3 30 to 420 15 0.05 1.25 

8.39 9.33 

f1 10 to 140 5 0.30 1.75 

f2 20 to 280 10 0.05 1.00 Lateral 

f3 30 to 420 15 0.02 0.75 

3.79 4.08 

f1 10 to 140 5 0.10 1.00 

f2 20 to 280 10 0.01 0.50 Longitudinal 

f3 30 to 420 15 0.01 0.75 

6.79 6.86 

 
 

Test duration 

Axis Test time (hrs) 
for 1,000 km 

Vertical 1.6 

Lateral 2.9 

Longitudinal 1.9 

Total: 6.4 

Notes 

1. See Table A10 for the derivation of the test durations 
2. See Table A6 for the broadband random definition 
3. Track patter components can be applied as either linear swept narrow bands or linear 

swept sinusoids 
 

Table A7 Test definition – Option A: swept narrow band on broadband random 
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Narrow band definition - swept 

Overall test severity
(g rms) Axis 

Track 
patter 
order 

Sweep 
range 
(Hz) 

Sinusoid 
amplitude 

(g pk) 

BBR 
(g rms) High 

level 
Low 
level 

10 to 70 2.70 f1 70 to 140 5.25 
20 to 140 1.20 f2 140 to 280 2.00 
30 to 210 0.90 

Vertical 

f3 210 to 420 1.25 

8.39 9.33 8.67 

10 to 70 1.10 f1 70 to 140 1.75 
20 to 140 0.80 f2 140 to 280 1.00 
30 to 210 0.60 

Lateral 

f3 210 to 420 0.75 

3.79 4.08 3.93 

10 to 70 0.80 f1 70 to 140 1.00 
20 to 140 0.50 f2 140 to 280 0.50 
30 to 210 0.60 

Longitudinal 

f3 210 to 420 0.75 

6.79 6.86 6.84 

 

Test duration 

Axis Test time (hrs) for 1,000 km 

 High level Low level Total 

Vertical 2.0 3.9 5.9 

Lateral 3.5 3.8 7.3 

Longitudinal 2.7 3.6 6.3 

  Total: 19.5 

Notes 

3. See Table A11 for the derivation of the test durations 
4. See Table A6 for the broadband random definition 
5. Track patter components can be applied as either linear swept narrow bands or linear 

swept sinusoids 
 

Table A8 Test definition – Option B: two tier swept sinusoids on broadband random 
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Narrow band definition – ramped and swept 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Test duration 

Axis Test time (hrs) for 1,000 
km 

Vertical 1.6 

Lateral 2.9 

Longitudinal 1.9 

Total: 6.4 

 

Notes 

1. See A10 for the derivation of the test durations 
2. See Table A6 for the broadband random definition 
3. Track patter components can be applied as either linear swept narrow bands or linear 

swept sinusoids 
 
 
Table A9 Test definition – Option C: Ramped narrow band on broadband random 

Axis Order Frequency 
(Hz) 

Amplitude 
(g pk) 

10 0.50 f1 140 5.25 
20 0.50 f2 280 2.0 
30 0.50 

Vertical 
Z 

f3 420 1.25 
10 0.50 f1 140 1.75 
20 0.50 f2 280 1.0 
30 0.5 

Lateral 
Y 

f3 420 0.75 
10 0.5 f1 140 1.0 
20 0.5 f2 280 0.5 
30 0.5 

Longitudinal 
X 

f3 420 0.75 
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Severity (overall g rms) Equivalent time 
Terrain Speed 

(kph) 
Time 
(%) 

Distance
per hr 
(km) Vert (X) Lat (Y) Long (Z) Vert (X) Lat (Y) Long (Z) 

RR 10 2% 0.2 0.424 0.189 0.278 0.00% 0.01% 0.00% 
RR 20 3% 0.6 1.054 0.401 0.504 0.00% 0.04% 0.00% 
RR 30 5% 1.5 1.808 0.666 0.967 0.00% 0.11% 0.01% 
RR 40 8% 3.2 2.382 0.820 1.322 0.00% 0.22% 0.02% 
RR 50 10% 5 4.077 1.349 1.694 0.00% 0.45% 0.03% 
SR 10 2% 0.2 0.435 0.239 0.373 0.00% 0.02% 0.00% 
SR 20 3% 0.6 0.892 0.369 0.493 0.00% 0.04% 0.00% 
SR 30 3% 0.9 1.889 0.751 0.910 0.00% 0.07% 0.00% 
SR 40 5% 2 2.384 0.934 1.362 0.00% 0.16% 0.01% 
SR 50 9% 4.5 2.815 1.056 1.537 0.00% 0.32% 0.02% 
SR 60 10% 6 2.999 1.207 2.033 0.00% 0.40% 0.04% 
SR 70 10% 7 3.843 1.528 2.645 0.00% 0.51% 0.05% 
SR 75 5% 3.75 4.798 1.975 3.353 0.00% 0.33% 0.03% 
XC 40 25% 10 1.768 0.681 0.953 0.01% 0.57% 0.04% 
Max       4.798 1.975 3.353    

U
p-

ar
m

ou
re

d 

Sum   100% 45.45    0.03% 3.23% 0.26%
 

Time (hrs) for 1000 km 0.01 0.71 0.06 ie: 1 hr �45.45 km 
so 1000 km � 22.00 hrs Total test time (hrs) 0.78 

 

RR 10 2% 0.2 0.649 0.249 0.342 0.00% 0.00% 0.00% 
RR 20 3% 0.6 1.220 0.466 0.568 0.00% 0.00% 0.00% 
RR 30 5% 1.5 2.123 0.785 0.963 0.03% 0.05% 0.01% 
RR 40 8% 3.2 2.770 1.056 1.486 0.16% 0.35% 0.10% 
RR 50 10% 5 6.072 1.711 2.009 10.00% 4.87% 0.58% 
SR 10 2% 0.2 0.451 0.181 0.237 0.00% 0.00% 0.00% 
SR 20 3% 0.6 1.081 0.430 0.516 0.00% 0.00% 0.00% 
SR 30 3% 0.9 1.876 0.746 0.901 0.01% 0.02% 0.00% 
SR 40 5% 2 2.139 1.007 1.332 0.03% 0.17% 0.04% 
SR 50 9% 4.5 3.913 1.457 2.008 1.00% 1.97% 0.52% 
SR 60 10% 6 3.433 1.358 2.189 0.58% 1.54% 0.88% 
SR 70 15% 10.5 4.114 1.933 3.555 2.14% 13.46% 15.00% 
XC 40 25% 10 2.491 0.905 1.229 0.29% 0.50% 0.12% 
Max       6.072 1.933 3.555       

D
e-

ar
m

ou
re

d 

Sum   100% 45.2       14.23% 22.94% 17.25%
 

Time (hrs) for 1000 km 3.15 5.08 3.82 ie: 1 hr � 45.2 km
so 1000 km � 22.12 hrs Total test time (hrs) 12.05 

Table A10: Test definition – Test Options A and C - test durations 

Overall test durations Vehicle Config Usage Vert Lat Long 
 De-armoured RFU 50% 0.00 0.36 0.03 

 Up-armoured RFU 50% 1.57 2.54 1.91 
  Totals: 100% 1.58 2.89 1.94 
  Overall 6.41 
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De-armoured Vehicle 

Mission Definition 
Severity (overall g rms) Equivalent time (%) 

 

Terrain Speed 
(kph) 

Time 
(%) 

Distance 
(per hour) Vert 

(x) 
Lat (y) Long (z) Vert (x) Lat (y) Long (z) 

SR 10 2 0.2 0.451 0.181 0.237 0.0 0.0 0.0 

RR 10 2 0.2 0.649 0.249 0.342 0.0 0.0 0.0 

SR 20 3 0.6 1.081 0.430 0.516 0.0 0.0 0.0 

RR 20 3 0.6 1.220 0.466 0.568 0.0 0.1 0.0 

SR 30 3 0.9 1.876 0.746 0.901 0.4 0.5 0.2 

RR 30 5 1.5 2.123 0.785 0.963 1.3 1.1 0.6 

SR 40 5 2 2.139 1.007 1.332 1.4 3.9 2.9 

XC 40 25 10 2.491 0.905 1.229 14.7 11.6 9.7 

RR 40 8 3.2 2.770 1.056 1.486 8.0 8.0 8.0 

 sum 56% 19.2    25.9% 25.2% 21.4% 

P
ha

se
 1

 

 max   2.770 1.056 1.486    

           

SR 60 10 6 3.433 1.358 2.189 0.6 1.5 0.9 

SR 50 9 4.5 3.913 1.457 2.008 1.0 2.0 0.5 

SR 70 15 10.5 4.114 1.933 3.555 2.1 13.5 15.0 

RR 50 10 5 6.072 1.711 2.009 10.0 4.9 0.6 

 Sum 44% 26    13.7% 21.8% 17.0% 

P
ha

se
 2

 

 max   6.072 1.933 3.555    

 
Phase 1 5.73 5.58 4.74 ie: 1 hr � 45.20 km 

so 1000 km � 22.12 hrs 
Time (hrs) for 

1000 km Phase 2 3.04 4.83 3.76 
 
Table A11 Test definition – Test Option B - test durations 
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Up-armoured Vehicle 

Mission Definition 
Severity (overall g rms) Equivalent time (%) 

 

Terrain Speed 
(kph) 

Time 
(%) 

Distance 
(per hour) Vert 

(x) 
Lat (y) Long (z) Vert (x) Lat (y) Long (z) 

RR 10 2 0.2 0.424 0.189 0.278 0.0 0.0 0.0 

SR 10 2 0.2 0.435 0.239 0.373 0.0 0.0 0.0 

SR 20 3 0.6 0.892 0.369 0.493 0.0 0.0 0.0 

RR 20 3 0.6 1.054 0.401 0.504 0.0 0.0 0.0 

XC 40 25 10 1.768 0.681 0.953 2.6 2.8 2.7 

RR 30 5 1.5 1.808 0.666 0.967 0.6 0.5 0.6 

SR 30 3 0.9 1.889 0.751 0.910 0.4 0.5 0.3 

RR 40 8 3.2 2.382 0.820 1.322 3.8 2.3 4.5 

SR 40 5 2.0 2.384 0.934 1.362 2.4 2.7 3.2 

 sum 56% 19.2%    9.8% 8.8% 11.3% 

P
ha

se
 1

 

 max   2.384 0.934 1.362    

           

SR 50 9 4.5 2.815 1.056 1.537 0.2 0.4 0.1 

SR 60 10 6.0 2.999 1.207 2.033 0.3 0.9 0.6 

SR 70 10 7.0 3.843 1.528 2.645 1.0 2.8 2.3 

RR 50 10 5.0 4.077 1.349 1.694 1.4 1.5 0.2 

SR 75 5 3.75 4.798 1.975 3.353 1.5 5.0 3.7 

 Sum 44% 26.25    4.4% 10.5% 7.0% 

P
ha

se
 2

 

 max   4.798      

 
Table A11 Test definition – Test Option B - test durations (continued) 

 
 

Phase 1 2.16 1.94 2.48 ie: 1 hr � 45.45 km 
so 1000 km � 22.00 hrs 

Time (hrs) for 
1000 km Phase 2 0.97 2.31 1.54 

 Test Phase Vert (X) Lat (Y) Long (Z) 
1 3.95 3.76 3.61 Test durations (hrs) at low level (Phase 1) and High level

(Phase 2), based upon 50% de-armoured & 50% up-armoured 2 2.00 3.57 2.65 
 Total 5.95 7.33 6.26 
 Overall: 19.54 hrs 
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Figure A4 Vibration vertical axis 
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Figure A5 Vibration lateral axis 
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Figure A6 Vibration, longitudinal axis 
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a) F1, Fundamental Track Patter Component 

 
b) F2, Fundamental Track Patter Component 

 
c) F3, Fundamental Track Patter Component 

 
 

Figure A7 Idealised amplitude vs speed characteristics for track patter vibration 
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LEAFLET 245/2 

DEPLOYMENT ON WHEELED VEHICLES 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be encountered by materiel 
when deployed on or installed in wheeled vehicles. 

1.2 The vehicles considered in this leaflet range from large conventional trucks to small four 
wheel drive types, and may be armoured or un-armoured. Trailers are also considered and 
may be of two or four wheeled types, ranging in size from those towed behind a small four 
wheel drive vehicle to those towed behind the largest logistic vehicles. Many different types 
of trailers are in general use, some of which may be custom built for specific applications. 

1.3 The application modes considered are the “Common Carrier” mode which covers vehicle use 
on predominantly classified roads and includes commercial transportation, and the 
“Mission/Field” mode which covers vehicle use in predominantly off-road situations. 

1.4 The sources and characteristics of the mechanical environments are presented and where 
appropriate, information is given on potential damaging effects. Advice is given on the 
selection of the appropriate AECTP-400 Test Methods. Guidance is given in Annex A on the 
compilation of environment descriptions and test severities from measured data.  

1.5 When a wheeled vehicle moves across a terrain, interactions between the vehicle's tyres and 
irregularities in the terrain result in vibration excitation being transmitted to the vehicle's 
installed materiel via the suspension system and chassis structure. In addition, materiel will 
experience inertial loadings arising from the vehicle's acceleration, e.g.: when increasing 
speed, braking and cornering. 

1.6 The action of the vehicle's engine, transmission, pumps, etc, can also give rise to vibration 
excitation. Such excitation is likely to be most significant at discrete frequencies associated 
with rotating shafts, gear meshing, etc. Tyre resonances can also be a source of excitation. 
The significance of these excitations is strongly dependent on the position of the materiel 
relative to these sources. 

1.7 Vibration spectra acquired from measurements on wheeled vehicles and trailers are 
essentially wide band random. Peaks in the spectra can be expected to be associated with 
the vehicle's mass and the compliance of its suspension system. Discrete peaks may be 
evident in such spectra at frequencies associated with the various rotating components, e.g.: 
associated with the engine and transmission. 

1.8 Considering structurally transmitted shock, only moderate severities are expected in the 
common carrier role, which involves medium mobility vehicles that spend a high proportion of 
their life on normal paved roads. Conversely, higher shock levels can be expected in the 
mission/field role, which involves high mobility vehicles that may operate in an off-road role, 
possibly in combat. 

1.9 The dynamic responses of materiel deployed on wheeled vehicles depend on the factors 
discussed below.  
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2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Terrain Type 

2.1.1 The nature of terrain experienced by a wheeled vehicle will significantly influence the 
response of the materiel. Depending upon the role of the vehicle, terrain which may need to 
be considered include classified paved roads, rough roads, Belgium Block (pavé), and 
cross-country. As may be expected, hard and rough terrain, such as broken concrete 
tracks, give rise to a more severe environment than classified roads, as illustrated in Figure 
1. Further examples of how vibration responses, expressed as overall g rms, vary with 
respect to terrain type, are shown in Figure 2. 

2.1.2 Even for a classified road with a nominally good surface, a whole range of surface 
irregularities such as pot-holes and railway tracks may be encountered in normal use. 
Consequently, the distinction between vibration and shock is often obscure in measured 
dynamic responses from wheeled vehicles. Evidence of this can often be seen in measured 
amplitude probability distributions, see Figure 3a. This figure shows a characteristic of a 
smooth, continuous curve from the region of high probability low amplitude to regions of 
lower probability higher amplitudes. It is further noted from Figure 3b that the flared 
character of the corresponding probability density plot indicates that this data is not from a 
simple, stationary Gaussian process, which would result in a triangular characteristic. 

2.1.3 Regarding classified roads, the classification is likely to be indicative of minimum road width 
but not necessarily of surface quality. While recent work has indicated that, for a given 
speed, least vibration is usually associated with “multiple” track roads and worst vibration 
with “contra-flow” respect. This is because it can be expected that the reduced width of a 
“contra-flow” track road will increase the likelihood of encountering shock transients, caused 
by running over a recessed gutter drain cover or mounting a kerb. 

2.1.4 On rough roads and pavé when shocks might be expected, the dynamic environment can 
be so severe for so much of the time that it is usual to describe this environment as a 
continuous vibration condition. In these cases, both the rms and peak response amplitudes 
can be high. 

2.1.5 On cross country tracks, the general level of severity can be low but severe shocks can 
occur. Consequently, rms amplitudes can be low but peak amplitudes relatively high. 

2.2 Vehicle Characteristics 

2.2.1 The vibration perceived by materiel will be significantly influenced by the vehicle's 
suspension system and tyres. A vehicle with a soft suspension system with plenty of 
available travel, fitted with soft tyres, can be expected to produce a benign environment. 
Conversely, vehicles with stiff suspension systems and hard tyres, e.g.: armoured vehicles, 
can be expected to produce a relatively harsh environment, particularly when negotiating 
rough hard surfaces such as broken concrete or desert shale. Severe shocks can occur if 
all the available suspension travel is expended and the bump stops are used. 

2.2.2 The laden weight of a particular vehicle can also be expected to influence vibration severity. 
Evidence indicates that the vibration severity decreases as the vehicle load increases, as 
illustrated in Figure 4. 

2.2.3 The position of materiel in a vehicle or trailer can influence its dynamic response. For 
example, Figure 5 shows the pattern of vibration severity along the length of an articulated, 
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multi-axle semi-trailer. The mass and mounting arrangements can also influence its 
dynamic response, particularly if anti-shock mounts are used. 

2.2.4 Vibration perceived by materiel is the vector sum of excitation transmitted from each wheel, 
together with any other sources associated with the engine or transmissions etc. It has 
been suggested that the excitation at each wheel from the road surface is not independent 
but may be highly correlated. These effects are unlikely to be significant for small 
installations, such as those with a small base area, but may need to be taken into account 
when compiling test severities from measured data for large installations, particularly in 
respect of the vehicle's rotational motions. 

2.2.5 For trailers the severity of the dynamic environment is likely to be most severe for a small 
two wheeled type. As the size of trailers increase, the environment tends to that of a 
wheeled vehicle of similar load carrying capacity. As a general rule, if a trailer's laden 
weight exceeds 2 tonnes it is likely to behave as an equivalent wheeled vehicle. Lost 
motion in a vehicle/trailer coupling can give rise to significant shocks both to the towing 
vehicle and trailer. In practice, all but the smallest trailers would be expected to benefit from 
couplings incorporating longitudinal dampers. 

2.3 Vehicle Operation 

2.3.1 The severity of a vehicle's structural dynamic response, described by the overall rms 
amplitude, can be expected to increase as vehicle speed increases, as illustrated in Figure 
6. The measurements were taken on the load bed above the rear axle of a large articulated 
truck travelling over a variety of road surfaces. If resonances are excited, the maximum 
vibration of particular installed materiel does not necessarily occur at the vehicle's 
maximum speed, as shown in Figure 7. Such resonances could be associated with the 
particular item of materiel or its mounting arrangements. 

2.3.2 For heavy trucks (>35 tonnes) on good quality roads, g pk responses during snatch starts 
and emergency stops are likely to be encompassed by those associated with normal road 
running. In addition, as may be expected, relatively high levels can be experienced during 
these events in the vehicle's longitudinal axis when compared to normal road running. In 
general steady-state accelerations experienced by the vehicle are unlikely to exceed 1 g. 
Vibration during acceleration, braking and cornering is unlikely to be very different from that 
during equivalent steady speed conditions. 

2.3.3 Any wheeled vehicle running with one or more deflated tyres can be expected to 
experience a worse dynamic environment than under normal circumstances with all tyres 
properly inflated. In terms of spectral characteristics, the effects of deflated tyres may be 
limited to only a part of the spectrum. These effects are illustrated in Figure 8. 

2.3.4 Vehicle tilt may be especially significant for sensitive materiel deployed in off-road vehicles 
in the Mission/Field role. 

2.4 Gunfire and Launch of Weapons 

2.4.1 Materiel responses to gunfire are discussed in detail in Leaflet 246/1, Deployment on Jet 
Aircraft. 

2.4.2 The launch of weapons can subject the vehicle to high levels of shock, vibration and blast 
pressure. These conditions are highly specific to particular installations and therefore their 
characteristics are not addressed in this leaflet. 
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3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 Materiel may be susceptible to three possible failure modes, ie: related to displacement, 
velocity and acceleration. Displacement related failures in materiel can arise through 
collisions between equipments after relative movement; tension failures after relative 
movement; connectors becoming loose leading to a break in electrical continuity. 
Acceleration related failures may arise through the action of inertial loadings. These may be 
applied once, to produce a threshold exceedance failure, or repeatedly to induce a fatigue 
failure. Velocity related failures are not as common as those of displacement or 
acceleration. However, velocity loadings on some electrical equipment, including sensors, 
could induce spurious voltages, which in turn could lead to functional failure. 

3.2 Vehicle Operation 

3.2.1 Materiel installed using anti-shock mounts could experience relatively large displacements if 
the natural frequency of the materiel on its mounts coincides with vehicle suspension 
frequencies.  

3.2.2 Should any resonant frequencies of the materiel correspond to any of the rotational sources 
of vehicle vibration such as drive shaft speed, excessive vibration could result. These 
effects could be significant during convoy operations. 

3.3 Gunfire 

3.3.1 As sensitive materiel is likely to be mounted within the vehicle, the effects of blast pressure 
waves associated with gunfire are unlikely to be significant. However, possible adverse 
effects could arise from a coupling of gun firing rate with vehicle structural frequencies or 
with the installed frequencies of materiel. 

4. TEST SELECTION 

4.1 Testing Options 

4.1.1 Three approaches of simulating the tracked vehicle environment are generally available, ie: 
in the test laboratory using vibrators and other facilities as necessary, in the field using 
suitable test tracks, or in the field using road and terrain surfaces under real conditions. The 
simulation of the environment in the laboratory has the advantage that it allows the 
simulation to be undertaken in defined and controlled conditions. Moreover, laboratory 
testing permits reduced test times, reduced costs as vehicle operations are eliminated, and 
increased safety standards (particularly for munition testing). An advantage of field trials is 
that all units are in their correct relative positions and all mechanical impedances are 
realistic; consequently, field trials can be expected to expose materiel to all relevant failure 
mechanisms. Field trials may be necessary if inadequate data are available from which to 
base laboratory test severities. A simulation using field trials may be more convenient for 
large and awkward payloads, and is essential where the payload interacts significantly with 
the dynamics of the carriage vehicle. 

4.2 Laboratory Vibration Testing 

4.2.1 The simulation of the environment in the laboratory is usually viable for all but the largest 
items of materiel. When a vibration test is required the test procedure used should be that 
of AECTP-400, Method 401 - Vibration. 
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4.3 Laboratory Shock Testing 

 4.3.1 In some cases it may be necessary to undertake shock or transient testing to 
reproduce the structurally transmitted transients arising from the vehicle. The test 
procedure used should be that of AECTP-400, Method 403 - Shock. The basic pulse 
procedure should suffice for most applications, but where a closer simulation is required 
AECTP-400, Method 417 is recommended. 

4.4 Test Track Trials 

4.4.1 Due to the difficulties of establishing “worst case” road conditions, use is often made of 
standard test tracks. A wide range of test tracks is available. Not all of these are designed 
to simulate tracked vehicle environments, some are designed to investigate aspects of 
vehicle handling, and reliability. Therefore, care is needed when selecting suitable surfaces 
to ensure representative materiel responses. High amplitude responses can be induced at 
a rate of occurrence many orders greater than that experienced in-Service, which for some 
materiel may induce modes of failure that are unlikely to occur in practice. The test 
procedure used should be that of AECTP-400 Method 408 - Large Assembly Transport. 

4.5 Road and Terrain Trials  

4.5.1 Trials conducted over representative roads and terrain for representative durations are the 
most realistic. Such trials are only valid when detailed knowledge is available of the materiel 
installation and the intended use of the tracked vehicle. Even when conducting these trials, 
it may be desirable to include some test track trials as a convenient way of incorporating 
limit conditions. The test procedure used should be that of AECTP-400 Method 408 - Large 
Assembly Transport. 

4.6 Acceleration Testing 

4.6.1 Testing by the application of quasi-static loadings to simulate vehicle accelerations is 
usually unnecessary, because the loadings are either encompassed by testing for other in-
Service environments or the adequacy of the materiel is demonstrated by assessment. 
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Figure 1: Vibration spectra (vertical axis) for rough and classified roads - load bed above 
rear axle on a small four wheel drive vehicle (short wheel base Land Rover) 
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Figure 2: Effects of terrain on vibration - load bed above rear axle on a small four wheel 
drive vehicle (short wheel base Land Rover) 
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a: Amplitude probability distribution 
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b: Amplitude probability density 

Notes:  1. Measured data are from the load bed (vertical axis) of a 4 t truck on a rough road 

  2. Equivalent data are from a Gaussian distribution of the same rms value as that 
measured 

Figure 3: Measured amplitude probability functions 
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Figure 4: Effect of laden weight on vehicle vibration (vertical axis) 
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Figure 5:  Articulated trailer vibration amplitude (vertical axis) 
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Figure 6: Vehicle structural vibration versus speed (vertical axis) 
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Figure 7: Materiel vibration response versus speed (vertical axis) 
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Figure 8:  Effect of deflated tyres on vehicle vibration (vertical axis) 
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ANNEX A 

DERIVATION OF SEVERITIES FROM MEASURED DATA 

A.1 DERIVATION OF AN ENVIRONMENT DESCRIPTION 

A.1.1 Requirements: It is first necessary to establish from the relevant requirements the type of 
tracked vehicle in which the materiel is to be installed, the role of the vehicle and the terrain 
over which it will travel, the vehicle's operating speeds, and the location of the materiel in 
the vehicle. Having established the requirements, relevant vibration data may be acquired 
from data banks, should the data exist, or from field measurement trials. 

A.1.2 Environment Descriptions: An environment description for materiel installed in a tracked 
vehicle should generally include for each relevant terrain over the range of operating 
speeds, frequency response characteristics, amplitude probability plots, and time histories 
of any transients. This information will be used to examine trends, such as how severity is 
influenced by terrain and vehicle speed. The flow diagram outlined in Figure A.1 points out 
the steps to be adopted to derive an environment description from measured data. This 
diagram enables frequency response characteristics and dynamic response amplitudes to 
be quantified for all the relevant test conditions. A process for using these components of 
the environment description to produce test spectra and durations is discussed below. 

A.2 DERIVATION OF VIBRATION TEST SEVERITIES 

A.2.1 General  

Test severities are defined in terms of the characteristics and amplitudes of the broad band 
background vibration, narrow band components associated with track patter, and durations. 
Advice on establishing these parameters is given below. 

A.2.2 Broad Band Component 

a. Characteristics: In general, it can be expected that the broad band component 
spectral characteristics, i.e.: the shape of ASD plots, will be stable with respect to 
many parameters, including vehicle speed and terrain type. 

b. Amplitude: The severity of the test spectrum may not in general be obtained 
directly from ASDs because, for tracked vehicles, they are unlikely to be an 
adequate description of the environment. This is a consequence of the character of 
this type of data; it can be non-stationary resulting in relatively high peak to rms 
ratios. It is therefore also non-Gaussian. These properties of non-stationary and 
non-Gaussian are in contrast to the character of vibration generated in test 
laboratories. Consequently, special steps may need to be taken to avoid under 
testing in the laboratory. In some cases conservatism can be incorporated into the 
test spectrum by the technique of enveloping to produce an adequate test severity. 
An alternative approach is to use amplitude probability distributions (APD) as the 
basic measure of severity and to derive appropriate factors which can then be 
applied to mean spectra. This approach is preferred for tracked vehicles and an 
example of its use is given in paragraph A.3. 
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A.2.3 Narrow Band Components 

a. Characteristics: The frequency of the narrow band components at a given speed  

b. can be calculated from knowledge of the track pitch dimension, and can be 
expected to be easily recognisable in measured data, at least for hard terrain and 
under constant speed conditions. To accommodate these effects in a test 
spectrum, i.e.: that the frequency of these components are speed dependent, the 
narrow bands should be swept over an appropriate frequency range. Alternatively, 
the broad band spectrum could simply be shaped to accommodate these peaks, 
rendering the narrow bands unnecessary, albeit at the considerable risk of 
excessive testing. 

c. Amplitudes: Establishing the amplitudes of these components can be a problem 
because of their changing frequency with vehicle speed. This can lead to an 
under-estimation of severity because of averaging effects implicit in a ASD 
analysis. One solution is to gather data at a number of constant speeds which can 
then be analysed separately. Alternatively, if the speed is not constant throughout 
a record, evolutionary spectra (waterfall plots) can be used. In either case, the 
severity, expressed in either ASD or RMS form, should be associated with the 
resolution bandwidth to make the definition unambiguous. 

A.2.4 Test Duration: Test durations should be based upon the required life of materiel and the 
usage profile of the relevant wheeled vehicle. In order to avoid impracticably long test 
durations, it is general practice to invoke equivalent fatigue damage laws such as Miner's 
Rule. This rule is also known as the "Exaggeration Formula" and is expressed as follows: 

( )n2/S1S1t2t =  

 
where 
t1 = the actual duration in the requirements characterised by the 

measured level  
t2 = the equivalent duration at the test level 
n = the exaggeration exponent  
 
For rms level 
S1  = the rms level of the measured spectrum 
S2 = the rms level of the test spectrum 
n = b = the exaggeration exponent; values between 5 and 8 are typically 

used 
 
For ASD level 
S1  = the ASD level of the measured spectrum 
S2 = the ASD level of the test spectrum 
n = b/2 = the exaggeration exponent; values between 2.5 and 4 are typically 

used 
 

 

The exponent ‘b’ corresponds to the slope of the fatigue (S/N) curve for the appropriate material. A 
value of ‘b’ equal to 8 is adequate to describe the behaviour of metallic structures such as steels 
and aluminium alloys which possess an essentially linear stress-strain relationship. This 
expression is used with less confidence with non-linear materials and composites. For electronic 
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equipment and non metallic materials, elastomers, composites, plastics, explosives, a value of 'b' 
equal to 5 is recommended. 
 
Although the expression has been shown to have some merits when applied to materiel, it should be 
used with caution, if unrepresentative failures are to be avoided. It is inadvisable for test levels to be 
increased beyond the maximum measured levels that equipment may experience during in-service 
life, with a statistically based test factor applied. Furthermore, where there is evidence that the 
materiel is not fully secured to the vehicle Miner's Rule is totally invalid and should not be used. In 
such cases the Loose Cargo Test (AECTP-400, Method 406) should be considered as an 
alternative. 
 
A simplified example of the derivation of a test duration using Miner's Law is given below. 

 
 

Terrain Speed 
(mph) 

Severity 
index 

Duration Time (min) 

   % Actual 
t1 

Equivalent 
t2 

Pavé 25 1.0 5.0 3 3.00 

Pavé 20 0.7 6.7 4 0.67 

Rough road 15 0.6 13.3 8 0.62 

Cross country 35 0.5 16.7 10 0.31 

Main road 45 0.4 30.0 18 0.18 

Main road 35 0.3 20.0 12 0.03 

Main road <20 0.2 8.3 5 <0.01 

  Totals: 100.0 60 4.82 

 

Notes 
 
(1) 4.82 minutes test is equivalent to 60 minutes real time vehicle vibration. 
 
(2) The "Severity Index" for a terrain is the overall g rms normalised with respect to the 

maximum measured overall g rms (associated with pavé in this example). It is important to 
check that the ASD spectrum profile associated with the reference level (again, pavé in this 
example) either reflects, or is modified to reflect, the maximum amplitudes observed over the 
total frequency range.  

 
(3) This method of calculating test durations would normally be applied subject to a maximum of 

17 hours per axis. 

A.3 COMPARING MEASURED DATA WITH TEST SPECIFICATIONS 

A.3.1 When comparing measured spectra from a vehicle trial with that contained in a test 
specification or generated by test house equipment, care must be taken to avoid an under-
estimation of the severity of the measured data. This is because of the different amplitude 



 
AECTP-240 
(Edition 1) 

LEAFLET 245/2 ANNEX A  

 
  136 ORIGINAL 

 
 

distributions and peak to rms ratios of these types of data. These differences can be 
compensated for, as shown in this example: 

Measured peak APD level = 9 00. g  
 (at the 1 in 500 occurrence 
 level, ie: 2.88 sigma) 

 Equivalent Gaussian rms = 9 00
2 88

31.
.

.= g  

 Measured non-Gaussian rms = 14. g  

 Factor on measured g rms = 31
14

2 2.
.

.=  

 Factor on measured ASD = 2 22 4 82. .=  
 
Whilst this analysis indicates that in this instance a factor of 4.8 should be applied to the measured 
ASD levels, these higher levels would be appropriate for a relatively short duration. 
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Note: The steps outlined above would normally be carried out for each terrain and for all relevant 

installations 
 
 
 

Figure A1: Derivation of an environment description from measured data 
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LEAFLET 246/1 

DEPLOYMENT ON JET AIRCRAFT 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
when deployed on or installed in fixed wing jet aircraft. The sources and characteristics of the 
mechanical environments are presented and where appropriate, information is given on 
potential damaging effects. Additional guidance is contained in Annex A on important 
parameters influencing the mechanical environments. Where relevant, advice is given on the 
selection of the appropriate AECTP-400 Test Methods. 

1.2 The following aspects are not included in this leaflet: 

a. Materiel deployed on or installed in helicopters. For information on this subject refer to 
Leaflet 247/1. 

b. Engines and associated equipment, ie: the environments experienced by an engine and its 
associated equipment arising from their own operation. For information on such induced 
environments reference should be made to the engine manufacturer. 

c. Airframe and other primary structure. For information on loads and severities relating to 
these structures, reference should be made to the aircraft manufacturer. 

d. Abnormal conditions, such as crash and blast. 

1.3 Unless specified otherwise the environmental descriptions relate to the interface between the 
aeroplane and the installed equipment, and all axes relate to aircraft axes 

1.4 The mechanical environments experienced by materiel installed on fixed wing jet aircraft 
arise from a wide range of sources. No general rules can be set down as to the dominant 
source for every item of materiel, especially as some of the potential sources produce very 
intense but localised effects. For the majority of materiel the most severe continuous 
conditions arise from only one or perhaps two sources. In addition, severe conditions of a 
transitory nature can occur due to buffet and the operation of guns. While each application of 
these transitory conditions may occur for only a few seconds, their cumulative effect over the 
life of the aircraft can be significant. 

 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Airfield Movements 

2.1.1 Materiel can be expected to experience continuous vibration and transient responses as a 
consequence of aircraft movements about an airfield. The transient responses are caused 
by the wheels traversing the inevitable irregularities in the taxi-way surfaces. The severity of 
these vibrations and transients will be influenced principally by aircraft speed and the size 
of the aircraft wheels. The responses are dominated by the low frequencies associated with 
the compliance of the undercarriage and the mass of the aircraft. 

2.1.2 As airfield surfaces are usually of good quality and aircraft movements are usually 
controlled, the severities resulting from airfield movements are usually low and significantly 
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less than those from the flight phase. However, this may not be the case when temporary or 
repaired taxi-ways are used. In such cases it can be expected that a significant increase in 
the severity of the transients will occur. However, these conditions are unlikely to be more 
severe than those occurring during take-off and landing on temporary and repaired 
runways. 

2.2 Take-off and Landing 

2.2.1 Normal Take-off and Landing Conditions: During take-off and landing short duration 
oscillatory transients may be induced in the installed materiel. These transients arise mainly 
as a result of the aircraft traversing runway surface irregularities at speed. Again, the 
responses are dominated by the low frequencies associated with the compliance of the 
undercarriage and the mass of the aircraft. As both take-off and landing are usually 
controlled, the amplitudes of the resultant transients are benign. Consequently, the dynamic 
responses experienced during take-off and landing are normally considered to be 
encompassed within those of the flight phase. Take-off and landing usually involves high 
levels of engine power, which in turn may induce vibration and acoustic noise conditions. 
These related aspects are dealt with in paragraph 2.4.5. Typical take-off vibration severities 
are shown in Figure 1, and typical landing shocks are shown in Figure 2. 

2.2.2 Temporary or Repaired Runways: Continuous vibration and transient shock severities are 
likely to be more severe when temporary or repaired runways are used. The maximum 
permitted severity resulting from the use of such surfaces will depend upon the capabilities 
of the aircraft under consideration and in particular upon the ruggedness of the aircraft 
undercarriage. Consequently, where necessary, advice on severities should be sought from 
the aircraft manufacturer. However, any test procedures used to simulate these conditions 
are likely to be similar to those recommended for normal take-off and landing conditions. 

2.2.3 Catapult Launch and Arrested Landing: Oscillatory transients will be induced in materiel 
during a catapult launch and/or arrested landing of an aircraft. In general catapult launch 
will show two transient events corresponding to initial load application and catapult 
separation from the aircraft. Both transient events have a distinct oscillatory nature, 
approximately sinusoidal, at a relatively low frequency determined by aircraft mass and 
landing gear damping characteristics. Arrested landing conditions produce only a single 
transient but with similar characteristics to catapult launch. At installed materiel locations 
the pulse durations associated with catapult launch and arrested landing are relatively long 
and therefore these transients are usually treated as quasi-static conditions. 

2.2.4 Vertical Take-off and Landing: During vertical take-off and/or landing, efflux from the engine 
nozzles may impinge on parts of the aircraft structure or stores not subjected to such 
conditions during normal flight. In addition, efflux reflected from the ground may impinge on 
the majority of the lower aircraft surface. In consequence severe acoustic and vibration 
conditions may be induced. 

2.2.5 Ski-jump Assisted Take-off: The dynamic environment induced during the use of ski-jump 
assisted take-off is of very low frequency and is usually considered as a quasi-static, rather 
than as a dynamic condition. 

2.3 Flight Vibration 

2.3.1 Aerodynamic Flow: The most common source of aircraft equipment vibration is associated 
with airflow surrounding the aeroplane. This air flow over the structure may be attached or 
detached. These two conditions produce significantly different vibration excitations. The  
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more severe vibration conditions are associated with detached flow which exists in areas 
remote from the leading edge surfaces on all aeroplanes. 

a. Attached Flow: Where the airflow is attached to the aircraft surface a nominally 
classical boundary layer type flow will exist, and structural vibration can be 
expected to be at a minimum. Vibration intensity is broadly proportional to the 
dynamic pressure (q) and the broad band random frequency spectrum is related 
through Strouhal Number with the boundary layer thickness and velocity. 

b. Detached Flow: Where detached flow exists the intensity of the pressure 
fluctuations can rise to typically five times those associated with attached flow. In 
addition, the area over which the fluctuations are correlated increases by several 
orders. This increase in area has the potential to significantly increase the 
effectiveness by which the flow can excite the structure. The increased pressure 
fluctuations will continue to relate with dynamic pressure ‘q’ (but with a higher 
coefficient of efficiency) and the frequency scaling will continue to relate with 
Strouhal Number. In practice the increased pressure fluctuations will result in 
increased structural vibration responses over a broad frequency range while the 
increase in area of correlated pressures may result in a very significant increase of 
structural vibration responses over narrow frequency ranges.  

 The parameters influencing flight vibration levels are discussed in Annex A. 

2.3.2 Vortex Impingement: On high performance aircraft under certain conditions of angle of 
attack, heading and airspeed, it is possible for vortices originating from parts of the 
aeroplane to impinge on downstream structure. The characteristics of these vortices are 
such that severe structural vibrations may arise. In general these vibrations may be 
dominated by the lower structural modes of the particular portion of the airframe (wing, 
empennage etc). The severe vibratory conditions are transitory in nature and rarely occur 
for more than a few seconds at any one time. However, during the life of an aeroplane the 
total number of such occurrences may be significant. The resulting vibration characteristics, 
severities and areas of airframe affected will be unique to aircraft type. An example of the 
responses due to vortex impingement is shown in Figure 3. 

2.3.3 Buzz: This condition is sometimes categorised as a type of single degree of freedom flutter. 
However, whereas conventional flutter is associated with the generalised aerodynamic flow 
over the wing (or control surface), buzz is normally associated with shock wave oscillation 
and the inducted structural oscillation is of a higher frequency than occurs with conventional 
flutter. To aircraft structure, the phenomenon will appear as a good quality sine wave, with 
some amplitude modulation, at a frequency of typically 60 Hz. 

2.3.4 Engine Intake Flow Effects: Variable intakes can have a geometry such that the main flow 
into the intake can pass over a cavity used for ducting away excess air. Experience has 
shown that strong acoustic discrete frequency resonances can occur in the duct which can 
in turn produce high strain levels in the duct structure and any splitters or guide vanes in the 
duct. Vibration responses from this source have been noted in wing structure, installed 
equipment and stores. Neither the intensity nor the frequency of excitation can be 
calculated with much accuracy because the effective dimensions of the duct space cannot 
be estimated accurately. 
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2.3.5 Powerplant Effects: Powerplant induced vibration in aircraft installed equipment is 
predominantly due to impingement of engine noise on the aircraft structure. It can also arise 
as a result of the local ‘attachment’ of a jet plume to the aircraft structure. Sources of jet 
noise are described below. 

a. Jet Noise Mixing: The noise created by the turbulent mixing of an issuing jet (jet 
noise) has been troublesome and a prime source of structural vibration which has 
affected many aircraft. The usual effect is to produce long-term fatigue in cleats, 
corners of stringers, ribs and, more frequently, under rivets. In severe noise fields, 
over 160 dB, shorter term fatigue can occur in more important structural locations, 
such as rib webs and at the centre of panels. At higher levels still, over 170 dB, 
failures in prime structure can occur in conventional designs. In such cases special 
features may need to be incorporated into the design. The problem was 
recognised early and much theoretical and experimental work was done to combat 
the problem. Today it is assumed that adequate attention is given to detail design 
and to the use of certain basic rules in order to alleviate these problems. Extensive 
literature exists on these aspects. 

b. Choked Jets: In an under-expanded supersonic jet, shock cells exist which, 
relative to a subsonic jet, results in an increase in the spectral density of the 
random pressure fluctuations in a particular region of the frequency spectrum. 
These particular frequencies are associated with the dimensions of the shock cells 
which can change during flight if the jet pressure-ratio changes. There have been 
cases where the frequency of the spectral peak has coincided with the frequency 
of structural panels and damage has resulted.  

c. Jet Attachment: A jet which is close, but nominally clear of a structure can attach 
itself to the structure by a mechanism which is sometimes referred to as the 
Coanda effect. This occurs when due to a manoeuvre or a change in the jet 
dimensions, as a result of a pressure-ratio change (e.g.: altitude), the boundary 
conditions required for the full mixing of the jets are not met. This will occur for 
instance when the necessary full air-entrainment on one side of the jet is restricted 
as the jet moves towards the fuselage. The jet will then move further towards the 
fuselage so that the boundary-layer existing on the fuselage and the flow at the jet 
edges will merge 'sucking' the jet towards the fuselage so that it eventually sticks 
to it. This produces an upward and sudden step in the level of vibration and nose, 
as well as producing a heating effect. 

2.3.6 Cavities: Cavities exposed to a grazing airflow passing the aeroplane can be a significant 
source of both noise and vibration. The frequency spectrum of such disturbances can be 
wide in range and usually features sharp peaks and troughs over the frequency range. The 
main peaks arise from the excitation of acoustic 'space' modes which are a direct function 
of the dimensions of the cavity. A bomb bay is an obvious example of such a cavity. The 
frequencies of the main modes can be calculated with some confidence from standard 
formulae. The majority of the less dominant modes are usually harmonics of the main 
modes and can persist up to quite high orders. The amplitudes of the pressure fluctuations 
are less easily estimated because they are affected by geometrical factors such as the 
sharpness of the edges of the cavity, the direction of flow over the cavity and the contents 
of the cavity. The contents of the cavity can have the effect of making the main modal 
peaks less discernible whilst increasing the level of the background broad-band 'noise' 
which is always present. 
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2.4 Flight Manoeuvres and Gusts 

2.4.1 Materiel will experience low frequency acceleration loadings due to flight manoeuvres and 
gusts. These are normally considered as quasi-static loadings for design and test purposes. 
At a particular aircraft location the loadings arise mainly from the vector sum of the six ‘rigid 
body’ aircraft degrees motions, ie: vertical, lateral, longitudinal, roll, pitch and yaw. In some 
cases these could be amplified by the dynamic motions of the lower aircraft modes. 

2.4.2 The severity of the flight acceleration environment will depend mainly upon the type of 
aircraft under consideration. Generally the flight accelerations are a specified design 
requirement for a particular aircraft type and hence are well defined early in a design. 
These accelerations are usually constrained by flight limits or the aircraft control system. In 
some instances these loadings are monitored for fatigue purposes. 

2.5 Gunfire 

2.5.1 Significant vibration and shock excitations in aeroplane structure, installed equipment and 
stores can arise from the operation of guns situated either within the aeroplane or in 
external pods. While the total duration of these excitations is relatively short the amplitudes 
can be several orders of magnitude greater than the vibrations arising during normal flight. 
Moreover, the characteristics of the responses can be significantly different to the vibrations 
occurring during normal flight conditions and may induce different equipment failure modes. 

2.5.2 The effects of gunfire potentially induce vibrations from three different sources. These are 
overpressure or blast emanating from the gun muzzle, recoil of the gun on its mounts and 
motions of the ammunition and its loading system. Usually the most significant of these on 
installed equipment is that due to blast, which produces the most widespread vibration 
effects on structure and equipment. 

2.5.3 Gun blast overpressure is created by the sudden expansion of the propellant gas from the 
muzzle after the projectile emerges. This gun blast propagates through the air and impinges 
on the surrounding structure. The pressure wave may affect equipment directly or indirectly 
via the aeroplane structure. The severity of the pressure waves is dependent upon a 
number of factors such as altitude, airspeed, type of gun and ammunition, distance from the 
muzzle and the incidence of the blast wave. These factors and a method for computing the 
magnitude of the blast pressure wave impinging on the surrounding structure are detailed in 
UK Defence Standard 00-35, Part 5, Chapter 7-02.  

2.5.4 The character of structural responses arising from gun blast will depend upon the location 
of the structure or equipment with respect to the gun muzzle. These responses can be 
considered to have distinctly different characteristics in each of the near, middle and far 
spatial fields. 

a. Near Field: The character of structural responses arising from gun blast near the 
gun muzzle, ie: in the near spatial field, is largely influenced by the impulse of the 
blast pressure wave. Structural and equipment responses will appear as a 
sequence of distinct shock pulses. The near spatial field will include the muzzle 
breakout point and structure in its immediate vicinity. In the absence of a spatial 
definition the near field should be considered to be a circular area of 0.5 m2 
extending around the gun muzzle in the plane normal to the gun muzzle. When 
uncertainty exists as to whether equipment is located in the near or middle fields,  
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and particularly for equipment critical to aeroplane safety, the near field should be 
assumed. 

b. Middle Field: The response of structure and materiel more distant from the gun 
muzzle, ie: in the middle spatial field, is largely influenced by the coupling of the 
pressure pulse with the dynamic characteristics of the structure. The character of 
the response is dominated by the periodic motions arising from the gunfire rate 
and its subsequent harmonics. If no better information is available, the middle 
spatial field should be considered to extend beyond the near field up to 
150 calibres from the muzzle. When doubt exists equipment and structure should 
be considered to be located in the middle field in preference to the far field. 

c. Far Field: For materiel and structure well away from the gun muzzle the vibrations 
arising from gunfire overpressure may not be readily discernible within the normal 
flight vibration levels. The higher harmonics of the gunfire rate tend to become less 
significant eventually leaving only the periodic motions at the fundamental gunfire 
rate. In the far spatial field because the amplitude of the responses from gunfire 
are less than those form normal flight aerodynamic excitations, the difference in 
character is unlikely to have a significant effect. The far field encompasses all the 
remaining zones of the aeroplane not considered as near or middle field. 

Further information is given in Annex A. 

2.5.5 Vibrations arising from gun recoil tend to be less severe than those from blast. This is 
because the effects of gun recoil tend to be filtered by the high gun mass and mount 
stiffness effective at the gunfire frequency. Consequently gun recoil usually only 
significantly affects equipment close to the gun mounts. The vibrations due to ammunition 
loading and handling systems are the least significant of the three potential sources. This 
source only effects equipment very close to the handling system. However, it is likely to be 
a significant source for the ammunition itself. 

2.6 Launch of Weapons 

2.6.1 The launch or firing of weapons (excepting gunfire) can, in certain circumstances induce 
high level of shock, vibration and pressure blast in the aircraft structure and equipment, 
nearby weapons or stores. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Airfield Movements 

3.1.1 The motions arising from aircraft movements will result in low amplitude, high frequency of 
occurrence continuous responses which could cause damage through fretting fatigue 
mechanisms. 

3.2 Take-off and Landing 

3.2.1 The motions arising from normal take-off and landing are largely dictated by the 
characteristics of the undercarriage system. Therefore, potential damaging effects are likely 
to be associated with displacements at low frequencies. 
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3.3 Flight Vibration 

3.3.1 Aerodynamic Turbulence: Vibration arising from aerodynamic turbulence can generate 
brinelling, fretting, and high cycle fatigue. 

3.3.2 Vortex Impingement: The potential high levels of vibration, coupled with the knowledge that 
the dominant structural responses occur at the lowest structural modes, the most likely 
damage effects are those associated with high acceleration loadings and low to medium 
cycle fatigue. 

3.3.3 Jet Noise: As the character and structural response mechanisms of the vibrations 
attributable to jet noise are similar to those from aerodynamic turbulence, similar failure 
mechanisms are likely to result. 

3.3.4 Cavities: The most likely damage effects associated with cavity resonances are those 
associated with high acceleration loadings and medium cycle fatigue. 

3.4 Flight Acceleration 

3.4.1 The most probable damaging effect is that due to acceleration loadings producing internal 
forces within the equipment, often at its mountings, of sufficient magnitude to cause 
structural or fatigue failure. In some cases such loadings may cause deflections of sufficient 
magnitude to prevent the proper operation of mechanisms. 

3.5 Gunfire 

3.5.1 In the near field the amplitude of the blast pressure wave may be sufficient to cause 
structural failure of panels and their supports. Materiel in close proximity to the muzzle, but 
protected from the direct blast pressure wave, may fail due to the severity of the discrete 
and repetitive shock pulses. The most likely failure modes of equipment in the middle field 
are those associated with high intensity, low frequency vibration. 

4. TEST SELECTION 

4.1 General 

4.1.1 The following paragraphs provide recommended treatments for the mechanical 
environments identified in paragraph 2, and where relevant indicate the appropriate 
AECTP-400 Test Method. 

4.2 Airfield Movements 

4.2.1 Because the severities associated with this environment are relatively low, they are often 
considered in conjunction with other more severe conditions such as flight vibration. In 
cases where testing is considered appropriate a broad band random vibration test should 
be used, adopting AECTP-400, Method 401 - Vibration. 

4.3 Take-Off and Landing 

4.3.1 Again, because the severities are relatively low, testing for this environment is only carried 
out in special circumstances. In cases where testing is considered appropriate a decaying 
sinusoidal wave form test would normally be utilised, as specified in AECTP-400, Method 
403 - Shock. 
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4.4 Flight Vibration 

4.4.1 Aerodynamic Turbulence: The random vibration test as given in AECTP-400, Method 401 - 
Vibration should be selected for this environment. 

4.4.2 Vortex Impingement: Although vortex impingement only occurs infrequently and for short 
periods over the life of an aircraft airframe, the accumulative duration of the narrow band 
random or predominantly sinusoidal vibration responses can be sufficient to warrant a test. 
Appropriate test procedures are given in AECTP-400, Method - 401 Vibration. The test 
procedure selected should be one that is compatible with the vibration characteristics. 

4.4.3 Jet Noise: For most materiel the effects of jet noise are encompassed within the severities 
of the flight vibration conditions. For sensitive materiel upon which engine noise impinges 
directly, ie: when the excitation is predominantly transmitted by air, a test procedure should 
be selected from the three given in AECTP-400, Method 402 - Acoustic Noise, that is to 
say, Diffuse Field, Grazing Incidence or Cavity Resonance. The test procedure selected 
should be one that is compatible with the noise characteristics. 

4.4.4 Cavities: If materiel is mounted within, or close to, a cavity which is open to the airstream, a 
cavity acoustic resonance noise test should be undertaken. An appropriate test procedure 
is given in AECTP-400, Method 402 - Acoustic Noise. 

4.5 Flight Acceleration 

4.5.1 Testing is undertaken when the adequacy of materiel cannot be suitably demonstrated by 
calculation or static strength testing. When environmental testing is required it is normally 
undertaken in accordance with AECTP-400, Method 404 - Constant Acceleration. 

4.6 Gunfire 

4.6.1 Significantly different responses arise from gunfire in each of the three spatial fields defined 
earlier. Therefore, a different treatment should be considered for each spatial field. 

4.6.2 Near Field: A sequence of shock loads is required to replicate the effects of the blast 
overpressures. While the practicality of reproducing such a series of transient pulses rarely 
permits a precise simulation, modern vibration generation equipments permit reasonably 
good approximations to be achieved. The simulation of gunfire should, where relevant, be 
undertaken using AECTP-400, Method 405 -  Gunfire. Alternatively the use of special 
purpose excitation equipment may be utilised. The specific nature of the blast shock loads 
in the near field prevent the derivation of generalised severities; preferably test levels 
should be based upon measured data. In some cases the analytical determination of 
severities may be practical using the procedure of Defence Standard 00-970, Volume 1, 
Leaflet 501/5, Annex A.  

4.6.3 Middle Field: Simulation of the gunfire environment in the middle spatial field is usually 
undertaken by superimposing, on broad band random vibration, a series of in-phase 
sinusoidal components of vibration or narrow band random vibration components. The 
appropriate frequencies of these narrow band or sinusoidal vibrations occur at the 
fundamental frequency of gun firing and the subsequent harmonics. AECTP-400 Method 
405 should be adopted for this test. For cases where estimates of structural and equipment 
responses are required, and no appropriate measured data exists, then MIL-STD 810 
Method 519 Gunfire is recommended.  Experience has shown that this method gives 
acceptable estimates of gunfire vibration severity in many circumstances. This method 
utilises four sinusoidal vibration components, occurring at the fundamental frequency of gun 
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firing and the next three harmonics, superimposed on a background of shaped broad band 
random vibration. The method also permits the use of four narrow bands of random 
vibration instead of sinusoidal vibrations. This latter option is preferable because the gunfire 
rate may not be perfectly constant and the use of narrow bands protects against the 
arbitrary nature of equipment responses. However, for high amplitude responses the use of 
narrow bands may not be within the capabilities of available vibration generators. 
 

4.6.4 Far Field: In the far field, when the response due to gunfire is less than those occurring due 
to normal flight conditions, the specific simulation of gunfire is usually not necessary. 

4.7 Launch of Weapons 

4.7.1 In most cases the induced loadings can be treated as quasi-static analytical methods. 
However, in some cases such loadings may induce significant dynamic responses on 
airframe structure or stores. Consequently, additional shock and/or pressure blast testing 
may be required to simulate these effects. In cases where testing is required AECTP-400, 
Method 403 - Shock should be considered. 
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Figure 1: Vibration occurring during take-off 

 

Figure 2: Increase in vibration due to vortex impingement 
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Figure 3: Transients occurring during a normal landing 
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ANNEX A 
PARAMETERS INFLUENCING THE MECHANICAL ENVIRONMENTS 

 
A.1 FLIGHT VIBRATION 

A.1.1 Flight measured vibration data will rarely be available for all in-service conditions, therefore 
it is useful to establish, where practical, a working knowledge of the effects of various 
parameters on vibration severity. This is usually achieved by the derivation of empirical 
predictive models from measured data acquired from a well planned programme. 

A.1.2 Experience indicates the following parameters and trends are worthy of consideration. 

a. Altitude and Airspeed: An important parameter influencing vibration severity is 
flight dynamic pressure; which in turn is related to altitude and airspeed. This 
parameter is particularly significant when considering severities for high 
performance jet aeroplanes. Investigations may be undertaken by examining plots 
of overall root mean square (rms) vibration versus flight dynamic pressure. 

b. Powerplant Demand: Variations in this parameter and its effect on vibration 
severity may be especially appropriate for VSTOL aeroplanes. 

c. Axis and Location: Investigations of the general variations in vibration responses 
by axis and location is particularly useful for the cargo areas of transport aircraft. 
The variations can be examined in terms of overall rms vibration and spectral 
profile. It may also be applicable to establish the general trend of vibration levels 
around the aeroplane. Establishing a precise description is unlikely to be 
practicable due to the complicated nature of the structural dynamic characteristics. 
However, such precise descriptions are rarely necessary in practice. 

d. Payload Configuration: The effects of payload configuration (total mass and 
distribution) on vibration levels may be investigated where significant variation in 
payload configuration is likely to occur. These effects can also be examined in 
terms of overall rms vibration and spectral profiles. 

e. Vortex Impingement: The effects of vortex impingement can be examined using 
plots of peak amplitudes in the time domain. However, the onset and magnitude of 
the vibration responses cannot be readily correlated with the usual monitored 
aircraft parameters. Moreover, the effects of vortex impingement are difficult to 
model using empirical prediction techniques. 

f. Flight Manoeuvres: These can include non-stationary conditions such as take-off, 
landing, reverse thrust, wind-up-turns, etc. In these cases, plots of overall rms 
vibration versus time are usually appropriate. 

g. Mach Number: While the effects of airspeed are normally related to flight dynamic 
pressure, in some instances the relationship may change at higher Mach 
numbers. Consequently it is prudent to establish the relationship between vibration 
severity and Mach number in addition to the more usual relationship with dynamic 
pressure. 
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A.2 GUNFIRE 

A.2.1 The parameters examined will depend upon the proximity of the materiel to the gun muzzle, 
ie: whether it is located in the near, middle or far fields. 

a. Near Field: In the near field the blast pulse will almost certainly be the dominant 
feature in the measured dynamic responses. Moreover, the preferred test will 
consist of reproducing this pulse. Hence the extraction of the characteristics of the 
pulses will be the prime concern. This is probably best achieved in the time 
domain as the use of either frequency spectra and shock response spectra will 
cause problems due to the presence of the background aerodynamically induced 
broadband random vibrations. 

b. Middle Field: In the middle field equipment responses will be dominated by 
structural responses rather than by the blast pulses. As the simulation is usually a 
broadband random it is appropriate to evaluate the measured responses in the 
frequency domain. The nature of the responses will be broadband random with 
superimposed ‘near periodic’ components at the gunfire rate and subsequent 
harmonics. Accurate determination of these latter components may require very 
narrow bandwidth analysis which may be incompatible with the identification of the 
broader frequency range random vibration. Under such circumstances separate 
frequency spectra aimed at quantifying each aspect separately may be needed. 
Even then it may be prudent to use mean square values to quantify the individual 
harmonics. 

c. Far Field: As gunfire is unlikely to cause problems in the far field no specific 
recommendations are offered. 
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LEAFLET 246/2 

EXTERNAL CARRIAGE ON JET AIRCRAFT 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by stores 
during external carriage on fixed wing jet aircraft. The sources and characteristics of the 
mechanical environments are presented and where appropriate, information is given on 
potential damaging effects. 

1.2 Advice is given on the relative merits of the test options and where relevant the selection of 
the appropriate AECTP-400 Test Method. Information is given in Annex A on the parameters 
influencing store vibration. Guidance is given in Annex B on the compilation of environmental 
descriptions and test severities from measured data. 

1.3 Environments associated with store separation from the aircraft are covered in Leaflet 249/1 
- Air and Land Weapons. Environments associated with the aircraft itself are covered in 
Leaflet 246/1 - Deployment on Jet Aircraft. 

1.4 The vibration experienced by stores during external carriage on high performance jet aircraft 
is relatively high. As a consequence considerable testing is usually necessary to ensure that 
the store is capable of meeting its in-Service requirements. 

1.5 Many aspects influence store vibration under external carriage conditions, and in view of the 
associated high severities, it is important to acquire an understanding of the major influences 
that could affect the vibration severities of a particular store/aircraft configuration in order to 
derive an effective test specification. The following paragraphs introduce these major 
influences and discuss their associated vibration characteristics and severities. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Taxi-ing, Take-off and Landing 

2.1.1 Normal Conditions: During taxiing, take-off and landing oscillatory transients may be 
induced in a store and its equipment. These transient arise as a result of the aircraft 
traversing the taxi-ways and runways. Generally the responses are dominated by the low 
frequencies associated with the compliance of the undercarriage and the mass of the 
aircraft as well as the lower suspension modes of the store. These transients are usually 
relatively benign and encompassed within those of flight carriage. The severities are likely 
to be more severe when temporary or repaired taxi-ways and runways are used. Take-off 
usually involves high levels of engine power, which in turn may induce vibration and 
acoustic noise conditions. The noise levels may be greater than those of flight because of 
the effects of ground reflection. 

2.1.2 Reverse Thrust Devices: Some aircraft utilise reverse thrust devices during landing. These 
devices not only involve high levels of engine power but may also redirect the engine efflux 
back towards the aircraft. This can produce particularly high levels of localised acoustic 
noise and vibration, albeit for only a few seconds. Figure 1 shows the characteristic 
responses from the rear of a store as a result of impingement of redirected engine efflux 
occurring during the operation of a reverse thrust device. 

2.1.3 Catapult Launches/Arrested Landings: Short duration oscillatory transients will be induced 
in a store during an aircraft catapult launch or an arrested landing. In general, a catapult 
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launch will show two transient events corresponding to initial load application and catapult 
separation from the aircraft. Both transient events have a distinct oscillatory nature, 
approximately sinusoidal, at a relatively low frequency determined by aircraft mass and 
landing gear damping characteristics. Arrested landing conditions produce only a single 
transient but with similar characteristics to catapult launch. While the pulse amplitudes 
associated with catapult launch/arrested landing are low, the long (several seconds) 
periods of application and high frequency of occurrence have the potential to cause 
damage. 

2.1.4 Vertical Take-Offs and Landings: During vertical take-off or landing, efflux from the engine 
nozzles may impinge on stores not normally subjected to such conditions. In addition, and 
probably more importantly, jet efflux reflected from the ground may impinge on the majority 
of the lower aircraft surface including stores. In consequence severe vibration conditions 
unique to vertical take-off and/or landing may be induced. 

2.1.5 Ski-jump Assisted Take-Off: The dynamic environment induced during the use of ski-jump 
assisted take-off is of very low frequency and usually considered as a quasi-static aircraft 
loading condition rather than as a vibratory or transitory one. 

2.2 Flight Operations 

2.2.1 General: 

a. The mechanical environments experienced by externally carried stores during 
flight carriage on fixed wing jet aircraft are mainly vibratory and originate from the 
relatively steady aerodynamic flow traversing the store external surface. However, 
under certain flight conditions, other sources such as buffet manoeuvre may 
induce responses even more severe than those from steady state aerodynamic 
flow. Both conditions are addressed below, together with vortex impingement and 
jet noise. Further detailed information on the effects of aerodynamic flow, buzz, 
engine intake flow and powerplant can be found in Leaflet 246/1. Also, the effects 
of manoeuvres and gusts, and structural cavities are fully covered in Leaflet 246/1 
and therefore are not repeated under this heading. 

b. b The physical parameters of a store and its deployment configuration can 
significantly influence vibration responses, although it is usually impractical to 
quantify their interaction with the applied unsteady aerodynamic pressures to 
predict vibration responses. The influence of the major parameters, which include 
dynamic pressure, store type, location etc, on vibration severities are discussed in 
Annex A. 

2.2.2 Aerodynamic Flow: 

a. The most significant source of store vibration is associated with the unsteady 
pressures in the airflow surrounding the store. The airflow over the store, 
particularly over the forward regions, may be smoothly attached to the store, or it 
may be detached, as it usually is over the aft regions of a store. The more severe 
vibrations experienced by stores are associated with detached flow. 

b. The effects of attached and detached flow are demonstrated in Figure 2. The 
dotted curve indicated responses when the flow is mainly attached, whilst the solid 
curve shows the effects following the onset of detached flow. Corresponding wind 
tunnel measurements indicate that unsteady pressures increase by a factor of 
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between 2 and 2.5 over a broad frequency range. These increased pressures can 
result in significantly increased vibration responses of panel modes, as indicated in 
Figure 2. 

c. As the vibration excitation arising from the normal aerodynamic flow over the store 
is essentially broad band random vibration, damage effects are likely to be fatigue 
related, such as the fretting failure of small mechanisms, electrical connections, 
etc. For high modal density stores the frequency range of excitation is such that 
modes of vibration up to at least 3 kHz are excited; the highest vibration 
amplitudes often occurring around the store ring mode frequencies. For low modal 
density stores the responses may be dominated by only a few frequency peaks; 
but the vibration amplitude at each peak is likely to be relatively high. 

d. Further details on aerodynamic flow are given in Leaflet 246/1, paragraph 4.1. 

2.2.3 Vortex Impingement: 

a. At certain aircraft manoeuvre conditions, it is possible for vortices originating from, 
say, the air intake of a high performance aircraft to impinge on a downstream 
store. During these conditions severe transitory vibration responses can be 
generated but rarely occur for more than a few seconds at any one time. The 
characteristics of the vibration responses are unique to the particular store/aircraft 
installation, and may only occur during a very limited range of combinations of 
airspeed, attitude, heading and angle of attack. Should the vortex frequency 
coincide with a local resonance, high amplitude vibration would occur which might 
result in fatigue damage. 

2.2.4 Buffet Manoeuvre: 

a. When the vortex impingement conditions described in paragraph 3.3 excite the 
fundamental modes of a wing mounted store, or the rigid body modes of a wing 
mounted store on its relatively flexible carriage equipment, very severe vibration 
responses can be generated. Typical comparative vibration responses are shown 
in Figure 3 of a wing mounted slender missile on a high performance aircraft 
during straight and level flight and when undertaking a wind-up turn. The dominant 
vibration response around 30 Hz is the missile's fundamental bending mode. 

b. For relatively long and slender missile systems, the vibration response levels at 
the affected modal frequencies can be the most severe the system will experience 
during its operational life. Due to the non stationary data characteristics for these 
buffet conditions it is difficult to assign amplitudes with any confidence, but at the 
forward section of a slender missile system, vibration responses have been 
observed that exceed 10 g in the time domain and 10 g2/Hz in the frequency 
domain. Moreover, although the high vibration responses only occur for a few 
seconds during each buffet manoeuvre condition, the resulting amplitudes at 
relatively low frequencies can generate sufficient displacements that can, when 
coupled with their potential frequency of occurrence, adversely influence the 
fatigue life of the missile structure. 

c. Similar buffet manoeuvre conditions can arise from rigid body motions of a wing 
mounted store or missile resulting from aircraft wing bending or torsion. 
Comparable vibration amplitudes under such conditions for a 1000 lb store during 
straight and level flight and when undertaking a wind-up turn are shown in 
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Figure 4, where store responses in the vertical axis of the store’s cg are seen to 
increase by more than three orders of magnitude at low frequency. The response 
at around 25 Hz is attributed to a wing torsion mode. Further studies on this 
response indicate that it is related to angle attack and dynamic pressure as shown 
in Figure 5. Vibration responses are more pronounced for forward mounted 
slender missiles on outboard wing stations and can attain amplitudes comparable 
with those cited in the previous paragraph. 

2.2.5 Jet Noise: 

a. Power plant induced vibration in externally carried stores arises predominately 
from the noise generated by the turbulent mixing of the issuing jet, reflecting from 
the ground during take off. Resulting store vibration amplitudes are usually less 
than those induced from high speed flight, but could be the dominant vibration 
source for stores carried towards the rear of low performance aircraft. The 
characteristic of this vibration is usually wide band random. Further details on 
powerplant effects are presented in Leaflet 246/1 paragraph 4.5. 

2.3 Gunfire 

2.3.1 Significant vibration and shock responses can arise in externally carried stores due to the 
operation of guns installed within the carriage aircraft or in adjacent external pods. While 
the total duration of these excitations is relatively short, the amplitudes can be significantly 
higher than the vibrations arising during normal flight. Moreover, the characteristics of the 
responses are significantly different to the vibrations arising from normal flight conditions 
and may induce different failure modes. 

2.3.2 The effects of gunfire potentially induce vibrations from three different sources. These are 
the blast emanating from the gun muzzle, the recoil of the gun on its mounts, and the 
motions of the ammunition and its loading system. For externally carried stores the most 
significant of these is almost always that due to blast. Typical vibration responses of a store 
skin panel and internal equipment due to gunfire blast effects are illustrated in Figure 6. 
Further information on the treatment of gunfire effects for all three sources is given in 
Leaflet 246/1 - Installation in Jet Aircraft. 

2.4 Launch of Weapons 

2.4.1 The launch of weapons can induce high levels of shock, vibration and pressure blast in 
nearby stores. In most cases the induced loadings are considered as quasi-static conditions 
and are dealt with accordingly. In some cases they can induce low frequency dynamic 
responses of the aircraft wing structure, which in turn may produce high store loads. Store 
attachment arrangements have been known to fail under such loads. Additional shock, 
vibration and/or pressure blast testing may be necessary to simulate these effects, but as 
these loading conditions are project specific it is inappropriate to offer general advice. 
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3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 The mechanical environments arising from deployment externally of stores on fixed wing 
aircraft can induce a number of failure modes. The most significant of these modes are 
those related to acceleration loadings. Acceleration related failure modes may arise from a 
single application of a load, to produce a threshold exceedance failure, or from the repeated 
application of a series of loads to produce a fatigue induced failure. 

3.1.2 Displacement related failures, such as tension failures and loose connectors, are also 
significant for stores and can arise from relative motions of component elements or from 
collisions between equipments. 

3.1.3 Failures induced as a result of an applied velocity are unusual. The application of velocity 
loadings on some electrical equipment and certain types of sensors may induce spurious 
voltages, which in turn could give rise to functional failures. 

3.2 Potential effects 

3.2.1 General: As the primary sources of potential damage for externally carried stores are the 
loading actions that arise from the aerodynamic flow processes present during flight 
carriage, the following paragraphs address only those sources. The effects of gunfire are 
covered in Leaflet 246/1 - Installation in jet aircraft. 

3.2.2 Aerodynamic Flow: Since the vibration excitation arising from the aerodynamic flow over 
the store is essentially broad band random vibration, damage effects are likely to be fatigue 
related, such as the fretting failure of small mechanisms, electrical connections, etc. For 
high modal density stores the frequency range of excitation is such that virtually all modes 
of vibration up to at least 3 kHz are excited; the highest vibration amplitudes often occurring 
around the store ring mode frequencies. For low modal density stores the responses may 
be dominated by only a few frequency peaks; but the vibration amplitude at each peak is 
likely to be relatively high. These high amplitudes at specific modes may not be indicated by 
the overall vibration severity when displayed in terms of g rms, which can indeed show the 
reverse trend. 

3.2.3 Vortex Impingement: Vibration amplitudes arising from a vortex impinging on a store can be 
severe. These conditions can arise when vortices are shed from adjacent structure such as 
an aircraft intake. Should the vortex frequency coincide with a local resonance high 
amplitude vibration could occur which may result in fatigue damage. 

3.2.4 Buffet Manoeuvres: Although the high vibration responses occur for only a few seconds 
during each buffet manoeuvre condition, the amplitudes and frequencies generate 
significant displacements that can adversely influence the fatigue life of missile structures. 

4. TEST SELECTION 

4.1 Flight Operation - Aerodynamic Flow 

4.1.1 Test Options: The aerodynamic excitation source is distributed externally about the store 
surface. Consequently, it is difficult, particularly at the higher frequencies, to simulate this 
source effectively by point excitation techniques such as mechanical vibrators. For this 
reason, use is often made of acoustic excitation methods. However, acoustic excitations 
alone may not be adequate to simulate responses at the lower frequencies, and therefore 
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may need to be augmented by a mechanical vibration test. If acoustic excitation testing is 
not viable, then a mechanical vibration test covering a broad frequency range is usually 
acceptable. 

4.1.2 Acoustic Testing: Two methods are available for generating the required acoustic 
excitation. The first produces the acoustic pressure levels within a reverberant chamber, the 
second by means of a progressive wave tube. With either method a supplementary, 
preferably simultaneous, application of mechanical excitation is required. The severities 
used for acoustic testing may be defined either as acoustic sound pressure levels or store 
vibration responses. Because the former requires major assumptions, including that relating 
to the efficiency of the coupling of sound pressures with store dynamic characteristics, the 
later is always preferred. Suitable acoustic test procedures are those presented in AECTP-
400, Method 402 - Acoustic noise. 

4.1.3 Mechanical Testing: The mechanical vibration test may be used to cover the complete 
frequency range, or to augment the acoustic test at the lower frequencies. Since the source 
and amplitude of vibration is distributed along the entire length of the store, it is preferable 
for the excitation to be applied to more than one location along the store's longitudinal axis. 
If this approach is not viable the application of the excitation through one location may be a 
possible alternative, although significant over testing is almost certain to result at this 
location. Moreover, when using any form of mechanical vibration test for this environment, it 
is prudent to anticipate at least some unrepresentative damage around the excitation 
points. A suitable test procedure for mechanical testing is that presented in AECTP-400 
Method 401 - Vibration. 

4.1.4 Combined Environments: The need to simulate several environmental conditions 
simultaneously is the preferred requirement for complete stores. Such combined tests may 
be required for approval and/or for reliability purposes. Two combined environmental test 
methods are in common use: 

a. a.  Vibration/Acoustic/Temperature: This method, which is presented in AECTP-
400 Method 413, allows mechanical vibration, acoustic and temperature 
conditions to be applied simultaneously. 

b. Vibration/Temperature/Altitude: This method, which is presented in AECTP-300 
Method 318, allows mechanical vibration, temperature and altitude conditions to 
be applied simultaneously. 

4.2 Gunfire 

4.2.1 Test Options: Pulse and vibration test methods are available to replicate store responses 
arising from aircraft gunfire. The vibration method is applicable only where the individual 
pulse characteristics are not discernible; ie: to store mounted equipment positioned away 
from the store skin and where the store is positioned some distance from the aircraft gun 
muzzle. In all other cases the preferred approach is to select a test method that generates a 
sequence of pulses. 

4.2.2 Pulse Method: Considerable practical difficulties exist in producing a series of pulses to 
represent the blast effects of gunfire. However, some recently developed vibration 
generation equipment is capable of achieving relatively good approximations. The particular 
pulse method to be adopted can be selected from those presented in AECTP-400 Method 
405 - Gunfire, but care is needed to ensure a satisfactory simulation. 
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4.2.3 Vibration Method: Simulation of gunfire by vibration test methods is usually undertaken by 
superimposing on broad band random vibration, a series of in-phase sinusoidal 
components of vibration or narrow band random vibration components. The frequencies of 
the narrow band or sinusoidal vibration are the fundamental frequency of the gun firing rate 
and the subsequent harmonics. The most commonly used procedure utilises four sinusoidal 
vibration components, occurring at the fundamental frequency of gun firing and the next 
three harmonics, superimposed on a background of shaped broad band random vibration. 
Also acceptable is the use of four narrow bands of random vibration instead of sinusoidal 
vibration. This latter option is preferable as it accommodates variations in both the gunfire 
rate and the equipment's response. However, at high amplitudes the use of narrow bands 
may be outside the capabilities of the vibration generator. Appropriate test procedures are 
presented in AECTP-400 Method 401 - Vibration. 
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Figure 1: Vibration response of a store panel directly ahead of aircraft engines during 

reverse thrust 
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Figure 2: Effects of attached and detached flow on store vibration responses 
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Figure 3: Comparison of vibration of a slender missile during straight and level flight 
and in buffet on a fast jet aircraft 
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Figure 4: Comparison of store vibration in straight and level flight and in buffet at 420 
psf on a wing pylon on an agile fast jet 
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Notes: 

1. Data acquired over the frequency range where store buffet was known to occur, ie: 3 to 100 Hz 
2. Data were acquired under stationary conditions of buffet 
3. Store externally carried on a wing pylon of an agile fast jet 
 

Figure 5: Store vibration as a function of angle of attack and flight dynamic pressure 
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Figure 6: Vibration responses of a store skin panel and internal equipment due to 
gunfire 
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ANNEX A 
PARAMETERS INFLUENCING STORE VIBRATION 

A.1 General 

A.1.1 This Annex provides information on the influence of store properties, store deployment 
conditions and aircraft flight conditions on vibration severity. 

A.2 Dynamic Pressure 

A.2.1 The intensity of store vibrations arising from the relatively steady flow traversing the store 
external surface has been shown to be related to dynamic pressure. Moreover, provided 
that the flow regime around a store remains reasonably stable the relationship between 
store vibration and dynamic pressure can be quantified with a high degree of confidence. 
Knowledge of this relationship is particularly important, because it can be applied very 
effectively to estimate vibration severities. A typical dynamic pressure versus vibration 
severity relationship for external stores is shown in Figure A1. 

A.3 Store Type 

A.3.1 Store type, in terms of both shape and construction, is one of the most influential 
parameters effecting vibration severity. The variation in store responses is illustrated in 
Figures A2 to A5. The store responses are from similar locations on four different stores 
normalised to the same flight conditions. Although store type is one of the most important 
aspects influencing both vibration characteristics and levels, it is difficult to quantify these 
relationships. Extensive use is often made of simple scaling parameters. Typical 
parameters used are store density, mass, surface area, skin thickness and radius. 
Experience indicates that such parameters can be reasonably effective when used to 
indicate trends in vibration severities. Three examples are presented in Figures A6 to A8. 
However, the application of such parameters is limited, because a single parameter cannot 
describe effectively vibration severities for all stores, or for the entire relevant frequency 
range. For this reason such parameters should be used with care. 

A.4 Location 

A.4.1 The thicker boundary layer towards the rear of a store and the associated higher unsteady 
pressures usually result in increased vibration severities in that region. These higher 
severities affect almost the entire frequency range of interest. In addition it is probable that 
detached flow will occur in the aft region. Such flow will result in even higher severities than 
would be expected from attached flow alone. When detached flow is extensive it may 
couple well with particular store modes and produce a very significant increase in amplitude 
over a relatively narrow frequency band. Variations of 8 to 1 have been noted in the overall 
vibration severity from the rear to the front of a store. For specific store vibration modes the 
increase may be even greater. Typical variations in responses due to store location are 
shown in Figure A9. 

A.5 Axis 

A.5.1 For store structural locations, the shape of the store external surface, the distribution of the 
unsteady pressure field and the store structural dynamic characteristics all contribute 
toward a trend which produces lower vibration severities in the axial (longitudinal) axis. This 
trend applies to the total frequency range of interest. Typically severities in the longitudinal 
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axis are one half to one quarter of those in the vertical or lateral axes. Variations in 
response amplitude between the vertical and lateral axes are usually small. Typical effects 
of axis are shown in Figure A10. 

A.6 Aircraft Type 

A.6.1 The carriage aircraft type can have a large effect on store vibration levels. Figure A11, 
shows the equivalent responses for the same store on different aircraft. Variations are often 
restricted to the low frequency region, i.e. below 200 Hz. At higher frequencies the effects 
of aircraft type can be small. When the carriage aircraft configuration significantly disrupts 
the airflow over the store, such as for conformal carriage stores, significant changes to 
vibration responses may be expected to occur.  

 
A.7 Aircraft Station 

A.7.1 The effects of mounting stores at different stations on the carriage aircraft often produces 
large changes in vibration amplitude and measured data must be used to derive test 
severities. 

A.8 Store Mounting 

A.8.1 Again, while the type of store mounting (ERU, MACE etc) has some effect, it is usually very 
small and limited to the low frequency region. 

A.9 Multiple Carriers 

A.9.1 The use of multiple carriers has been shown to increase vibration severity. However, this 
appears to be a consequence of the close proximity of the carried stores restricting 
aerodynamic flow, see paragraph A10 below, rather than a characteristic of the carrier 
itself. 

A.10 Adjacent Stores 

A.10.1 Some carriage configurations place stores in very close proximity to each other. In these 
cases the aerodynamic flow can be modified resulting in significantly increased store 
vibration responses. Increases in overall vibration severity of 2 to 3 have been noted, in 
conjunction with very large increases (200 plus) at specific frequencies. 
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a: Vibration responses from five different flight dynamic pressures 
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b: Vibration severity (Overall g rms) versus flight dynamic pressure 
 
 

Figure A1: Relationship between store vibration and flight dynamic pressure 
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Figure A2: Vibration response of a medium size thick skin thickness store 
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Figure A3: Vibration response of a medium size medium skin thickness store 
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Figure A4: Vibration response of a medium size medium skin thickness store 
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Figure A5: Vibration response of a large size thin skin thickness store 
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Figure A6: Relationship between store density and maximum psd response amplitude 
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Figure A7: Relationship between the ratio of store weight to surface area and maximum psd 

response amplitude 
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Figure A8: Relationship between the ratio of skin thickness to store radius and 
maximum PSD response amplitude 

 
 

0.00001

0.0001

0.001

0.01

1 10 100 1000 10000

Frequency (Hz)

PS
D

 in
 1

/3
 O

ct
 B

an
d 

(g
²/H

z)

Dynamic Pressure q = 1000 psf

Mid Store Location
Aft Store Location

 
Figure A9: Variations in vibration response attributed to measurement location 
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Figure A10: Variations in vibration response attributed to measurement axis 
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Figure A11: Variations in vibration response attributed to aircraft type 
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LEAFLET 246/3 
DEPLOYMENT ON PROPELLER AIRCRAFT 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be experienced by materiel 
during carriage on fixed wing propeller aircraft. The sources and characteristics of the 
mechanical environments are presented and where appropriate, information is given on 
potential damaging effects. Additional guidance is contained in Annex A on propeller and 
engine vibration sources, and in Annex B on the parameters influencing propeller and engine 
vibration. Where relevant, advice is given on the selection of the appropriate AECTP-400 
Test Methods. 

1.2 The leaflet encompasses both internal equipment as well as external items such as stores. 
However, the following aspects are not included in this leaflet: 

a. Materiel installed on helicopters. For information on this subject refer to Leaflet 247/1. 

b. Engines and associated equipment, ie: the environments experienced by an engine and its 
associated equipment arising from their own operation. For information on these induced 
environments, reference should be made to the engine manufacturer. 

c. Airframe and other primary structure. For information on loads and severities related to 
these structures, reference should be made to the aircraft manufacturer. 

d. Abnormal conditions, such as crash and blast. 

1.3 Unless specified otherwise the environmental descriptions relate to the interface between the 
equipment and the aircraft. All axes relate to aircraft axes. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Airfield Movements 

2.1.1 Materiel can be expected to experience vibration and transient responses as a 
consequence of the aircraft movements about the airfield. Such responses are caused by 
the wheels traversing the inevitable irregularities in the taxi way surfaces. The severity of 
these vibrations and transients will be influenced principally by aircraft speed and size of 
the aircraft wheels. The responses are dominated by the low frequencies associated with 
the compliance of the undercarriage and the mass of the aircraft. 

2.1.2 As airfield surfaces are usually of good quality and aircraft movements are usually 
controlled, the severities resulting from airfield movements are usually low and significantly 
less than those for flight carriage. This may not be the case when temporary or repaired 
taxi-ways are used. In such cases it can be expected that a significant increase in the 
severity of the transients will occur. However, these conditions are unlikely to be more than 
those occurring during take-off and landing on repaired and temporary runways. 

2.1.3 During ground running and airfield movements the noise and vibration arising from the 
engine and propeller can become significant. The mechanisms causing such effects are 
addressed in paragraph 2.3. 
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2.2 Take-off and Landing 

2.2.1 Normal Take-off and Landing Conditions: During take-off and landing short duration 
oscillatory transients may be induced in the installed materiel. These transients arise mainly 
as a result of the aircraft traversing runway surface irregularities at speed. Again, the 
responses are dominated by the low frequencies associated with the compliance of the 
undercarriage and the mass of the aircraft. As both take-off and landing are usually 
controlled, the amplitudes of the resultant transients are usually benign. Consequently, the 
dynamic responses experienced during take-off and landing are normally considered to be 
encompassed within those of the flight phase. Take-off and landing usually involves high 
levels of engine power, which in turn may induce vibration and acoustic noise conditions. 
These related aspects are dealt with in paragraph 2.3. 

2.2.2 Temporary or Repaired Runways: Continuous vibration and transient shock severities are 
likely to be more severe when temporary or repaired runways are used. The maximum 
permitted severity resulting from the use of such surfaces will depend upon the capabilities 
of the aircraft under consideration and in particular upon the ruggedness of the aircraft 
undercarriage. Consequently, where necessary, advice on severities should be sought from 
the aircraft manufacturer. However, any test procedures used to simulate these conditions 
are likely to be similar to those recommended for normal take-off and landing conditions. 

2.2.3 Catapult Launch and Arrested Landing: Oscillatory transients will be induced in materiel 
during a catapult launch and/or arrested landing of an aircraft. In general catapult launch 
will show two transient events corresponding to initial load application and catapult 
separation from the aircraft. Both transient events have a distinct oscillatory nature, 
approximately sinusoidal, at a relatively low frequency determined by aircraft mass and 
landing gear damping characteristics. Arrested landing conditions produce only a single 
transient but with similar characteristics to catapult launch. At installed equipment locations 
the pulse amplitudes associated with catapult launch and arrested landing are relatively 
low, and the periods of application are relatively long. Therefore, these transients are 
usually treated as quasi-static conditions. 

2.3 Flight Operation - Engine and Propeller 

2.3.1 The action of the propellers and engines is usually the major source of vibration for this type 
of aircraft. However, vibration measured at a point in an aircraft’s fuselage will be the sum 
of many sources and mechanisms. Some generate vibration directly whilst others generate 
noise which produces vibration when it impinges on the aircraft’s structure. 

2.3.2 Because of their diverse nature and interactions, vibration spectra can possess features 
which may be complicated to explain, e.g.: the cancelling or enhancement of certain 
propeller blade passing harmonics. Examples of vibration spectra obtained during cruise 
conditions are illustrated in Figures 1 to 4 for four different aircraft. The relative severity of 
vibration at propeller blade passing frequencies for these aircraft is illustrated in Figure 5. 

2.3.3 Further information on several vibration sources arising from propeller and engine actions is 
given in Annex A. 

2.3.4 The severity and character of the vibration environment experienced by a particular item of 
equipment installed at a specific location in a propeller aircraft can depend on a number of 
parameters, such as aircraft type, flight condition, etc. The effects of these parameters are 
discussed in Annex B. 
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2.3.5 Figures 1 to 4 show that the vibration environment associated with propeller aircraft is 
comprised of broad band random vibration spectrum, upon which is superimposed relatively 
strong forcing centred at frequencies associated with harmonics of the propeller blade 
passing. Vibration can also be evident, usually at relatively low levels, at frequencies 
associated with harmonics of propeller shaft rotation. The severity of the background 
random vibration is usually low. Periodic vibration at the propeller blade passing 
frequencies may amount to 90% of the overall g rms in a 2 to 2,000 Hz frequency 
bandwidth. 

2.4 Flight Operation - Aerodynamic Flow 

2.4.1 Another significant source of propeller aircraft equipment vibration is associated with the 
turbulence in the airflow surrounding the aircraft. This airflow over the structure may be 
smoothly attached to it, or it may be detached. These two conditions produce significantly 
different vibration excitations. The more severe vibration conditions are associated with 
detached flow which, exist on all aircraft at some times. Vibration arising from aerodynamic 
flow is presented in Leaflet 246/1. 

2.5 Flight Operation - Vortex Impingement 

2.5.1 At certain conditions of angle of attack, heading and airspeed it is possible for vortices 
originating from parts of the aircraft to impinge on downstream structure. The 
characteristics of these vortices are such that severe structural vibrations may arise at the 
downstream structure. In general these vibrations may be dominated by the lower structural 
modes of the particular portion of the airframe (wing, empennage etc). These vibratory 
conditions are transitory in nature and rarely occur for more than a few seconds at any one 
time. However, during the life of an aircraft the total number of such occurrences may be 
significant. The resulting vibration characteristics, severity and areas of airframe 
significantly effected will be unique to a specific aircraft type. 

2.6 Cavities 

2.6.1 Cavities exposed to a grazing flow as it passes the aircraft can be a significant source of 
both noise and vibration. The frequency spectrum of such disturbances can be wide in 
range and usually features sharp peaks and troughs over the frequency range. The main 
peaks arise from the excitation of acoustic “space” modes which are a direct function of the 
dimensions of the cavity. A weapon or bomb bay is an obvious example of such a cavity. 
The frequencies of the main modes can be calculated with some confidence from standard 
formulae. The majority of the less dominant modes are usually harmonics of the main 
modes and can persist up to quite high orders. The amplitudes of the pressure fluctuations 
are less easily estimated because they are affected by geometrical factors such as the 
sharpness of the edges of the cavity, the direction of flow over the cavity and the contents 
of the cavity. The contents of the cavity can have the effect of making the main modal 
peaks less discernible whilst increasing the level of the background broad-band “noise” 
which is always present. 

2.7 Manoeuvres and Gust 

2.7.1 Materiel will experience low frequency acceleration loadings due to flight manoeuvres and 
gusts. These are normally considered as quasi-static loadings for design and test purposes. 
At a particular aircraft location the loadings arise mainly from the vector sum of the six “rigid 
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body” aircraft degrees motions, ie vertical, lateral longitudinal, roll pitch and yaw. These 
may be amplified by the dynamic motions of the lower aircraft modes. 

2.7.2 The severity of the flight acceleration environment will depend mainly upon the type of 
aircraft under consideration. Generally the flight accelerations are a specified design 
requirement for a particular aircraft type and hence are well defined early in a design. 
These accelerations are usually constrained by flight limitations procedures or the control 
system computers. Many aircraft contain equipment which monitor these loadings for 
fatigue purposes. 

2.8 Gunfire 

2.8.1 Significant vibration and shock excitations in aircraft structure, equipment and stores can 
arise from the operation of guns installed either within the aircraft or in external pods. While 
the total duration of these excitations is relatively short, the amplitudes can be several 
orders of magnitude greater than the vibrations arising during normal flight. Moreover, the 
characteristics of the responses for some equipment and structure can be significantly 
different to the vibrations occurring during normal flight conditions, and may induce different 
equipment failure modes. Details of the mechanisms causing dynamic mechanical 
responses as a result of gunfire are presented in Leaflet 246/1. 

2.9 Launch of Weapons 

2.9.1 The launch or firing of weapons can, in certain circumstances, induce high level of shock, 
vibration and pressure blast in the aircraft structure, nearby weapons or stores. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Airfield Movements 

3.1.1 The motions arising from aircraft movements will result in low amplitude, high frequency of 
occurrence continuous responses which could cause damage through fretting fatigue 
mechanisms. 

3.2 Take-off and Landing 

3.2.1 The motions arising from normal take-off and landing are largely dictated by the 
characteristics of the undercarriage system. Therefore, potential damaging effects are likely 
to be associated with high displacements at low frequencies. 

3.3 Flight Operation - Engine and Propeller 

3.3.1 The frequency of the blade passing periodic component of the vibration responses usually 
occurs in the range 50-100 Hz. This range will coincide with the first mode of vibration of 
many items of equipment, especially those on flexible mounts. As such the periodic 
excitations may result in significant velocity and displacements occurring, which in turn may 
result in damage particularly to lightly damped equipments. 

3.3.2 The potential damaging effects of the broad band random component of the vibration 
responses are typical of those from this class of excitation, e.g.: brinelling, fretting, high 
cycle fatigue etc. 
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3.4 Flight Operation - Aerodynamic Flow 

3.4.1 As the vibrations arising from aerodynamic turbulence are broad band random, the potential 
damaging effects encountered are typical of those from this class of excitation, 
e.g.: brinelling, fretting, high cycle fatigue etc. Detached flow can result in a significant 
increase in efficiency by which particular modes are excited. As a result the amplitude of 
response of certain modes can increase by several orders of magnitude which may lead to 
rapid structural failure due to fatigue. 

3.5 Flight Operation - Vortex Impingement 

3.5.1 The vibrations arising in structure under the leading edge of a vortex appear almost periodic 
in nature. The severity can be high but relatively localised. The vibrations may rapidly result 
in acoustic fatigue of panels and, in some cases, of nearby equipment. The vibrations 
arising down stream of a vortex are considerably more significant and can induce high 
amplitude vibrations at lower frequency modes of the structure. In some cases the accrued 
fatigue damage may be equal or greater than the accrued damage from normal flight 
manoeuvres. 

3.6 Cavities 

3.6.1 Acoustic waves can induce failure of panels within a cavity very rapidly. In addition high 
levels of vibration may be induced in materiel within the cavity. 

3.7 Gust and Manoeuvre 

3.7.1 The most significant potential damaging effect is due to the loadings producing internal 
forces within the materiel and often at its mountings sufficient to cause structural fatigue 
failure. In some cases the loadings may cause deflections sufficiently great so as to prevent 
proper operation of mechanisms. 

3.8 Gunfire 

3.8.1 In the near field the blast pressure wave is sufficient to cause structural failure of panels 
and their supports. Materiel in close proximity to the muzzle, but protected from the direct 
blast pressure wave, may fail due to the severity of the repetitive but discrete shock pulses 
it experiences. The most likely failure modes of equipment in the middle field are those 
associated with high intensity, low frequency vibration. 

4. TEST SELECTION 

4.1 General 

4.1.1 The following paragraphs provide recommended treatments for the mechanical 
environments identified in paragraph 2, and where relevant indicate the appropriate 
AECTP-400 Test Method. 

4.2 Airfield Movements 

4.2.1 Because the severities associated with this environment are relatively low, they are often 
considered in conjunction with other more severe conditions such as flight vibration. In 
cases where testing is considered appropriate a broad band random vibration test should 
be used, adopting AECTP-400 Method 401 - Vibration. 
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4.3 Take-Off and Landing 

4.3.1 Again, because the severities are relatively low, testing for this environment is only carried 
out in special circumstances. In cases where testing is considered appropriate a decaying 
sinusoidal wave form test would normally be utilised, as specified in AECTP-400 Method 
403 - Shock. 

4.4 Flight Operation - Engine and Propeller 

4.4.1 The sine on broad band random test, or narrow band random on broad band random test, 
as given in AECTP-400 Method 401 - Vibration, should be selected for these conditions. 

4.5 Flight Operation - Aerodynamic Flow 

4.5.1 Aerodynamic Turbulence: The random broad band vibration test as given in AECTP-400 
Method 401 - Vibration should be selected for this environment. 

4.6 Flight Operation - Vortex Impingement 

4.6.1 Although vortex impingement only occurs infrequently and for short periods over the life of 
an aircraft airframe, the accumulative duration of the narrow band random or predominantly 
sinusoidal vibration responses can be sufficient to warrant a test. Appropriate test 
procedures are given in AECTP-400 Method 401 - Vibration. The test procedure selected 
should be the one that is compatible with the characteristics. 

4.7 Cavities 

4.7.1 If materiel is mounted within, or close to, a cavity which is open to the airstream, a cavity 
acoustic resonance noise test should be undertaken. An appropriate test procedure is given 
in AECTP-400 Method 402 - Acoustic Noise. 

4.8 Manoeuvres and Gust 

4.8.1 Testing is undertaken when the adequacy of an item of materiel cannot be suitably 
demonstrated by calculation or static strength testing. When environmental testing is 
required it is normally undertaken in accordance with AECTP-400 Method 404 - Constant 
Acceleration. 

4.9 Gunfire 

4.9.1 As significantly different responses arise from gunfire in each of the defined spatial fields, a 
different treatment is applicable for each field. Suitable treatments are presented in 
Leaflet 246/1, paragraph 5.6. 

4.10 Launch of Weapons 

4.10.1 In most cases the induced loadings can be treated as quasi-static analytical methods. 
However, in some cases such loadings may induce significant dynamic responses on 
airframe structure or stores. Consequently, additional shock and/or pressure blast testing 
may be required to simulate these effects. In cases where testing is required AECTP-400 
Method 403 - Shock should be considered. 
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Figure 1: Vibration spectrum from a C130 Hercules Mk 1 during cruise 
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Figure 2:  Vibration spectrum from a Jetstream Mk 1 during cruise 
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Figure 3: Vibration spectrum from an Islander during cruise 
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Figure 4: Vibration spectrum from a BAe 748 during cruise 
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Figure 5: Vibration at rotor orders for four propeller aircraft at cruise 
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ANNEX A 
PROPELLER AND ENGINE VIBRATION SOURCES 

A.1  MECHANICAL IMBALANCE 

A.1.1 Vibration is caused by mechanical imbalance of a propeller and will be apparent at the shaft 
rotation frequency and subsequent harmonics. Imbalance can arise through the natural 
action of erosion over a period of time. Routine aircraft maintenance should minimise this 
vibration, but some residual imbalance is likely as it can be difficult to dynamically balance a 
variable pitch propeller. 

A.2  PROPELLER BLADE MODES 

A.2.1 Propeller blade modes can be excited by forcing functions such as the air moving through 
the propeller disc or by blade-wing interactions (see below), and this can cause vibration to 
be transmitted through the propeller’s hub bearing and into the aircraft’s structure. This is 
unlikely to be a major source of vibration as designers will attempt to minimise blade 
vibration to prolong the life of the propeller. 

A.3  AIRFLOW INTERFERENCE 

A.3.1 Vibration can be induced into the propeller blades, and transmitted to the aircraft’s structure 
via the propeller hub bearing, by the air flow streaming back from the propeller meeting an 
impedance caused by the presence of the wing and its surrounding pressure field. This 
vibration occurs at a characteristic frequency dependant on the number of interferences per 
revolution of the blade and the blade passing frequency. Some harmonics may be missing 
in measured spectra because the resultant force acting on the blades is the vector sum of 
the forces acting on the whole propeller, ie: some harmonics may add and others subtract. 
The significance of this source, which is only applicable when the propeller is in front of the 
wing, is dependant upon the propeller to wing dimension. The worst type of propeller with 
respect to blade-wing interaction effects is a two bladed type. 

A.4  PROPELLER PRESSURE FIELDS 

A.4.1 Excitations arising from propeller rotation can be conveniently considered in two different 
regimes, that is with the blades developing thrust and at zero thrust. In the latter case flow 
noise is produced which is usually referred to as thickness noise. In the former condition 
thickness noise is still produced but this may be augmented by another form of flow noise 
referred to as rotation or force noise. 

a. Thickness Noise. In the zero thrust case, noise is generated as a consequence of 
the finite thickness of the propeller blades. This noise is generated by air moving 
out of the way of an advancing blade and then returning after the blade has 
passed. The resulting pulsation of air acts as a classic noise source. When 
considering this mechanism the propeller disc is seen to consist of a set of 
pulsating sources with appropriate phase relationships. At the fuselage, this is 
perceived as a series of broad band pulses arriving at the blade passing frequency.  

b. Rotation or Force Noise. When a blade develops thrust additional flow noise may 
be generated as a result of blade encountering disturbed airflow, in particular 
vortices originating from the preceding blade. Usually thickness noise dominates 
whether rotation or force noise is present or not. However, under certain conditions 
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this may not necessarily be the case. The rotation noise produced by a blade 
developing thrust cannot be calculated as accurately as that for just thickness 
noise. This is due in part to the complicated nature of the velocity field of the airflow 
past the propeller disc. The many approaches that have been used to consider this 
mechanism have all had to assume some approximated pressure distribution over 
a blade and to transfer these total pressures to the equivalent fixed force acting 
around the propeller disc. As for thickness noise, the noise source is identified as 
acoustic dipoles and the total acoustic power is derived by integrating over the 
propeller disk. 

A.5 VORTICES 

A.5.1 Vortices are shed from the tips of rotating propeller blades. This mechanism produces a 
broad band noise spectrum which is likely to peak at a frequency (f) associated with the 
Strouhal Number, ie: 

 f KV / d=  
 
 where V = the rotational velocity of the blade tip 
  d = a dimension which typifies a blade chord 
  K = a constant 
 
Vibration effects arising from vortices would not be expected to be significant for an aircraft that has a 
pusher propeller because of the directivity characteristic of vortex noise. 
 
A.6  DIRECTIVITY EFFECTS 

A.6.1 The sources of vibration, detailed above, are each characterised by a particular directivity 
pattern. Propeller rotation noise is at a maximum in the plane of the propellers. Mechanical 
and aerodynamic imbalances also tend be most significant close to the plane of the 
propellers. Effects of vortices shed from the tips of the propellers will be most apparent 
towards the rear of the aircraft. Blade thickness noise also tends to radiate most strongly to 
the rear of the plane of the propellers. Figure A1, which shows aircraft structural vibration 
spectra from positions at the plane of the propellers and at the rear fuselage of a Jetstream 
Mk 1 aircraft, illustrates the effects of the directivity and the nature of the various sources 
discussed above. It can be seen from this figure that periodic vibration, particularly at the 
blade passing frequency and its harmonics, is most severe in the plane of the propellers, 
and that broad band vibration in the 500 to 1200 Hz range is most severe at the rear of the 
aircraft. 
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Figure A1: Comparison of spectra from forward and rear locations in a Jetstream Mk 1 

aircraft 
 
 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 246/3 ANNEX B  
 

 
  187 ORIGINAL 

 
 

ANNEX B 
PARAMETERS INFLUENCING PROPELLER AND ENGINE VIBRATION 

B.1 AIRCRAFT TYPE 

B.1.1 Different aircraft can be expected to have different engine operating speeds, and to have 
different numbers of propeller blades, leading to different blade passing frequencies, as 
illustrated in Figures 1 to 4. As a result, it cannot be expected that vibration data relating to 
one particular propeller aircraft is applicable to another. This is somewhat different from the 
case of jet aircraft, where a prime parameter governing vibration severity is flight dynamic 
pressure, ie: aircraft speed. For propeller aircraft, parameters associated with the aircraft 
itself, rather than its speed or the air through which the aircraft travels, most significantly 
affect vibration severity. Some current propeller aircraft have fixed speed engines, ie: the 
engines are governed to within a few per cent of their nominal speed. For these types of 
aircraft, power demand is achieved by the use of variable pitch propeller blades. Some 
aircraft, however, have fixed pitch propellers but variable speed engines, that is, 
reciprocating engines, although in these cases there are usually recommended engine 
speeds for particular manoeuvres, for example,: take-off or cruise. Other aircraft may 
generate the required power demand by varying both engine speed and propeller pitch. 
Clearly, equipment installed in an aircraft with a variable speed engine would be expected 
to experience excitation over a wider frequency range than its fixed engine speed 
counterpart. Blade passing frequencies are usually in the range of 60 to 100 Hz. This 
results from a number of physical constraints, e.g.: the propeller diameter, and the need to 
maintain efficiency by avoiding supersonic blade tip speeds. 

B.2 FLIGHT CONDITION 

B.2.1 For propeller and most other forms of aircraft, maximum vibration usually occurs during 
periods of maximum power demand such as during take-off. Take-off is, however, a short 
duration event, e.g.: 25 seconds. Climb can also produce relatively high levels of vibration. 
Cruise is less severe in terms of amplitude, and descent more so. Vibration severity 
associated with landing can be as severe as take-off if reverse thrust is applied, although 
the duration of this is likely to be even less than that of take-off, e.g.: 10 seconds. While the 
severity of cruise is usually relatively low, the blade passing frequency associated with this 
condition could nevertheless be critical for particular equipment. Furthermore, cruise can be 
most significant in terms of structural fatigue because of the long durations associated with 
this flight condition. The relative severity of a variety of flight conditions is illustrated in 
Figure B1 in terms of the overall acceleration rms (2 to 2000 Hz) measured on an aircraft’s 
structure. It can be deduced from this figure that vibration severity is dependant on power 
demand. This deduction is broadly confirmed by the graphs of vibration versus power 
demand presented in Figure B2 for a Jetstream Mk 1 aircraft. 

B.3 POSITION IN THE AIRCRAFT 

B.3.1 Vibration severity is dependant upon the distance from the plane of the propellers, where 
vibration severity is usually at a maximum. A diagram showing how vibration severity varies 
along the length of a Jetstream Mk 1 aircraft is presented in Figure B3. It can be seen that 
in this particular aircraft, vibration in the dominant lateral axis at the rear of the aircraft is 
only around 25% of that in the plane of the propellers. Spectra relating to positions in the 
plane of the propellers and at the rear of a Jetstream Mk 1 aircraft are compared in Figure 
A1. From this figure it can be seen that while the severity at frequencies related to propeller 
blade passing is lower at the rear position, the severity of the broad band vibration is 



 
AECTP-240 
(Edition 1) 

LEAFLET 246/3 ANNEX B  
 

 
  188 ORIGINAL 

 
 

greater at the rear than in the plane of the propellers. This broad band vibration is likely to 
be associated with vortex shedding and blade thickness noise. 

B.4 EQUIPMENT MOUNTING 

B.4.1 Equipment mounting arrangements can influence its vibration response. Clearly it is 
desirable that designers ensure that frequencies associated with their equipment do not 
coincide with propeller shaft rotation or blade passing frequencies associated with the host 
aircraft. Whilst this may not be possible if the engine is a variable speed type, at least the 
dominant frequencies which are present for the majority of the time, e.g.: during cruise, 
should be avoided. In practice, this can be difficult because of the number of significant 
blade passing harmonics, as illustrated in Figures 1 to 4. Potential problem areas are 
associated with the unit’s installed natural frequency (dependant upon the unit’s mass and 
the stiffness of its mounts) and resonances within a unit (e.g.: flexing of printed circuit 
boards). Installed natural frequencies can be expected to be relatively low, e.g.: < 200 Hz 
and relatively simple to modify. Internal resonances associated with units can occur at 
much higher frequencies and can be more difficult to alter in a predictable way. In such 
cases, testing may be required to include the higher frequency harmonics. 

B.5 EQUIPMENT ALIGNMENT 

B.5.1 Considerable variations have been seen in the relative severity of three vibration 
measurement axes, depending on aircraft type. While the most severe vibration tends to 
occur in either the vertical or transverse axis, relatively high levels have been observed in 
the longitudinal axis. This suggests that if flight measurements are being made, all three 
axes should be included. 

B.6 OTHER PARAMETERS 

B.6.1 Differences in the vibration severity of nominally identical propeller aircraft have been 
attributed to indeterminable structural differences. For example, in a survey of twelve flights 
of different C130 (Hercules) aircraft, involving different airframes, the coefficient of variation, 
ie: standard deviation divided by the mean value, was around 30% for the dominant 
frequency components. Such variations in severity need to be taken into account when 
compiling environment descriptions or test specifications, e.g.: by enveloping measured 
data by appropriate margins. 
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Figure B1: Examples of Hercules C130 Mk 1 vibration severity for various flight 
conditions 
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Figure B2: Vibration severity versus power demand for a Jetstream Mk 1 aircraft 
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Figure B3: Variation of vibration severity along the fuselage of a Jetstream Mk 1 aircraft in 
cruise 
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LEAFLET 247/1 
DEPLOYMENT ON ROTARY WING AIRCRAFT 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments encountered by materiel when deployed 
on or installed in rotary wing aircraft such as helicopters. The sources and characteristics of the 
environments are presented and where appropriate, information is given on potential damaging 
effects. Additional guidance is contained in Annex A on the important parameters influencing the 
severity of the mechanical environments. Where relevant, advice is given on the selection of the 
appropriate AECTP-400 Test Methods. 

1.2 Advice is given in Annex B on the manipulation of measured data to compile environment 
descriptions and test severities. Also addressed in Annex B is the use of suitable data processing 
techniques for dealing with helicopter vibration characteristics. 

 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 General 

2.1.1 Consideration of the sources of vibration, as presented in Annex A, suggests that it is 
realistic to characterise vibration spectra associated with helicopters by discrete peaks 
superimposed upon a background of broad band random vibration. Helicopter engine 
speeds are governed generally to within 2% and so the frequencies of the rotating 
components are similarly bounded. 

2.1.2 In the course of their missions, helicopters carry out many flight conditions, which may 
include hover, straight and level flight (forwards, backwards and sideways), climb, descent, 
turns, acceleration, deceleration, etc. For data processing purposes these conditions may 
need to be classified into two groups, ie: steady and non-steady state, because different 
techniques are appropriate for each group. The former group would include straight and 
level flight and other relatively steady-state conditions, while the latter group would include 
the transition from forward flight to hover and other relatively transient conditions. 

2.1.3 Typical acceleration histories from a store carried externally on a Sea King helicopter during 
straight and level flight at maximum speed (Vne) are presented in Figure 1. This figure 
presents data from the vertical, transverse and longitudinal axes. Figure 2 shows a 
frequency analysis up to 500 Hz for the vertical axis acceleration history presented in 
Figure 1. In Figure 2 the excitation harmonics associated with the main rotor blade passing 
frequency of the Sea King can be clearly seen. A further frequency analysis of this data up 
to 3000 Hz is presented in Figure 3. It can be seen from Figure 3 that responses above 200 
Hz are at a very low level, apart from a peak centred around 700 Hz which is attributed to 
gear tooth meshing. 

2.1.4 An amplitude probability density (APD) analysis has also been carried out on this vibration 
record; the resulting plot is shown in Figure 4. The characteristic of the APD data is midway 
between that of random vibration and that associated with sinusoidal vibration. 

2.1.5 Studies have shown that parameters which influence the vibration characteristics of 
helicopter equipment fall into four categories, i.e.: flight conditions, helicopter variations, 
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load configuration and measurement position/axis. These parameters should be considered 
when compiling test specification from measured data. 

2.2 Flight Conditions 

2.2.1 Helicopter vibration usually depends on the speed of the helicopter, as illustrated in Figure 
5. It should be noted from this figure that maximum vibration does not always occur at 
maximum speed, but can be associated with a sub-cruise speed. 

2.2.2 The transition to hover from forward flight is generally the most severe flight condition. 
Moreover, the severity of the transition to hover condition can exceed that of cruise by up to 
four times, albeit for only a few seconds. The transitory nature of this manoeuvre is 
illustrated by the acceleration history presented in Figure 6. Effects of take-off and landing 
are not significantly different to those associated with the hover condition. 

2.2.3 During flight the helicopter will experience extreme low frequency accelerations. These 
loadings, which are generally of low severity, can be caused by manoeuvres such as 
banked turns or can be caused by gusts. For design and test purposes, these acceleration 
loadings are usually considered as being quasi-static in nature. Their effects can 
sometimes be amplified by coupling with the dynamic motions arising from the lower 
frequency airframe modes of vibration, although such coupling would be expected to be 
considered and prevented at the helicopter design stage. 

2.3 Helicopter Variations 

2.3.1 Observations from cabin measurements, the vibration characteristics of which are 
particularly applicable to internal equipment, rank helicopters according to severity in the 
order of Chinook, Lynx and Sea King. However, data relating to externally carried stores on 
the Sea King and Lynx, indicate that Sea King is the most severe. The variation in severity, 
ie: best to worst, for samples of Lynx and Chinook helicopters, has been seen to be up to 
5:1 for the dominant frequency components. For a given helicopter type, the variation in 
store vibration amplitude due to carriage station has been seen to vary by up to 3:1. 

2.4 Load Configuration 

2.4.1 The attachment of massive equipment (particularly of stores) produces installed natural 
frequencies of the equipment/carrier/helicopter combination. Problems of excessive 
vibration can occur if such frequencies coincide with any of the major forcing frequencies, 
such as blade passing, associated with the host helicopter. Mixed carriage loads of external 
equipment can also influence vibration severity, increases of 1.6 times have been 
observed. 

2.5 Measurement Position and Axis 

2.5.1 A helicopter vibration measurement will be influenced by its proximity to the various sources 
of excitation and also the type of structure to which the measurement transducer is 
attached. For external stores, where significant rigid body motions may occur, additional 
influences can be the position of the transducers along the store and the sensing axis. 

2.6 Gunfire 

2.6.1 Materiel responses to gunfire are discussed in Leaflet 246/1, Deployment on Jet Aircraft. 
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2.7 Launch of Weapons 

2.7.1 This environment encompasses the launch of weapons from the host helicopter, e.g.: the 
launch of TOW missiles. The launch of weapons can subject the helicopter airframe to high 
levels of shock, vibration, blast pressure and rocket motor efflux. These conditions are 
highly specific to particular weapon/helicopter installations and therefore generalised 
guidance is inappropriate. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

 3.1.1 Materiel may be susceptible to three possible failure modes, ie: related to 
displacement, velocity and acceleration. Displacement related failures in materiel can arise 
through collisions between equipments after relative movement; tension failures after 
relative movement; connectors becoming loose leading to a break in electrical continuity. 
Acceleration related failures may arise through the action of inertial loadings. These may be 
applied once, to produce a threshold exceedance failure, or repeatedly to induce a fatigue 
failure. Velocity related failures are not as common as those of displacement or 
acceleration. However, velocity loadings on some electrical equipment, including sensors, 
could induce spurious voltages, which in turn could lead to functional failure. 

3.2 Taxi Operations 

3.2.1 This is a benign environment for most materiel and no special damaging effects need 
usually be considered. 

3.3 Takeoff, Landing and Flight 

3.3.1 A major potential problem area for materiel mounted on helicopters is possible coupling 
between the helicopter's blade passing related frequencies and frequencies associated with 
the equipment, ie: of the equipment on its mounts or of its internal components. Not only 
can this lead to equipment failure but excessive loads can be introduced into the 
helicopter's airframe. 

3.3.2 As a result of in-flight manoeuvres or the effect of gusts, inertial loadings can be induced 
within equipment and at its attachment points to the airframe. Such loadings can produce 
structural fatigue failures or degrade the correct functioning of mechanisms. 

3.4 Gunfire 

3.4.1 The blast pressure wave associated with the action of gunfire can cause structural damage 
to the airframe close to the gun's muzzle, ie: in the near field. Also in this area, equipment 
close to the muzzle, but protected from the blast, may suffer the effects of the structurally 
transmitted mechanical shock. Further from the gun's muzzle, ie: in the far field, equipment 
may suffer the effects associated with intense low frequency vibration corresponding to the 
gun fire rate. Possible adverse effects in this region could arise from a coupling of the gun 
firing rate with fuselage modes of vibration or with the installed natural frequencies of 
equipment. 
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4. TEST SELECTION 

4.1 Flight Vibration 

4.1.1 Two methods of simulating this environment are generally available, ie: laboratory tests or 
field trials. Laboratory tests allow the simulation to be undertaken in closely defined and 
controlled conditions. The test procedure used should be that of AECTP-400, Method 401 - 
Vibration. 

4.1.2 Field trials are potentially more realistic and may be most convenient for large items of 
equipment. Field trials are essential if the equipment interacts significantly with the host 
helicopter, such as in the case of heavy external stores. 

4.2 Gunfire 

4.2.1 The test methods to be adopted for this environment are discussed in full in Leaflet 246/1 
Installation in jet aircraft, paragraph 5.6 Gunfire. 
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Figure 1: Vibration histories of an externally carried store during straight and level 

flight on a Sea King helicopter.
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Figure 2:  Store vibration spectrum for external carriage on a Sea King helicopter 
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Figure 3: Store wide band vibration spectrum for external carriage on a Sea King 

helicopter 
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Figure 4: Amplitude probability density for a store externally carried on a Sea King 
helicopter 
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Note: Data from an externally carried store on a Lynx helicopter 

Figure 5: Helicopter vibration versus speed characteristic
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Figure 6: Store vibration history for transition from forward flight to hover 
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ANNEX A 
PARAMETERS INFLUENCING THE MECHANICAL ENVIRONMENTS 

A.1 TAXI OPERATIONS 

A.1.1 During taxi operations around an airfield, a helicopter can be expected to experience 
vibration and transient inputs arising from the interaction of the wheels of the helicopter's 
undercarriage with the surface of the runway. The severity and character of these inputs will 
be dependent upon the mass of the helicopter, the size of its wheels, the compliance of its 
undercarriage and the quality of the runway surface. This environment may not be 
applicable to all helicopter types, such as those types fitted with skids in place of wheels. 

A.2 TAKE-OFF AND LANDING 

A.2.1 The characteristics and severities arising from these conditions are generally encompassed 
by those of flight (see below). A possible exception is that of arrested landing, such as may 
occur on the flight deck of a ship. 

A.3 FLIGHT CONDITIONS 

A.3.1 For materiel installed either internally or externally on helicopters the dominant source of 
vibration is that associated with the main rotor blade passing frequency. Depending upon 
the position of the materiel within the airframe, significant vibration response levels can 
occur at the frequencies of associated higher harmonics and also, albeit usually at lower 
levels, the main rotor, and the tail rotor and its blades. Excitation over a wide frequency 
range also arises from the action of other rotating components, such as drive shafts, 
engines, pumps and gear tooth meshing. 

A.3.2 A notation system has evolved for describing the various rotational frequencies. If R is the 
rotational speed of the rotor and n is the number of blades on the main rotor, then the blade 
passing frequency is given by nR, and subsequent harmonics are 2nR, 3nR, etc. Similarly, 
for the tail rotor, blade passing frequencies are denoted by nT, 2nT, etc., where T is the 
rotational speed of the tail rotor and n denotes the number of blades. 

A.3.3 A typical vibration spectrum measured on a helicopter could include components from the 
following sources: 
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Source Frequency Range 
(Hz) 

Ride motions, effects of turbulence 0-3 

Main Rotor R 3-7 

Fuselage bending modes 5-8 

Rigid body modes of external stores on their carriers 6-20 

Main Rotor blade passing nR 11-26 

Tail rotor T, multiples of nR, tail drive shaft, pumps, gearboxes 8-80 

Tail rotor blade passing nT, Pumps, engines and gearbox, output 
shafts 

100-140 

Main gearbox tooth meshing 450-700 

Further gearbox tooth meshing frequencies 1000-5000 

Engine turbine blades passing 10000-plus 

A.3.4 For a dual rotor helicopter such as the Chinook, the dominant frequency tends to be the 
frequency of interaction between the two sets of blades that is at 2nR. 

A.3.5 Vibration can originate from several mechanisms associated with the action of the rotor 
system. Some of these mechanisms generate vibration directly while others first generate 
noise which produces vibration when it impinges on the helicopter's airframe. Because of 
the diverse nature of these sources, and their interactions, measured vibration spectra can 
appear complicated and possess features which are not easily explained, such as the 
cancelling or enhancement of certain blade passing harmonics. Some of these sources of 
vibration are: 

a. Rotating Pressure Fields: Pressure fields rotating with the rotor blades produce 
noise which in turn produces periodic vibration at the blade passing frequency and 
harmonics when it impinges on the helicopter's fuselage. 

b. Vortices: Vortices shed from the tips of the rotating blades cause broad band 
random vibration when they impinge on the helicopters fuselage. 
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c. Blade Thickness Noise: This noise is generated by air moving out of the way of an 
advancing blade and then returning after the blade has passed. This pulsation of 
noise is perceived at the fuselage as noise at the blade passing frequency, and 
can produce periodic vibration in the helicopter's structure. 

d. Mechanical Imbalance: Periodic vibration is caused by mechanical imbalance of a 
rotor assembly and will be apparent at the rotor shaft speed and its harmonics. 
Imbalance can arise through the natural action of erosion over a period of time. 
Routine maintenance should act to minimise this vibration but some residual 
imbalance is likely. 

e. Airflow Interference: When a rotor is producing lift, an airflow streams below it. If 
this flow is interfered with, e.g.: by the helicopter's tail boom, vibration can be 
induced into the rotor blades and transmitted to the helicopter's structure via the 
rotor bearing. 

f. Rotor Blade Modes: Blade modes can be excited by forcing functions such as the 
air moving through the rotor disc or by airflow interference. If there is coupling 
between the blade mode frequencies and the forcing functions then the blades 
vibrate with large amplitude and there is little reaction at the rotor bearing. If the 
frequencies are well separated, however, the blades will suffer forced vibration 
which will be transmitted to the helicopter fuselage via the rotor bearing. 

A.3.6 The rotor system assembly itself has inherent periodic vibration generating characteristics. 
In forward flight, the rotor blades experience periodic changes in loading because of their 
rotation in relation to the forward velocity of the helicopter and also to changing angles of 
attack. 

A.3.7 Aerodynamic excitation of materiel, arising from the motion of the helicopter through the air, 
is not deemed to be significant because of the relatively low flight speeds of helicopters. 
However, this may not always be the case as blade technology improves and the speed of 
helicopters increases. 

A.3.8 As for internally mounted materiel, that mounted externally experiences vibration which is 
predominantly mechanically transmitted from the rotor hub. Downwash from rotor blades is 
not regarded as a significant excitation mechanism for external materiel. This is because, it 
is argued, it is the tips of the blades that generate most lift, and therefore, when in its usual 
mounting sites, externally carried materiel will tend to benefit from being in a region of less 
disturbed air. 

 

 
 



 
AECTP-240 
(Edition 1) 

LEAFLET 247/1 ANNEX B  
 

 
  204 ORIGINAL 

 
 

ANNEX B 
DERIVATION OF SEVERITIES FROM MEASURED DATA 

B.1 GENERAL 

B.1.1 This section explains how vibration test severities may be derived from measured data. The 
severities are themselves based upon an environment description, the derivation of which is 
presented first. 

B.2 DERIVATION OF AN ENVIRONMENT DESCRIPTION 

B.2.1 This section discusses the compilation from field data of environment descriptions in terms 
of vibration data formats. The underlying logic of the procedure can be considered to be 
generally applicable to all materiel carried internally or externally on helicopters. 

B.2.2 The following procedure to derive environment descriptions has been found to be 
satisfactory in a number of situations; however, no general approach can be expected to be 
universally successful. The procedure, illustrated as a flow diagram in Figure B.2, 
comprises the following stages: 

a. From the vibration spectra computed from the measured data, identify any critical 
installed natural frequencies associated with the integration of the materiel with the 
helicopter, and separately deal with any potential problems regarding the coupling 
of this frequency with any of the blade passing related frequencies. 

b. Select reference sites on the materiel, typically three on relatively stiff structure, 
one in each of a set of orthogonal axes. Establish the g rms versus speed 
characteristic at these reference sites, thereby confirming the vibration amplitudes 
at normal operating (Vno) conditions. It is convenient to present these data in 
graphical form with amplitudes normalised with respect to that of a maximum as 
illustrated in Figure B.1. The maximum chosen should be appropriate for the 
materiel and its application; it is generally appropriate to use the maximum flight 
speed, Vne, for this purpose. 

c. Derive a description of the random vibration background spectrum for each 
reference site by producing an 'overlay' PSD plot of all the measured flight 
conditions. It is to be expected that the g rms of this background vibration will be 
relatively low. Consequently, an element of conservatism can be built in at this 
stage with little adverse effect in terms of damage potential by including PSDs 
from both steady state and transient flight conditions. 

d. From peak hold spectra obtained from the measured data, produce two sets of g 
pk levels, ie: one set for steady state and one set for transient flight conditions, at 
the dominant forcing frequencies, e.g.: nR, 2nR, etc. It is desirable to check that 
the g peak levels for the transient conditions are supplemented by the peak levels 
observed from the acceleration histories for the more severe transient conditions, 
such as transition to hover, to avoid their possible underestimation. 

e. Using the PSDs and listings of g peak amplitudes, quantify any trends in the data. 
Suitable areas for investigation include the relative severity of flight conditions, 
relative severity of axes, effects of mixed loads, and In-Ground-Effects (IGE). 
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B.2.3 At this point, the vibration amplitudes experienced by the materiel are quantified by direct 
measurement for all the operational conditions included in the trial programme. A procedure 
utilising the elements of the environment description to produce vibration test spectra is 
presented below. 

B.3 DERIVATION OF VIBRATION TEST AMPLITUDES 

B.3.1 To transform an environment description derived from flight measured data into test 
severities, the elements derived above need to be modified to represent an acknowledged 
maximum severity level of an anticipated in-Service condition. While in principle it is 
desirable that test amplitudes representing limit conditions are expressed in terms of a 
probability of occurrence, e.g.: 1 in 500 case or 2.88 sigma level, it is rarely practicable to 
do so rigorously because of the large amount of data required to establish the statistics. 
Therefore, in most circumstances, recourse must be made to engineering judgement when 
establishing limit conditions from measured data. As a guide, only in exceptional 
circumstances would test severities exceed the fallback levels presented in AECTP-400, 
Method 401, Annex D. 

B.3.2 The transformation of the background random vibration related elements and the blade 
passing frequency related elements of the environment description into test spectra is 
accomplished separately. The logic for this procedure comprises the following stages: 

a. The background random element of the environment description often needs to be 
simplified to provide a practicable test spectrum. This can be achieved by 
enveloping the measured spectra by a number of straight line segments which 
follow the basic trend of the PSD characteristic. The resulting g rms should 
represent the actual limit conditions or the nominated probability of occurrence, 
e.g.: the 1 in 500 level. 

b. The g peak amplitudes measured at the blade passing related frequencies nR and 
2nR etc, are considered separately for the steady state and transient flight 
conditions. For both sets of flight conditions, amplitudes corresponding to the 
actual limit conditions or the nominated probability of occurrence, e.g.: 1 in 500 
level, should be established. 

c. The values derived in paragraph (a) above, for the background random element, 
and paragraph (b) above, for the steady state flight conditions of the blade passing 
related element, are then reconsidered to determine whether any further 
enhancement of the levels is necessary to cover the following helicopter 
parameters: 

 Flight condition. 
 
 Helicopter variations, both within a type and flight-to-flight. 
 
 Alternative carriage stations and load configurations. 
 
 Measurement position and axis. 
 

The effects of these parameters are discussed in paragraph 2. In practice, it is unlikely that 
the background random element will require further enhancement to cover these 
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parameters, but the blade passing related components will usually require some 
adjustment. 

a. The levels derived for the severe transient conditions in paragraph (b) above may 
exceed by a considerable margin, typically by a factor of four, those for Vno. 
Moreover, there is insufficient evidence to suggest that the variations affecting the 
steady state conditions apply equally to the high amplitude transient conditions. 
Therefore, to avoid excessive and unrepresentative test amplitudes it is suggested 
that the enhanced steady state levels, ie: those that take into account the 
variability parameters in paragraph (c) above, should form the basis of the test 
amplitudes. It should be noted that such a strategy may not always be applicable, 
and therefore, each case should be treated on its merits. 

b. The resulting limit condition or test overall g rms should be compared to that 
relating to the Vno condition. As a guide, this test g rms typically exceeds that at 
the Vno flight condition by a factor of between 2.5 and 3.5 times. 

B.4 DERIVATION OF TEST DURATION 

B.4.1 Test durations should be based upon the required life of materiel and the usage profile of 
the relevant tracked vehicle. In order to avoid impracticably long test durations, it is general 
practice to invoke equivalent fatigue damage laws such as Miner's Rule. This rule is also 
known as the "Exaggeration Formula" and is expressed as follows: 

( )n2/S1S1t2t =  

 
where 
t1 = the actual duration in the requirements characterised by the 

measured level  
t2 = the equivalent duration at the test level 
n = the exaggeration exponent  
 
For rms level 
S1  = the rms level of the measured spectrum 
S2 = the rms level of the test spectrum 
n = b = the exaggeration exponent; values between 5 and 8 are typically 

used 
 
For ASD level 
S1  = the ASD level of the measured spectrum 
S2 = the ASD level of the test spectrum 
n = b/2 = the exaggeration exponent; values between 2.5 and 4 are typically 

used 
 

The exponent ‘b’ corresponds to the slope of the fatigue (S/N) curve for the appropriate material. A 
value of ‘b’ equal to 8 is adequate to describe the behaviour of metallic structures such as steels and 
aluminium alloys which possess an essentially linear stress-strain relationship. This expression is 
used with less confidence with non-linear materials and composites. For electronic equipment and 
non metallic materials, elastomers, composites, plastics, explosives, a value of 'b' equal to 5 is 
recommended. 
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Although the expression has been shown to have some merits when applied to materiel, it should be 
used with caution, if unrepresentative failures are to be avoided. It is inadvisable for test levels to be 
increased beyond the maximum measured levels that equipment may experience during in-service 
life, with a statistically based test factor applied. Furthermore, where there is evidence that the 
materiel is not fully secured to the vehicle Miner's Rule is totally invalid and should not be used. In 
such cases the Loose Cargo Test (AECTP-400, Method 406) should be considered as an 
alternative. 
 
B.4.2 It is first required to establish the major characteristics of the nominated or dominant sortie 

profile(s), which will generally take the form of the percentage of time spent in particular 
flight conditions. Based upon these detailed sortie profile(s), a simplified idealised profile 
can be derived by grouping together conditions of similar severity. Suggested group 
headings are hover; sub-cruise; cruise and maximum. A suggested classification of flight 
conditions is shown in Figure B.1. By grouping flight conditions together in this way, the 
percentage times spent in each of the three groups can be allocated. 

B.4.3 Having derived the percentage durations as above, these data can be combined as 
indicated in the table below to calculate the test time equivalent to an hours flying time. For 
the purpose of illustration relative severities are taken from Figure B.1. Using Miner's Rule, 
equivalent durations spent at high-cruise levels are calculated for sub-cruise and cruise. 
These durations are then summed, as shown in the following example. 

 

Condition Severity Index Time 

  % Mins Equivalent 

Hover 0.3 15 9.0 0.02 

Sub-Cruise 0.6 20 12.0 0.93 

Cruise 0.5 40 24.0 0.75 

Maximum 1.0 25 15.0 15.0 

 Totals: 100 60.0 16.7 

ie: 16.70 minutes test is equivalent to 60 minutes flight time. 

B.4.4 The basis for the procedures described in paragraphs B3 and B4 are represented as a flow 
diagram in Figure B.3. 

B.5 DATA FORMAT FOR TESTING 

B.5.1 Amplitudes at blade passing frequencies have been derived from either peak hold spectra 
or acceleration histories to avoid their possible underestimation in an PSD. Further 
information is given in paragraph B.7. For testing purposes, these g peak values may used 
directly as sinusoidal amplitudes, or preferably, converted to PSD levels assigned to narrow 
band random components. This conversion is also discussed in paragraph B.7. 

B.5.2 It is suggested that the bandwidth of the narrow bands should be 10% of the centre 
frequency, ie: for the Sea King helicopter with a blade passing frequency of 17.4 Hz, the 
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bandwidth of the narrow bands representing the first two harmonics of blade passing would 
be 1.74 and 3.48 Hz, respectively. 

B.6 COMPOSITE HELICOPTER TEST 

B.6.1 The following procedure, applicable when flight data are available, is suggested for 
accommodating a number of helicopter types within one laboratory test. 

B.6.2 Blade Passing Frequencies 

a. Amplitude: As the blade passing frequency may be different for each helicopter 
type, as shown in the following table, the formulation of one (composite) test to 
cover materiel for all possible helicopter types must inevitably involve a degree of 
compromise. Such a compromise may be acceptable in most applications. In the 
preceding paragraphs, it has been suggested that excitation at blade passing 
related frequencies be represented by narrow band random vibration. It is further 
suggested that, for a composite test, these narrow bands are swept in the 
frequency domain to cover the helicopter types under consideration. In practice, 
the sweep range of the narrow band components could be expected to be about 
10 Hz. It is required, in this situation that the sweep rate is sufficiently slow to 
permit any structural resonance to occur at their in-Service levels. 

Main Rotor Tail Rotor 
Helicopter Rotation 

Speed, 
Hz 

Number 
of Blades

f1,  
Hz 

Rotation 
Speed, 

Hz 

Number 
of Blades 

f1,  
Hz 

AH-1 ( Cobra ) 5.40 2 10.80 27.70 2 55.40 
AH-6J ( Little Bird ) 7.95 5 39.75 47.30 2 94.60 

AH-64 ( early Apache ) 4.82 4 19.28 23.40 4 93.60 
AH-64 ( late Apache ) 4.86 4 19.44 23.60 4 94.40 
CH-47D ( Chinook ) 3.75 3 11.25 na na na 
EH101 ( Merlin ) 3.57 5 17.85 16.18 4 64.72 
Gazelle 6.30 3 18.90 96.20 13 1250.60 
Lynx Mk 1, Mk 2 Mk 3 5.51 4 22.04 31.90 4 127.60 
Lynx 3 5.51 4 22.04 27.80 4 111.20 
MH-6H 7.80 5 39.00 47.50 2 95.00 
OH-6A ( Cayuse ) 8.10 4 32.40 51.80 2 103.60 
OH-58A/C ( Kiowa ) 5.90 2 11.80 43.80 2 87.60 
OH-58D ( K. Warrior ) 6.60 4 26.40 39.70 2 79.40 
Puma 4.42 4 17.68 21.30 5 106.50 
Sea King / Commando 3.48 5 17.40 21.30 6 127.80 
UH-1( Huey ) 5.40 2 10.80 27.70 2 55.40 
UH-60 ( Black Hawk ) 4.30 4 17.20 19.80 4 79.20 

 

 

B.6.3 Background Random 

a. Amplitude. As the g rms of the random background vibration is relatively low, the 
PSD plots from the various flight conditions, as derived above, can usually be 
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overlaid for all helicopter vibration without generating excessive levels. This 
resulting amplitudes can then be incorporated into a test spectrum using the 
procedure described in paragraph B.3.2.(a). 

b. Durations. The background random vibration is applied in conjunction with the 
narrow band components as discussed in paragraph B.4. 

B.7 KEY ASPECTS OF PROCESSING 

B.7.1 This paragraph discusses some important aspects that arise when processing helicopter 
vibration data. 

B.7.2 Power Spectral Density (PSD) is the most commonly used data format and describes the 
spectral content of vibration records. When the units of measurement are acceleration it is 
also referred to as Acceleration Spectral Density (ASD); amplitude is commonly expressed 
as g2/Hz. ASD is usually produced using the Fast Fourier Transform (FFT) algorithm. 

B.7.3 Typical parameters for the production of PSD data might be as follows: 

Parameter 
 

Abbreviation 
 

Typical Value 
 

Maximum frequency Fmax 200 Hz 

Acquisition rate AQR 512 sps 

Transform size N 2048 

Resolution bandwidth B 0.25 Hz 

Record duration AQT 30 seconds 
 
B.7.4 The frequency range of 0.25 to 200 Hz and resolution bandwidth of 0.25 is sufficient to 

resolve the lowest forcing frequency (R) and all the significant harmonics of blade passing. 
Higher frequency excitations, such as those arising from the gearbox tooth meshing, are 
not included but are not present at significant amplitudes on most materiel. 

B.7.5 Amplitudes from PSD plots are the result of two averaging processes, ie: 

a. Averaging in the time domain, according to the record duration (AQT). 

b. Averaging in the frequency domain, according to the resolution bandwidth (B). 
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 Parameter Value 
 

T
AQT

Time (secs)  

 
Record length : 
 
Acquisition rate : 
 
Transform size : 
 
Resolution 
bandwidth : 
 
Block length : 
 
Number of blocks 
averaged : 

 
AQT secs 

 
AQR sps 

 
N samples 

 

B =  AQR
N

 Hz

T =  1
B

 secs
 

 
AQT

T
 blocks

 
 

PSD Analysis Parameters 
 

The results of these averaging processes can be handled differently to produce mean and 
peak hold spectra. The above plot illustrates how a vibration record is divided into a number 
of blocks according to the parameters T and B. The duration of a single block is 1/B 
seconds and it contains N samples where N is the size of the Fourier Transform. 

B.7.6 After the data from a block has been digitally sampled, according to the specified AQR, a 
typical computer program producing PSD data might operate as indicated in Figure B.4. At 
the completion of the analysis of a vibration record, both a mean and a peak hold spectrum 
have been produced. The mean PSD is the result of both the averaging processes 
described above. 

B.7.7 The peak hold PSD has eliminated the effect of averaging in the time domain, but is still 
based on frequency domain averaging. Peak hold spectra (= Equivalent Peak Spectra) are 
sometimes presented in terms of g pk amplitude, although the measurements are based on 
the mean square value. In deriving the g pk value a peak to rms ratio has to be assumed, 
usually a factor of 1.414 is used. 

B.7.8 Where vibration test amplitudes at rotor order frequencies are given in terms of g peak, they 
are suitable for sinusoidal representation. These peak levels are based on measured mean 
square acceleration. Consequently, if it is desired to represent vibration at rotor orders by 
narrow band random peaks in preference to sinusoids, the required g2/Hz values can be 
obtained as follows: 

 g
Hz

= 1
B

g pk
2

2 ⎡

⎣
⎢

⎤

⎦
⎥

2

 

 where B in this case is the bandwidth of the narrow band peak. 

It should be noted that the above expression does not constitute a general purpose sine to 
random conversion. It applies only in this special case because the sine levels were 
originally based on measured mean square values. 
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B.7.9 Helicopter PSD levels are not meaningful unless the resolution bandwidth is specified. 
Helicopter data is not always stationary and tends strongly for power to be concentrated 
around a set of discrete frequencies, ie: harmonics of blade passing. Consequently, the 
form of a PSD of helicopter data can be sensitive to both record length and resolution 
bandwidth. This is in contrast to stationary broad band random vibration, as usually exists 
for jet aircraft. 

B.7.10 Non-stationary manoeuvres are best processed into acceleration histories for the most 
reliable characterisation. Equivalent Peak Spectra will not provide a true estimation of peak 
amplitude. There is often a requirement for fine frequency resolution, e.g.: to assist in 
recognising rigid body modes. Consequently, relatively long block lengths are used, e.g.: 
0.25 Hz resolution implies a block length duration of four seconds. In terms of the transitory 
nature of certain helicopter manoeuvres, four seconds is sufficiently long for the maximum 
levels to be averaged down. To avoid underestimation, records of non-stationary 
manoeuvres should be treated separately as acceleration-time histories. 
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Figure B1: Flight conditions and their relative severity 
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Figure B2: Derivation of an environment description from measured data 
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Figure B3: Derivation of vibration test severities from an environment description 
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Figure B4: Computation of mean and peak-hold PSD 
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LEAFLET 248/1 
DEPLOYMENT ON SURFACE SHIPS 

1. GENERAL 

1.1 The content of this leaflet addresses the mechanical environments that may be 
encountered by materiel when deployed on or installed in surface ships powered by nuclear 
or conventional means. 

1.2 The sources, characteristics and damaging effects of the mechanical environments are 
described. Information is contained in Annex A on the important factors influencing the 
mechanical environments. Where relevant, advice is given on the selection of the 
appropriate AECTP-400 Test Methods. Guidance is given in Annex B on the compilation of 
environmental descriptions and test severities from measured data.   

1.3 The information within this leaflet refers only to surface ships of conventional hull design. 
Craft such as hydrofoils and hovercraft are not included.  

1.4 Aspects relating to deployment or installation of materiel in surface ships that are not 
addressed in this sub-section are: 

a. Hostile actions: Even though environments arising from hostile actions such as underwater 
or aerial attack may drive major design parameters, they are outside the terms of reference 
of this STANAG. For guidance on such actions reference should be made to the 
procurement authority. 

b. Propulsion systems: The environments experienced by equipment on the propulsion raft, 
induced by the operation of the propulsion system, are excluded. Reference should be 
made to the propulsion equipment supplier for guidance and data. The environments at the 
raft/vessel interface are included. 

1.5  Vibration amplitude levels in surface ships are relatively benign. Moreover, stealth 
requirements demand ever decreasing levels. Another factor that acts to keep vibration 
levels low is the tolerance of the crew, because unlike tanks, trucks or aircraft, a ship’s crew 
lives on-board, sometimes for several months at a time. 

1.6  The mechanical environments experienced by installed equipment arise from the actions of 
on-board machinery and of the sea. The following environments may be experienced. 

 

2. CHARACTERISTICS OF THE ENVIRONMENTS 

2.1 On-board Machinery 

2.1.1 The action of on-board machinery, including generators, transformers, propulsion engines, 
gearboxes, rotating shafts and propellers will induce vibration in deployed or installed 
materiel. The vibration characteristics of this machinery, as experienced by the materiel will 
typically comprise excitations at discrete frequencies superimposed upon a background of 
broad band random vibration. 
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2.1.2 The excitations at discrete frequencies will correspond to the various rotational sources 
dependent upon the position of the materiel relative to these sources. Often, vibration at the 
propeller blade passing frequency, and its associated harmonics is relatively strong. These 
frequencies may change for different speeds according to the type of ship. For example, 
some ships achieve different speeds by varying both engine revolutions and propeller blade 
pitch angle according to a control law. A typical example of a vibration spectrum originating 
from the aft area of a UK anti-submarine frigate is presented in Figure 1. This figure also 
indicates the shaft order frequencies. Acceleration and ASD spectra from the aft area of a 
French anti-aircraft frigate are presented in Figure 2. 

2.1.3 The broad band random component of a typical vibration spectrum will arise from the 
cumulative effect of all activity onboard ship, the prevailing sea condition and the influence 
of the ship’s own dynamic response characteristics. 

2.2 Wave Slap 

2.2.1 The effects of waves impacting on the ship’s hull, ie: wave slap, can give rise to shock 
loadings. It is not usually necessary to carry out tests for these conditions. Any shocks that 
may be expected to occur are likely to be encompassed by those associated with handling 
events. 

2.3 Sea Slamming 

2.3.1 Slamming is a localised phenomenon occurring when the relatively flat underside of a ship’s 
hull slaps onto the surface of the sea at a relatively high velocity when driving into heavy 
seas. It is therefore more applicable to materiel installed in the hull below the water line. 
Transient accelerations caused by slamming in frigates and larger ships can reach 1 g. In 
smaller ships, e.g.: mine-sweepers, transient accelerations up to 5 g have been recorded. It 
is not usually necessary to carry out tests for these conditions. 

2.4 Ship Motions 

2.4.1 The action of the sea and weather can give rise to cyclical motion at low frequencies 
(periods of several seconds) in roll, pitch and yaw. These motions are approximately simple 
harmonic with a natural period depending on the characteristics of the ship. Examples of 
values of ship motion for Sea State 7 are given in Table 1. Because the levels are so low it 
is not usually necessary to carry out tests for these conditions. 

2.5 Gunfire and Launch of Weapons 

2.5.1 A ship’s guns can cause a shock response in nearby equipment. This arises from the 
effects of blast and to a lesser extent, recoil. Blast is caused by the exit and rapid 
expansion of propellant gases following the emergence of the projectile from the gun’s 
muzzle. These conditions, and those associated with the launch of missiles, are highly 
specific to the gun or missile type, and so the provision of generalised information regarding 
the need for tests is inappropriate. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 Materiel may be susceptible to three possible failure modes, ie: related to displacement, 
velocity and acceleration. Displacement related failures in materiel can arise through 
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collisions between equipments after relative movement; tension failures after relative 
movement; connectors becoming loose leading to a break in electrical continuity. 
Acceleration related failures may arise through the action of inertial loadings. These may be 
applied once, to produce a threshold exceedance failure, or repeatedly to induce a fatigue 
failure. Velocity related failures are not as common as those of displacement or 
acceleration. However, velocity loadings on some electrical equipment, including sensors, 
could induce spurious voltages, which in turn could lead to functional failure. 

3.2 Implications 

3.2.1 To protect against the effects of underwater attack, materiel is often fitted with shock 
mounts. Unfortunately, materiel mounted using these devices can consequently possess 
installed natural frequencies in the frequency range associated with onboard rotating 
machinery. If this coincidence of excitation and response frequencies occurs, then 
excessive materiel displacements can result. Such coincidence can lead to degradation of 
the anti-shock mount and, of course, to the materiel. 

3.2.2 Although the vibration environment on-board ship is, for most materiel, benign, it should be 
noted that because of the operational deployment patterns for ships, materiel can be 
exposed to the environment continuously for several months. Consequently, the most 
common failure mechanisms likely to be encountered are of the time dependent variety 
such as high cycle fatigue, fretting and brinelling. These types of failure are of particular 
relevance to flexible and lightly damped components, which may have resonances in the 
range associated with a ship’s propeller blade passing frequencies. 

3.2.3 The blast pressure wave associated with the action of gunfire can cause structural damage 
to the ship’s structure close to the gun’s muzzle, ie: in the near field. Also in this area, 
materiel close to the muzzle, but protected from the blast, may suffer the effects of the 
resulting mechanical shock associated with gun fire. Further from the gun’s muzzle, ie: in 
the far field, materiel may suffer the effects associated with intense low frequency vibration 
corresponding to the gun fire rate. Possible adverse effects in this region could arise from a 
coupling of the gun firing rate with structural modes of vibration or with the installed natural 
frequencies of materiel. 

4. TEST SELECTION 

4.1 Options 

4.1.1 Laboratory tests or sea trials are possible means of testing materiel to be used in the 
environments identified in paragraph 2. Sea trials are essential if the materiel interacts 
significantly with the dynamics of the ship. Sea trials may be required if the materiel is 
sensitive and no adequate data are available upon which to base laboratory test severities 
of adequate precision. An advantage of sea trials is that all units are in their correct relative 
positions and all mechanical impedances are realistic. Consequently, sea trials can 
potentially expose materiel to relevant failure mechanisms, which may not be the case for a 
laboratory test. In practice, however, a sea trial is highly unlikely to be of sufficiently long 
duration to generate those time dependent failure mechanisms discussed in paragraph 3 
above. Furthermore, the severity of mechanical environments onboard ship can depend 
upon the prevailing sea state and this cannot be anticipated when trials are planned. The 
simulation of the environment in a laboratory is usually viable for all but the largest items of 
materiel. 
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4.1.2   Excepting Gunfire (see paragraph 2.6), the only environment identified for which testing 
may be required is that to cover the effects of on-board machinery and the shaft propeller. 

4.2 On-board Machinery 

4.2.1 The swept frequency sinusoidal test as given in AECTP-400 Method 401 - Vibration 
Procedure 1 should be selected for this environment. This test is applicable to materiel 
installed in all regions of surface ships including mast heads, exposed upper decks, 
protected compartments and in the hull below the water line. 
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 Roll 
(Un-stabilised) 

Pitch 
 

Yaw 
 

Heave 
 

Period 
(s) 

 

Amplitude 
(deg) 

 

Period 
(s) 

 

Amplitude 
(deg) 

 

Acceleration 
under Ship’s 

Motion 
(deg/sec2) 

Period 
(s) 

 

Amplitude 
(m) 

 

10 ±18 5 to 6 ±8 1.75 7 ±3.5 
 

Notes 
 
(1) All data relates to Sea State 7, significant wave height 6 to 9 m 
(2) These statistically significant values are defined as the average of the third highest peaks and 

there is a 13% probability of exceeding these values 
(3) RMS values, which have a numerical value equal to half the significant value, are exceeded 60% 
 

(Derived from UK specification NES 1004) 
 

Table 1: Ship motion data. 
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Figure 1: Identification of propeller shaft frequency components in a frigate’s vibration 

spectrum 
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Figure 2: Vibration spectrum from an anti-aircraft (F70) frigate 
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ANNEX A 
PARAMETERS INFLUENCING THE MECHANICAL ENVIRONMENTS 

A.1  GENERAL 
A.1.1 Measured vibration data on onboard machinery will rarely be available for all in-service 

conditions. Therefore it is useful to establish, particularly for sensitive materiel, a working 
knowledge of the effects of various parameters on vibration severity. This is usually 
achieved by the derivation of empirical predictive models from the measured data acquired 
from a well planned programme. 

A.1.2 Vibration amplitudes on small ships, such as motor torpedo boats, can be relatively high 
because of their high performance. Also, being small means that transmission paths will be 
short from machinery to installed materiel and so the attenuation of vibration will be limited. 
While larger ships would be expected to give rise to a more benign vibration environment 
than small ships, aircraft carriers are a special case. This arises from the requirement to 
accommodate high performance and from the installation of the necessary powerful 
propulsion systems. Aircraft operations, such as take-off and landing, can also induce 
vibration and shock loads into the ship’s structure. 

A.1.3 Due to the relatively benign environments arising from the conditions addressed in this sub-
section, the following parameters are limited to those relating only to the transmission of 
vibration from on-board machinery, whether or not anti-shock mountings are used on the 
installed materiel. 

A.2  ON-BOARD MACHINERY 
A.2.1 Speed: Vibration can be expected to increase with increasing speed, although maximum 

vibration may not necessarily coincide with maximum speed. Rather than speed, a better 
parameter here might be power demand, or the position of the Power Control Lever (PCL). 
Some ships respond to power demands by altering both engine speed and propeller pitch 
according to pre-set control laws. Figure A1 presents data obtained from a frigate which 
illustrates how vibration can vary according to PCL setting; corresponding ship speeds are 
also indicated on the figure. 

A.2.2 Asynchronous Running: Some ships are fitted with multiple propulsion lines and sometimes 
run with only one line powered and one line “training”, called asynchronous running. 
Differences in vibration severity between asynchronous and synchronous running can 
occur. 

A.2.3 Engine Configuration: Some ships are fitted with multiple engines per propulsion line. 
Differences in vibration severity can be expected according to which engine configuration is 
in use. 

A.2.4 Turns: Turns to port and starboard can be expected to be equally severe and of greater 
severity to the equivalent ahead condition, as illustrated in Figures A2 and A3. 

A.2.5 Emergency Stop: This condition can be expected to give rise to relatively severe vibration, 
albeit for only short durations. An acceleration (g rms) time history for an emergency stop is 
presented in Figure A4. 

A.2.6 Astern: Vibration associated with this condition can exceed that of full ahead, although as 
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for the emergency quick-stop, vibration tends to be non-stationary in character. 

A.2.7 Sea Depth: For a given condition vibration is likely to be more severe in shallow compared 
to deep water because of reflections from the sea bed. Shallow water is generally regarded 
to be of depth less than five times the draught of the ship. 

A.2.8 Sea State: The general vibration environment onboard ship can be expected to become 
more severe with increasing sea state. This can arise as a result slamming, wave slap and 
increased demands on the propulsion system. 
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Figure A1: Vibration severity (g rms) versus power demand 
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Figure A2: Comparison of the effects of various ship conditions 
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Figure A3: Ship structural vibration response for a starboard turn 
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Figure A4: Ship structural vibration response for a quick-stop 
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ANNEX B 
DERIVATION OF TEST SEVERITIES FROM MEASURED DATA 

B.1  GENERAL 

B.1.1 This section explains how vibration test severities can be derived from measured data. The 
severities are themselves based upon an environment description, the derivation of which is 
explained first. 

B.2  DERIVATION OF AN ENVIRONMENT DESCRIPTION 
B.2.1 An environment description for materiel deployed on or installed in a ship should generally 

include for that materiel, and for each relevant ship operating condition, frequency response 
characteristics and amplitudes and time histories of any transients. This information can 
form the basis of an examination of trends, e.g.: on how severity is influenced by speed. 
The ideas outlined below can be used to derive an environment description from measured 
data. Procedures utilising the elements of the environment description to produce test 
spectra and durations are also discussed. 

B.2.2 Regarding spectral characteristics two parts of the spectrum need to be considered, ie: the 
broad band background vibration and the narrow band peaks associated with rotating 
machinery. 

a. Broad Band Component: In general, it can be expected that the broad band component 
spectral characteristics, ie: the shape of PSD plots, will be stable with respect to many 
parameters. 

b. Narrow Band Components: The frequency of the dominant narrow band components are 
likely to correspond to the propeller blade passing frequency and its harmonics. 
Derivation of the amplitudes for these components can be a problem if their frequency 
changes with speed. This can lead to an under-estimation of severity because of 
averaging effects implicit in a PSD analysis. One solution is to gather data at a number of 
constant speeds which can then be analysed separately. Alternatively, if the speed is not 
constant throughout a record, evolutionary spectra (waterfall plots) can be used. Another 
approach is to use a tracking filter locked on to a shaft revolution signal. In either case, 
the severity should be associated with the resolution bandwidth to make the definition 
unambiguous. In extreme cases, the severity associated with these components could be 
based on peak-hold spectra to avoid their severity being subject to averaging processes. 

 

B.3  DERIVATION OF VIBRATION TEST AMPLITUDES 
B.3.1 To transform an environment description compiled from measured data into test severities, 

the elements described above need to be modified to represent an acknowledged severity 
level of an anticipated in-Service condition. While in principle it is desirable that test 
amplitudes representing such limit conditions are expressed in terms of a probability of 
occurrence, e.g.: 1 in 500 case or 2.88 level, it is rarely practicable to do so rigorously 
because of the large amount of data required to establish the statistics. Therefore, in most 
circumstances, recourse must be made to engineering judgement when establishing limit 
conditions from the measured data. As a guide, only in exceptional circumstances would 
test severities exceed those presented above as fall-back severities. 
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B.3.2 The transformation of the background random vibration and the propeller blade passing 
frequency related elements of the environment description into test spectra is accomplished 
separately. The procedure comprises the following stages: 

a. The background random element of the environment description often needs to be 
simplified to provide a practicable test spectrum. This can be achieved by enveloping the 
measured spectra by a number of straight line segments which follow the basic trend of 
the PSD characteristic. The resulting g rms should represent the limit condition or the 
nominated predicted probability of occurrence, e.g.: the 1 in 500 level. 

b. The amplitudes measured at the propeller blade passing related frequencies are 
considered separately for the steady state and transient flight conditions. For both sets of 
conditions, amplitudes corresponding to the limit condition or the nominated probability of 
occurrence, should be established. For some ships, the frequencies may change 
according to speed. To recognise in a test spectrum that the frequency of these 
components is speed dependent, the narrow bands should be swept over an appropriate 
frequency range. Alternatively, the broad band spectrum could simply be shaped to 
accommodate these peaks, rendering the narrow bands unnecessary at the cost of a 
degree of over-testing. 

c. The values derived in (a) for the background random element and (b) for the steady state 
flight conditions of the blade passing related element should then be reconsidered to 
determine whether any further enhancement of the levels is necessary to cover the 
following parameters: 

• Ship condition 

• Ship variations, both within and across types, as appropriate 

• Alternative installation schemes 

• Measurement position and axis 

In practice, it is unlikely that the background random element will require further 
enhancement to cover these parameters, but the propeller blade passing related 
components may well need consideration. 
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B.4  DERIVATION OF TEST DURATION 
B.4.1 Test durations should be based upon the required life of the materiel and the usage profile 

of the relevant ships. 

B.4.2 Test Duration: Test durations should be based upon the required life of materiel and the 
usage profile of the relevant surface ship. In order to avoid impracticably long test 
durations, it is general practice to invoke equivalent fatigue damage laws such as Miner's 
Rule. This rule is also known as the "Exaggeration Formula" and is expressed as follows: 

( )n2/S1S1t2t =  

 
where 
t1 = the actual duration in the requirements characterised by the 

measured level  
t2 = the equivalent duration at the test level 
n = the exaggeration exponent  
 
For rms level 
S1  = the rms level of the measured spectrum 
S2 = the rms level of the test spectrum 
n = b = the exaggeration exponent; values between 5 and 8 are typically 

used 
 
For ASD level 
S1  = the ASD level of the measured spectrum 
S2 = the ASD level of the test spectrum 
n = b/2 = the exaggeration exponent; values between 2.5 and 4 are typically 

used 
 

The exponent ‘b’ corresponds to the slope of the fatigue (S/N) curve for the appropriate material. A 
value of ‘b’ equal to 8 is adequate to describe the behaviour of metallic structures such as steels 
and aluminium alloys which possess an essentially linear stress-strain relationship. This 
expression is used with less confidence with non-linear materials and composites. For electronic 
equipment and non metallic materials, elastomers, composites, plastics, explosives, a value of 'b' 
equal to 5 is recommended.  

Although the expression has been shown to have some merits when applied to materiel, it should be 
used with caution, if unrepresentative failures are to be avoided. It is inadvisable for test levels to be 
increased beyond the maximum measured levels that equipment may experience during in-service 
life, with a statistically based test factor applied. Furthermore, where there is evidence that the 
materiel is not fully secured to the vehicle Miner's Rule is totally invalid and should not be used. In 
such cases the Loose Cargo Test (AECTP-400, Method 406) should be considered as an 
alternative.  
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B.4.3 A simplified example of the derivation of a test duration using these ideas is given below. 

 

 Notes 

1. 17.67 minutes test is equivalent to 60 minutes in-Service. 

2. The “Severity Index” for a condition is the overall g rms normalised with respect to the 
maximum measured overall g rms (associated with astern running and emergency stop 
in this example). 

B.4.4 As stated in paragraph B.4.2, when attempting to accelerate a test as illustrated above, it is 
held as good practice not to test at levels greater than those seen in-Service. However, as 
in this case vibration levels can be very low, it may be permissible to further reduce the test 
duration by adopting a test level higher than that associated with this particular 
environment. For example, levels associated with road transport may be considered as a 
basis for testing. 

B.4.5 The above method of calculating test durations would normally be applied subject to a 
maximum of 17 hours per axis. 

Condition Power 
(%) 

Severity 
Index 

Time 

   % Mins Equivalent 
Ahead 100 0.8 10.0 6.0 2.00 

Ahead 70 0.6 47.0 28.2 2.19 

Ahead 40 0.4 10.0 6.0 0.06 

Turns 100 1.0 5.0 3.0 3.00 

Turns 70 0.8 25.0 15.0 4.92 

Astern - 1.0 2.0 1.2 1.20 

Emerg.Stop - 1.0 0.5 0.3 0.30 

  Totals: 100.0 60.0 17.67 
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LEAFLET 248/2 

DEPLOYMENT ON SUBMARINES 

1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be encountered by materiel 
when deployed on or installed in submarines (nuclear or conventionally powered). The 
sources and characteristics of the mechanical environments are presented and where 
appropriate, information is given on potential damaging effects. Where relevant, advice is 
given on the selection of the appropriate AECTP-400 Test Methods. 

1.2 Aspects relating to deployment or installation of materiel in submarines that are not 
addressed in this leaflet are: 

a. Hostile actions: Even though environments arising from hostile actions such as 
underwater attack may drive major design parameters, they are outside the terms 
of reference of this STANAG. For guidance on such actions reference should be 
made to the procurement authority. 

b. Propulsion systems: The environment experienced by materiel on the propulsion 
raft, induced by the operation of the propulsion system, is excluded. Reference 
should be made to the propulsion equipment supplier for guidance and data. The 
environment at the raft/vessel interface is included. 

c. Measured Data: The derivation of test severities from measured data for 
submarines uses identical procedures to that for surface ships. Therefore please 
refer to Leaflet 248/1, Annex B for information on this subject. 

1.3 The operation of submarines gives rise to a range of mechanical environments. The severity 
of a particular environment is influenced by the location of the subject equipment with respect 
to a source of the environment. The following paragraphs address a number of generalised 
sources. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Hydrostatic Effects 

2.1.1 Materiel subjected to diving pressure either inside or outside the pressure hull will, during 
sub surface operation, be subjected to severe hydrostatic pressure. Materiel is expected to 
survive or operate as required when subjected to the Depth Dependant System Test 
Pressure. Typically materiel is expected to withstand cyclic stress changes in the order of 
2x104 cycles. 

2.2 Water Motion 

2.2.1 Sub-surface Fluid Motion. Fluid motion of the sea in the vicinity of a submarine will cause 
the vessel to adopt a rigid body cyclical motion at low frequencies in roll, pitch, yaw and 
heave. These cyclical motions approximate to simple harmonic motion (SHM) with a natural 
period (of several seconds) depending upon the characteristics of the vessel. To 
accommodate any variances from SHM, the velocities and accelerations calculated using 
SHM theory should be multiplied by a factor, typically a value of 1.5 is used. Limit severities 
are indicated in Table 1. 
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2.2.2 Wave Slap. During surface transit, wave motion will subject external structures situated 
above the waterline, e.g.: rudders, hydroplanes and masts to a severe distributed loading. 
This loading is usually treated as a quasi-static condition. The choice of the design pressure 
loading is based on the implications of the potential failure mode under consideration. If the 
failure would result in a breach of the pressure hull boundary, then the design pressure 
should normally have a probability of occurrence of less than one in ten thousand. If the 
failure would result in loss of system function only, then a probability of one in one hundred 
is usually acceptable. Design pressures of 58.1 and 48.8 kPA respectively can arise from 
such a rationale. The pressures are assumed to apply to the projected areas of the 
structures under consideration.  

2.3 Submarine Motion - Vibration 

2.3.1 Tactical considerations demand that submarines produce extremely low levels of vibration. 
Moreover, operating procedures are optimised to ensure minimisation of noise. Factors that 
contribute to limiting such dynamic responses are: 

• Double skin construction 

• Surface coatings on hull outer surface 

• Laminar flow hull design 

• Careful balancing of rotating components 

• Fine bladed large diameter propellers 

• Isolation of machinery/equipment from main structure 

2.3.2 Vibration measured during instrumented trials of submarines indicates the dominance of 
periodic vibration at frequencies associated with the propeller blade passing frequency, ie: 
the shaft rotation frequency multiplied by the number of propeller blades. Since the speed 
of submarines is varied by controlling the shaft speed, measured vibration severity will vary 
with the forward speed of the craft, as illustrated in Figure 1. 

2.3.3 For materiel particularly sensitive to vibration, the usual approach for qualification using 
fallback test severities may not be appropriate. In such circumstances it will be necessary 
during equipment development to characterise the environment pertaining to the particular 
installation. Both long term vibration and transient events should be considered when 
producing such an environmental description. 

a. Long Term Vibration: The long term vibration environment at materiel locations 
will vary with the forward speed of the submarine and will be dominated by the 
local structural response at the propeller blade passing frequency. Typically, 
responses will be ± 0.1 g peak and of a periodic nature. Figure 1 illustrates a 
typical response on a submarine weapon bay structure as a function of the 
forward speed of the craft. With knowledge of the distribution of forward speed 
with operational time, a full description of the long term vibration environment may 
be achieved. The procurement authority should be consulted to provide the 
speed versus blade passing frequency relationship and the speed versus 
duration distribution. 

b. Transient Events: The effects of transient events such as adjacent weapon 
release cannot be generalised and therefore specific measurements and/or 
analyses should be undertaken as appropriate. 
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2.4 Submarine Motion - Manoeuvres 

2.4.1 Tactical manoeuvres adopted by some submarines can cause a "Snap Roll" condition, ie: a 
sudden and rapid rate of roll about the vessel longitudinal axis, which occurs during the 
initial transient phase of a submerged high speed turn. Such manoeuvres produce a roll 
amplitude of up to ± 25 degrees with a period of around 7 seconds. 

2.5 Static Tilt 

2.5.1 Submarine operations may result in the vessel adopting an angle of heel or trim up to 
approximately 30 degrees for extended periods. Equipment is normally expected to be 
capable of satisfactory operation under such circumstances. 

2.6 On-board Machinery 

2.6.1 The operation of on-board machinery has the potential to cause vibration that could be 
transmitted to the submarine structure. However, the requirement for silent operation 
dictates that such machinery is anti-vibration mounted and usually sited on a raft. For 
information on permissible raft environment severities, reference should be made to the 
procurement authority. 

2.7 Launch, Firing of Weapons and Countermeasures 

 2.7.1 Materiel may be subjected to the effects of launch and firing of weapons and 
countermeasures, particularly materiel situated on the outer surface of the submarine, 
above the waterline, during surface operations. The effects of such actions are specific to 
the particular location of the materiel and weapon in question. 

3. POTENTIALLY DAMAGING EFFECTS 

3.1 Failure Modes 

3.1.1 Materiel may be susceptible to three possible failure modes, ie: related to displacement, 
velocity and acceleration. Displacement related failures in materiel can arise through 
collisions between equipments after relative movement; tension failures after relative 
movement; connectors becoming loose leading to a break in electrical continuity. 
Acceleration related failures may arise through the action of inertial loadings. These may be 
applied once, to produce a threshold exceedance failure, or repeatedly to induce a fatigue 
failure. Velocity related failures are not as common as those of displacement or 
acceleration. However, velocity loadings on some electrical equipment, including sensors, 
could induce spurious voltages, which in turn could lead to functional failure. 

3.2 Implications 

3.2.1 To protect against the effects of underwater attack, materiel is often fitted with shock 
mounts. Unfortunately, materiel mounted using these devices can, as a consequence, 
possess installed natural frequencies in the frequency range associated with onboard 
rotating machinery. If this coincidence of excitation and response frequencies occurs, then 
excessive materiel displacements can result. Moreover, such coincidence can lead to a 
degradation of the anti-shock mount. 

3.2.2 Although the vibration environment on board submarines, for most materiel is benign, it 
should be noted that because of the operational deployment patterns for submarines, 
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materiel can be exposed to the environment continuously for several months. 
Consequently, the most common failure mechanisms likely to be encountered are of the 
time-dependent variety such as high cycle fatigue, fretting and brinelling. These types of 
failure are of particular relevance to flexible and lightly damped components, which may 
have resonances in the range associated with the vessel's propeller blade passing 
frequencies. 

4. TEST SELECTION 

4.1 Options 

4.1.1 Sea trials or laboratory tests are possible means of testing materiel for use in this 
environment. 

a. Sea Trials: Sea trials are essential if the materiel interacts significantly with the 
dynamics of the submarine. Sea trials may be required if the materiel is sensitive 
and no adequate data are available upon which to base laboratory test severities 
of adequate precision. An advantage of sea trials is that all units are in their 
correct relative positions and all mechanical impedances are realistic. 
Consequently, sea trials can potentially expose materiel to relevant failure 
mechanisms, which may not be the case for a laboratory test. However, a 
disadvantage is that practical submarine operating conditions and prevailing sea 
states dictate the extent to which sea trials can subject items of materiel to their 
design limit environments. Furthermore, a sea trial is unlikely to be of sufficiently 
long duration to generate those time dependent failure mechanisms discussed in 
paragraph 3.2.2 above. 

b. Laboratory Tests: The simulation of the environment in a laboratory is usually 
viable for all but the largest equipments or unit assemblies. The laboratory tests 
defined in this leaflet are generally applicable to unit testing only, e.g.: assembled 
radio sets, measuring instruments or small computers. 

4.2 On-board Machinery 

4.2.1 The swept frequency sinusoidal test as given in AECTP-400, Method 401 Vibration, 
Procedure I should be selected for the vibration environments associated with these 
conditions. This test is applicable for materiel deployed in all regions of a submarine.  

4.3 Shocks 

4.3.1 The shocks that may be expected to occur during normal ship operation are likely to be 
encompassed by those associated with handling (see Section 243). Possible severe shocks 
associated with hostile action are highly specific and any tests considered necessary 
should be agreed with the procurement authority. 

4.4 Other Environments 

4.4.1 It is not usually necessary to carry out tests for the remaining conditions addressed in 
paragraph 2. Any tests considered necessary should be agreed  with the procurement 
authority 

.
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Table 1: Submarine motion data 
 

Type Roll Pitch Yaw Heave 

 Period 
(s) 

Amplitude 
(deg) 

Period 
(s) 

Amplitude 
(deg) 

Acceleration 
under Ship's 

Motion 
(deg/sec2) 

Period 
(s) 

Amplitude 
(deg) 

C 6 ±25 11 ±5 Small - 
insufficient 

data 

11 3 

N 7 ±25* 11 ±5  11 3 
 

Notes: 

(1) C denotes a conventionally powered submarine 

(2) N denotes a nuclear powered submarine 

(3) All data relates to Sea State 7, significant wave height 6 to 9 m 

(4) These statistically significant values are defined as the average of the third highest peaks 
and there is a 13% probability of exceeding these values 

(5) RMS values, which have a numerical value equal to half the significant value, are exceeded 60% 

(6) *denotes a snap roll manoeuvre 

(Derived from UK Specification NES 1004) 
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Figure 1: Structural vibration response versus forward speed 



 
AECTP-240 
(Edition 1) 

LEAFLET 249/1 
 

 
  236 ORIGINAL 

 
 

SECTION 249 

LEAFLET 249/1 

AIR AND SURFACE WEAPONS 
 

TABLE OF CONTENTS 

1.  GENERAL ....................................................................................................................... 238 

2.  CHARACTERISTICS OF THE ENVIRONMENT............................................................. 238 

2.1.  AIR LAUNCH - EJECTION TRANSIENTS .......................................................... 238 

2.2.  AIR LAUNCH - RELEASE DISTURBANCE......................................................... 238 

2.3.  LAND VEHICLE LAUNCH ................................................................................... 239 

2.4.  GROUND/SILO LAUNCH.................................................................................... 239 

2.5.  GUN BARREL LAUNCH...................................................................................... 239 

2.6.  OTHER LAUNCH MODES .................................................................................. 239 

2.7.  POWERED FLIGHT............................................................................................. 240 

2.8.  FLIGHT MANOEUVRES...................................................................................... 240 

2.9.  UNPOWERED FLIGHT ....................................................................................... 240 

2.10.  SEPARATION AND STAGING............................................................................ 241 

2.11.  SPIN..................................................................................................................... 241 

2.12.  PARACHUTE RETARDATION............................................................................ 241 

2.13.  WATER ENTRY................................................................................................... 242 

2.14.  SUBMUNITION EJECTION................................................................................. 242 

2.15.  SUBMUNITION IMPACT ..................................................................................... 242 

2.16.  NOVEL APPROACHES....................................................................................... 242 

3.  POTENTIAL DAMAGING EFFECTS............................................................................... 242 

3.1.  GENERAL............................................................................................................ 242 

3.2.  AIR LAUNCH/MANOEUVRES/PARACHUTE RETARDATION........................... 242 

3.3.  GROUND LAUNCH/POWERED FLIGHT............................................................ 243 

3.4.  BARREL LAUNCH/SEPARATION/IMPACT ........................................................ 243 

4.  TEST SELECTION.......................................................................................................... 243 



 
AECTP-240 
(Edition 1) 

LEAFLET 249/1 
 

 
  237 ORIGINAL 

 
 

4.1.  AIR LAUNCH - EJECTION TRANSIENTS .......................................................... 243 

4.2.  AIR LAUNCH - RELEASE DISTURBANCE......................................................... 243 

4.3.  POWERED FLIGHT............................................................................................. 243 

4.4.  SEPARATION AND STAGING............................................................................ 244 

4.5.  PARACHUTE RETARDATION............................................................................ 244 

4.6.  SUBMUNITION EJECTION................................................................................. 244 

ANNEX A .................................................................................................................................... 251 

REFERENCES ........................................................................................................................... 251 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 249/1 
 

 
  238 ORIGINAL 

 
 

LEAFLET 249/1 

AIR AND SURFACE WEAPONS 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be encountered by air and 
land weapons, including guided missiles, bombs and projectiles during their separation 
from the host platform and during their autonomous flight to the target. The sources and 
characteristics of the mechanical environments are presented, and where available, 
supplemented by references in Annex A. Where appropriate, information is given on 
potential damaging effects, treatment options and the selection of the appropriate AECTP-
400 Test Methods.  

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Air Launch - Ejection Transients 

2.1.1 Severe transient accelerations are induced in stores during release by cartridge powered 
ejection release units (ERUs). The purpose of ERUs is to ensure the safe release of stores 
from high performance aircraft. Other devices, such as the various gravity release units 
used for releasing stores from helicopters and rail launchers used for releasing some types 
of guided weapons from aircraft, do not themselves induce significant transient loadings 
into stores. 

2.1.2 Depending upon the particular aircraft/store combination, transients applied to stores by 
ERUs can attain acceleration levels up to 40 g, while pulse shapes are broadly half sine 
and durations typically within the range 10 to 40 ms. Ram ejection forces can attain 50 kN. 
Typical ram force time histories are shown in Figure 1. Further information is referenced in 
Annex A, paragraph A.1. 

2.1.3 The relatively high amplitudes and long durations of these pulses often produce critical 
design load cases. Consequently, modelling and/or test firings are used to derive project 
specific, ie: tailored, load-time plots to which materiel is qualified. General purpose fall-back 
or minimum integrity levels for design are not appropriate for ejection transients. 

2.2 Air Launch - Release Disturbance 

2.2.1 During release of the store from an aircraft, any asymmetric ERU ejection forces will cause 
significant store pitching motions, which will result in substantial aerodynamic pressure and 
acceleration forces being imparted to the store. 
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2.2.2 Aerodynamic design requirements for stores should ensure that these release disturbance 
forces are quickly damped out. Nevertheless, the applied forces experienced by the store 
can attain relatively high amplitudes and long durations, which may result in critical design 
load cases. Therefore modelling and/or wind tunnel testing are used to establish project 
specific, ie: tailored, loads to which materiel is qualified. Fall back or minimum integrity 
levels are not appropriate for this condition. 

2.3 Land Vehicle Launch 

2.3.1 No additional severe weapon loadings are attributed to this launch mode, other than those 
associated with materiel deployed on vehicles (see Section 245). However, a detailed 
knowledge of vehicle motions during launch is usually essential for weapon performance 
considerations. 

2.4 Ground/Silo Launch 

2.4.1 During launch, motor efflux reflections from the launch pad/silo surfaces can result in 
severe transient acoustic and vibration levels throughout the store, which sometimes 
produce the highest operational vibration levels. 

2.4.2 The amplitudes and durations of these transients are, of course, unique to the particular 
store design, and therefore it is not appropriate to quote fall back levels for these events. 
Nevertheless, because of the high levels generated it is important to conduct 
measurements as early as possible to confirm design assumptions. 

2.5 Gun Barrel Launch 

2.5.1 Very high acceleration forces, say, of the order of 20,000 g, can be induced longitudinally in 
gun launched stores while traversing the length of the barrel. In addition, they can be 
subjected to high lateral acceleration forces, often to a similar order of magnitude, and also 
to a very high spin rate. Therefore, these stores require special, and/or live, firing facilities 
with which to undertake design proving and equipment qualification trials. 

2.6 Other Launch modes 

2.6.1 Other launch modes such as the launch of a munition from the deck of a surface ship is 
addressed in Leaflet 249/2, paragraph 2.4. 
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2.7 Powered Flight 

2.7.1 During the powered flight phase certain missile elements and units, particularly those sited 
adjacent to the motor system, may be subject to severe vibration arising from propellant 
combustion and gas dynamics. This vibration often comprises two phases, ie: a high level 
short duration period arising from the boost phase, followed immediately by a lower level 
longer duration period arising from the sustain phase. Vibration responses tend to be 
project specific because of the unique performance characteristics required of each 
missile/motor combination. Consequently, it is impractical to cover all combinations in this 
leaflet. However, the basic characteristics of typical vibration spectra are described and 
typical severities are indicated.  

2.7.2 For a missile powered by a solid propellant motor the observed vibration spectra for 
equipment installed forward of the motor is predominantly broad band random and typically 
of the form illustrated in Figure 2, but propellant cavity induced resonances may sometimes 
be evident as sine-like excitations. Liquid propellant motors also produce predominantly 
broad band random vibration at their nozzles. However, in ramjet powered missiles the 
observed vibration spectra on similarly sited equipment may be dominated by sine-like 
excitations arising from the inherent cavities as shown in Figure 3. 

2.7.3 For units sited towards the rear of a high speed missile powered by a solid propellant 
motor, the flight vibration levels can be the most severe which units will experience. 
Moreover, it should be noted that the measured vibration spectra will also include the 
responses arising from the turbulent air flow traversing the missile. A typical vibration 
spectrum for units sited towards the rear of a missile is shown in Figure 4. Acceleration 
responses (rms g) arising from turbulent airflow are generally proportional to dynamic 
pressure (q), and are described in Leaflet 246/2. For equipment sited towards the front of a 
high speed missile the vibration levels arising from the motor may not be particularly 
severe, and may not differ significantly from those arising from turbulent airflow. A typical 
vibration spectrum for forward sited equipment is also shown in Figure 4. For equipment 
located towards the rear of a missile significant vibration levels extend out to frequencies of 
around 5 kHz, while for forward located equipment the attenuation at the higher frequencies 
has effectively reduced the frequency range to 2 kHz. 

2.8 Flight Manoeuvres 

2.8.1 While manoeuvring after launch a missile can be subjected to severe acceleration loads. 
Some intelligent sub-munitions may also incur such loads. The duration of a manoeuvre is 
relatively long and therefore its maximum acceleration value can usually be treated as a 
quasi-static load condition. Because these manoeuvres are unique for a missile type, no 
fall-back severities are suggested for these conditions. 

2.8.2 Where novel thrust devices are used to induce missile manoeuvres, the forcing actions 
should be evaluated for any significant transient accelerations. 

2.9 Un-powered Flight 

2.9.1 Few data are available on vibration levels during the un-powered flight phase of a missile or 
store. Nevertheless, it is usually assumed that un-powered flight vibration levels will not 
exceed those during powered flight, discussed above, or those during flight carriage, 
provided that the dynamic pressure when un-powered does not exceed that for powered 
flight or flight carriage. 
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2.10 Separation and Staging 

2.10.1 During missile separation and staging events the initiation of pyrotechnic devices, such as 
explosive bolts and line cutting charges, often result in severe shock loadings, which can 
take the form of stress waves and/or oscillatory acceleration transients. 

2.10.2 Materiel sited close to a pyrotechnic source may be subject to high amplitude stress waves. 
This situation is likely where the measured acceleration data appear to be dominated by 
high frequency peaks, such as those shown in Figure 5. In these cases test methods that 
subject equipments to acceleration transients are inappropriate; and consequently, special 
purpose test apparatus is usually necessary. One solution is to use a gas gun facility to fire 
projectiles at a platform on which is mounted the equipment for testing. The test severity 
may be controlled by monitoring strain histories on the platform. The preferred solution is to 
conduct a number of live firings, and to compensate for actual rather than factored test 
levels by analysing the monitored test severities and the performance of the materiel on a 
statistical basis. 

2.10.3 Materiel sited some distance from a pyrotechnic source will be subject to the effects of the 
structure responding to the excitation. This situation is identified from measured data where 
the responses appear to be dominated by structural resonances, as is shown in Figure 6. 

2.10.4 Comprehensive information on many aspects of pyrotechnic shock, including shock levels, 
their measurement, attenuation and simulation, is referenced in Annex A, paragraph A.2. 
Nevertheless, due to the diverse nature of the shock mechanisms associated with 
pyrotechnic devices it is inappropriate to quote generalised fall back severities for design or 
test purposes. 

2.11 Spin 

2.11.1 To increase stability some projectiles or sub-munitions are subjected to spin during release. 
Spin rates vary considerably depending upon performance requirements. Therefore, it is 
inappropriate to recommend general purpose test methods or spin rates. Special purpose 
test facilities, such as using a motorised device to induce spin, may be required to induce 
high rates. 

2.12 Parachute Retardation 

2.12.1 Parachute retarded projectiles are usually subjected to two significant acceleration 
transients during parachute deployment. The first transient is a snatch condition that occurs 
when the un-inflated canopy is arrested by the rigging lines at the instant of full deployment. 
The second transient arises from the rapid increase in deceleration force during the inflation 
of the canopy. Both transients are illustrated in Figure 7 and comprise, in the main, 
relatively low frequency components. Therefore these transients can often be treated as 
quasi-static load conditions. 

2.12.2 It should be noted that transverse load components can be induced in a store from both 
snatch and inflation events. Comprehensive information on parachute snatch and inflation 
loads is referenced in Annex A, paragraph A.3. Due to the wide range of operational uses 
for parachute systems, it is inappropriate to quote generalised fall back test severities.  
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2.13 Water Entry 

2.13.1 These conditions are addressed in Leaflet 249/2. 

2.14 Sub-munition Ejection 

2.14.1 To achieve the required deployment patterns, sub-munitions may be ejected from their host 
store by explosive devices. Typically such devices comprise cartridge powered launch 
tubes or piston assemblies. The acceleration transients arising from these devices can be 
severe, typically around 1000 g. Pulse durations are of the order of 10 ms, while pulse 
shapes are broadly of half sine format. Since these ejection devices are tailored to suit 
specific performance requirements, it is inappropriate to quote generalised fall back design 
and test severities. However, severities can usually be derived from theoretical predictions, 
and where necessary supported at a later stage by experimental data. 

2.15 Sub-munition Impact 

2.15.1 Sub-munitions required to survive ground impact after deployment from a dispenser are 
likely to experience high accelerations and fast acceleration rise times during such an 
event. A typical example of an acceleration time history for a sub-munition during impact 
and penetration of concrete is shown in Figure 8, where levels of 60,000 g are experienced 
within 0.0001 seconds. 

2.15.2 Considerable development testing may be necessary to produce a satisfactory design. This 
testing may require a purpose built gas gun or catapult device which can in many cases 
provide a very realistic environment at a relatively low cost. Consequently, special purpose 
test apparatus, rather than standardised test procedures, are usually more appropriate for 
testing equipment to impact conditions. 

2.16 Novel Approaches 

2.16.1 It is not possible within this Leaflet to address all the environmental conditions and 
particularly those that arise from novel approaches to weapon design. Moreover, it is 
usually necessary to conduct particular data acquisition programmes and to devise special 
test facilities for the conditions arising from novel approaches. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 General 

3.1.1 The mechanical environments arising during the progression of a munition to its target may 
induce a number of potential damaging effects. The most significant are those that induce 
large acceleration loadings or relative displacements into equipment. 

3.1.2 Only those conditions that could be expected to produce critical loading cases are 
considered under this heading. 

3.2 Air Launch/Manoeuvres/Parachute Retardation 

3.2.1 The severe transient accelerations induced during ejection, release disturbance, flight 
manoeuvres or parachute retardation often provides munition critical design load cases. 
Therefore, should these design loads be exceeded it is likely that a primary structural failure 
of the munition will result. 
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3.3 Ground Launch/Powered Flight 

3.3.1 The severe vibration and acoustic environments from a ground launch or powered flight 
phase, although usually of relatively short duration, can be a major cause of the mechanical 
failures of PEC boards and other small electrical and mechanical devices. 

3.4 Barrel Launch/Separation/Impact 

3.4.1 High acceleration, fast rise time shock environments induced by events such as gun barrel 
launch, stage separation, sub-munition ejection, or munition impact can result in serious 
structural failures caused by stresswave effects, and can result in electrical component 
failures due to excessive inertia loadings. 

4. TEST SELECTION 

4.1 Air Launch - Ejection Transients 

4.1.1 These conditions are usually dealt with using quasi-static structural analysis and test 
methods, because the relatively long duration of the pulse usually ensures that there is no 
coupling of the pulse with the dynamics of the store structure. However, should it prove 
necessary to test dynamically for these transients then AECTP-400, Method 403 - Shock is 
applicable. The shock spectrum test procedure is preferred, but the basic pulse shock 
procedure may be suitable in many cases, ie: where the application of the exact pulse 
shape is unnecessary. 

4.2 Air Launch - Release Disturbance 

4.2.1 This condition is usually dealt with using quasi-static analysis and testing methods, as 
discussed above for ERU ejection transients. 

4.3 Powered Flight 

4.3.1 When selecting a vibration test to simulate the powered flight condition, care must be taken 
not to over specify the test level. In view of the very limited quantity of flight trials data 
available on which to base vibration test levels there may be a tendency for the 
specification compiler to envelop any spectrum peaks over the frequency bandwidth of 
interest, typically 100 Hz to between 2 kHz and 5 kHz. Enveloping spectrum peaks will 
inevitably result in excessive rms g values, and hence in an indefensible over-test should 
the specimen fail. Therefore, when compiling a test spectrum careful consideration should 
be given to balancing g2/Hz levels with rms g values with the aim of producing reasonable 
levels for both quantities. 

4.3.2 Suitable test procedures to accommodate this vibration environment can be found in 
AECTP-400, Method 401 - Vibration. Flat or shaped wide band random excitation should be 
acceptable for many applications, but alternative excitations such as fixed sine on wide 
band random may be preferable where sine-like excitations are identified. 

4.3.3 Where particularly severe vibration levels are required the test described in AECTP-400, 
Method 402, Acoustic Noise could be applied using the Progressive Wave Tube procedure 
to excite acoustically the mechanical vibration responses within the missile units. Where 
close simulation for sensitive units is necessary the test described in AECTP-400, Method 
413 - Combined Vibration Acoustic Temperature could be applied. In addition an acoustic 
test, such as that described in AECTP-400, Method 402 - Reverberant Chamber or 
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Progressive Wave Tube procedure may be necessary over certain rear sections of the 
missile to cover the acoustic excitation emanating from the nozzle. 

4.3.4 If the duration of the powered flight condition is relatively short, say less than 30 seconds, 
then the statistical random sampling error should be checked to ensure that it is acceptable 
for the purpose of the test. This error should not normally exceed 15%, which is equivalent 
to a bandwidth/sampling time product of 50, or 100 degrees of freedom. This check is 
important for qualification and production conditioning tests where the severities applied 
need to be repeatable to close tolerances. 

4.3.5 The particular characteristics of the severe vibration level and short duration generally 
associated with missile powered flight generally precludes test tailoring of the form that 
increases other lower level severities, using power laws, to these severe levels for the 
purpose of drastically reducing test durations. 

4.3.6 The high flight speed attained by a powered missile may cause a rapid increase in 
temperature, particularly at the skin. Therefore, to ensure an adequate simulation it may be 
necessary to conduct a combined vibration /temperature test, where the temperature 
aspects of the test cover any required thermal shock conditions. AECTP-400, Method 413 - 
Combined Vibration Acoustic Temperature is designed to fulfil such requirements. 

4.4 Separation and Staging 

4.4.1 Although the pyrotechnic conditions resulting from separation and staging events may 
produce complicated acceleration response histories, simulations are possible in most 
cases using the test described in AECTP-400, Method 415 - Pyrotechnic Shock.  

4.5 Parachute Retardation 

4.5.1 Where some coupling occurs of one of these transients with the dynamics of the structure a 
close simulation of the pulse may be justified, in which case AECTP-400, Method 403 - 
Shock is applicable. The shock spectrum procedure is preferred but the basic pulse 
procedure should prove adequate for most cases. 

4.6 Sub-munition Ejection 

4.6.1 With regard to the selection of test procedures AECTP-400, Method 403 is applicable. The 
basic pulse procedure should suffice for most applications, but where a closer simulation is 
required the shock spectrum procedure is recommended. 
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Figure 1: ERU ejection transient 

Figure 2: Spectral response of missile equipment installed forward of a solid propellant 
rocket motor
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Figure 3: Spectral responses of missile equipment adjacent to a ramjet motor 
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Figure 4: Comparison of spectral responses of missile equipment at forward and aft 
locations within a solid propellant powered missile 
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Figure 5: Shock response history from close to the source 
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Figure 6: Shock response history distant from the source 
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Figure 7: Parachute inflation force histories 
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Figure 8: Munition impact and penetration of concrete 
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ANNEX A 
REFERENCES  

 
A.1 EJECTION TRANSIENTS  
  
A.1.1 Title:  Evaluation of the Harpoon shock environment during ejection launch 

by aircraft  launchers 
 Author: AG Piersol 
 Source: US NWC China Lake CA 
 Ref No: NWC TP 5881 - ADA 037 067 
 Date : February 1977 
 Pages : 41 
 
A.1.2 Mission/Platform 
 
 Aircraft launchers 
 
A.1.3 Summary of Technical Data 
 
 Environment descriptions of ejection shock transients are presented, in various formats. 
 
 Information is also included on the following: 
 

 Test configurations and procedures 
 Parametric assessment of the results 
 Design principles 
 Data acquisition and analysis 

 
 
A.2 PYROTECHNIC SHOCK  
 
A.2.1 Title : Pyrotechnic shock - A tutorial 
 Author: Document comprises 9 separate papers 
 Source: US The Institute of Environmental Sciences 
 Ref No: IS BN 0-915414-90-2 
 Date : 1990 
 Pages : 289 
 
A.2.2 Mission/Platform 
 
 Various 
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A.2.3 Summary of Technical Data 
 
 Many environment descriptions of pyrotechnic shock sources are presented, mostly in shock 

spectra formats. 
 
 Considerable information is included on the following: 
 
  Equipment failure modes 
  Attenuation techniques 
  Data acquisition and analysis 
 
A.3  PARACHUTE SHOCK  
 
A.3.1 Document details 
 
  Title:    Performance and design criteria for deployable aerodynamic 

 decelerators 
 Author: Document is in handbook form 
 Source: US AFFDL-RTD-AFSC-WPAFB, Ohio 
 Ref No: ASD-TR-61-579 
 Date : 1963 
 Pages : 535 
 
A.3.2 Mission/Platform 
 
 Various 
 
A.3.3 Summary of Technical Data 
 
 Several environment descriptions of parachute deployment and inflation shocks are 

presented, mostly in load versus time formats. 
 
 Considerable information is included on the following: 
 
 Operational characteristics 
 Parachute materials 
 Design principles 
 Test simulation 
 Theoretical analysis 
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LEAFLET 249/2 

UNDERWATER WEAPONS 
1. GENERAL 

1.1 This leaflet addresses the mechanical environments that may be encountered by underwater 
weapons, such as torpedoes and mines, whose targets are predominantly below the surface 
of the sea, during their separation from the host platform and their autonomous progression 
to the target. The sources and characteristics of each environment are presented and where 
appropriate, information is given on potential damaging effects. Advice is given on treatment 
options and where relevant the selection of the appropriate AECTP-400 Test Methods. 

2. CHARACTERISTICS OF THE ENVIRONMENT 

2.1 Air Launch - Ejection Transients 

2.1.1 Severe transient accelerations are induced in stores such as torpedoes during their release 
by cartridge powered ejection release units (ERUs). The purpose of ERUs is to ensure the 
safe release of stores from high performance aircraft. Other devices, such as the various 
gravity release units used for releasing munitions from helicopters, do not themselves 
induce significant transient loadings into stores. 

2.1.2 Depending upon the particular aircraft/store combination, transients applied to stores by 
ERUs can attain acceleration levels up to 40 g, while pulse shapes are broadly half sine 
and durations typically within the range 10 to 40 ms. Ram ejection forces can attain 50 kN. 
Further details and a reference is given in Leaflet 249/1. 

2.1.3 The relatively high amplitudes and long durations of these pulses often produce critical 
design load cases. Consequently modelling and/or test firings are used to derive project 
specific, ie: tailored, load-time plots to which equipment is qualified. General purpose fall 
back levels are not appropriate for ejection transients. 

2.2 Air Launch -Release Disturbance 

2.2.1 During release of a munition from an aircraft any asymmetric ERU ejection forces will cause 
significant pitching motions, which will result in substantial aerodynamic pressure and 
acceleration forces being imparted to the weapon. 

2.2.2 Aerodynamic design requirements for weapons should ensure that these release 
disturbance forces are quickly damped out. Nevertheless, the applied forces experienced 
by the weapon can attain relatively high amplitudes and long durations, which may result in 
critical design load cases. therefore modelling and/or wind tunnel testing are used to 
establish project specific, ie: tailored, loads to which a weapon is qualified. Fall back levels 
are not appropriate for this condition. 

2.3 Tube Launch 

2.3.1 Munitions such as torpedoes launched from a submarine are likely to be subjected to the 
shock arising from compressed gas effects within the launch tube. Typically, acceleration 
severities along the longitudinal axis can attain peak values of around 25 g with durations 
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around 20 ms. Peak values in the transverse axes can reach 32 g with durations around 15 
ms. 

2.4 Deck Launch 

2.4.1 Munitions launched from the deck of a surface ship may be subjected to shock loadings in 
the longitudinal axis of up to 60g. The durations of these loadings are typically of the order 
of 8 ms. 

2.5 Other Launch Modes 

2.5.1 Other launch modes such as Land Vehicle, Ground/Silo, and Gun Barrel are addressed in 
Leaflet 249/1, paragraphs 2.3, 2.4, and 2.5 respectively. 

2.6 Powered Underwater Motion 

2.6.1 During powered underwater motion munitions such as torpedoes will experience vibration 
induced by water traversing the external surfaces, and also self induced vibration arising 
from out of balance motors and drive gear. However, tactical considerations dictate that 
acoustic propagation from such munitions is extremely small, and therefore significant 
design effort is expounded to minimise all vibration sources. The vibration characteristics 
are expected to be predominantly sinusoidal, while acceleration amplitudes are likely to be 
within 1 g and over the frequency range 20 to 500 Hz. 

2.7 Underwater Manoeuvres 

2.7.1 While manoeuvring after launch a munition such as a torpedo can be subjected to 
sustained acceleration loads. The severity of such loads is determined by tactical 
considerations, but in general they are unlikely to exceed 15 g. 

2.8 Un-powered Motion 

2.8.1 For tactical reasons munitions such as mines or torpedoes may spend extended periods 
during which they are un-powered and undergo only subsidiary motion arising from 
previous powered or deployment phases. Any sources of vibration will be shut down to 
minimise acoustic propagation and detection. Therefore, the mechanical environment can 
usually be assumed to be limited to that of hydrostatic pressure, which is generally covered 
by static analysis. 

2.9 Separation and Staging 

2.9.1 During munition separation and staging events the initiation of pyrotechnic devices, such as 
explosive bolts and line cutting charges, can result in severe shock loadings, which can 
take the form of stress waves and/or oscillatory acceleration transients. 

2.9.2 Further information and a reference on this subject is contained in Leaflet 249/1, paragraph 
2.10. 

2.10 Spin 

2.10.1 To increase stability some projectiles or sub-munitions are subjected to spin during release. 
Spin rates vary considerably depending upon performance requirements. Therefore, it is 
inappropriate to recommend general purpose test methods or spin rates. Special purpose 
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test facilities, such as using a motorised device to induce spin, may be required to induce 
high rates. 

2.11 Parachute Retardation 

2.11.1 Parachute retarded munitions such as mines or torpedoes may be subjected to two 
significant acceleration transients during parachute deployment. The first transient is a 
snatch condition that occurs when the un-inflated canopy is arrested by the rigging lines at 
the instant of full deployment. The second transient arises from the rapid increase in 
deceleration force during the inflation of the canopy. 

2.11.2 Further information and a reference on this subject is contained in Leaflet 249/1, paragraph 
2.12. However, as underwater munitions are not normally deployed from high performance 
aircraft, loadings arising from parachute inflation are unlikely to exceed those arising from 
submarine launch tubes, ie: less than 25 g. 

2.12 Water Entry 

2.12.1 It is to be expected that response accelerations of torpedoes during water entry are 
dependant on parameters such as impact velocity, impact angle and nose geometry. As an 
indicator, at a store nose, peak acceleration levels of around 3000 g have been measured 
for water impact velocities of 80 m/s. A typical water entry time history and shock spectrum 
is shown in Figure 1, both of which demonstrate the high frequency acceleration 
components usually observed from measurements for this condition. 

2.13 Sub-munition Ejection and Impact 

2.13.1 These conditions are addressed in Leaflet 249/1, paragraphs 2.14 and 2.15 respectively. 

2.14 Novel Approaches 

2.14.1 It is not possible in this document to address all the environmental conditions and 
particularly those that arise from novel approaches. Moreover, it is usually necessary to 
conduct particular data acquisition programmes and to devise special test facilities for the 
conditions arising from novel approaches. 

3. POTENTIAL DAMAGING EFFECTS 

3.1 General 

3.1.1 The mechanical environments arising during the progression of a munition to its target may 
induce a number of potential damaging mechanisms. The most significant of these 
mechanisms are those that induce large acceleration loadings or relative displacements 
into equipment. 

3.1.2 Only those conditions that could be expected to produce critical loading cases are 
considered under this heading. 

3.2 Air/Tube Deck Launch, Manoeuvres, Parachute Retardation 

3.2.1 The severe transient accelerations induced during launch, manoeuvres or parachute 
retardation often provides munition critical design load cases. Therefore, should these 
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design loads be exceeded it is likely that a primary structural failure of the munition will 
result. 

3.3 Powered Underwater Motion 

3.3.1 The vibration environment during powered underwater motion can be a cause of 
mechanical failures of PEC boards and other small electrical and mechanical devices. 

3.4 Separation, Water Energy, Impact 

3.4.1 High acceleration, fast rise time shock environments induced by events such as separation, 
water entry or impact can result in serious structural failures caused by stress wave effects, 
and can result in electrical component failures due to excessive inertia loadings.  

4. TEST SELECTION 

4.1 Air Launch - Ejection Transients 

4.1.1 These conditions are usually dealt with using quasi-static structural analysis and test 
methods, because the relatively long duration of the pulse usually ensures that there is no 
coupling of the pulse with the dynamics of the store structure. However, should it prove 
necessary to test dynamically for these transients then AECTP-400, Method 403 - Shock is 
applicable. The shock spectrum test procedure is preferred, but the basic pulse shock 
procedure may be suitable in many cases, ie where the application of the exact pulse 
shape is unnecessary. 

4.2 Air Launch - Release Disturbance 

4.2.1 This condition is usually dealt with using quasi-static analysis and testing methods, as 
discussed above for ERU ejection transients. 

4.3 Tube Launch 

4.3.1 The pulse shape associated with tube launch can sometimes be covered by two separate 
half sine pulse tests having different amplitudes and durations, for example, 25 g for 20 ms 
plus 10 g f or 200 ms. In these circumstances the related tests should be conducted using 
the basic shock procedure contained in AECTP-400, Method 403 - Shock. However, in view 
of the magnitude of these pulses it is preferred that measured values are used as the basis 
for munition qualification. Moreover, it is possible that the pulse durations may be 
considered long enough to allow a quasi-static analysis for this condition, which could 
obviate the need for shock tests. 

4.4 Deck Launch 

4.4.1 The pulse shape associated with deck launch can sometimes be represented by a half sine 
pulse test. In these circumstances the related tests should be conducted using the basic 
shock procedure contained in AECTP-400, Method 403 - Shock. The tests should be 
conducted in all three major axes. However in view of the magnitude of these pulses, which 
can reach 60 g, measured values should be used for munitions qualification. 
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4.5 Powered Underwater Motion 

4.5.1 A test to cover this environment is not always warranted. However if it is, then it should be a 
sine sweep test conducted in accordance with AECTP-400, Method 401 - Vibration. 

4.6 Underwater Manoeuvres 

4.6.1 These conditions are usually covered by static analysis. However, should an acceleration 
test be warranted then it should be carried out in accordance with AECTP-400, Method 404 
- Constant Acceleration. However in view of the possible high magnitude of the 
accelerations, it is preferred that measured values are used as the basis for munition 
qualification. 

4.7 Water Entry 

4.7.1 It is not feasible to quote generalised fall back levels for this event. Nevertheless for initial 
design purposes, a half sine shock level of 1000 g for 1 ms in all three axes has been 
adopted in the past for nose section design confidence tests. A value of 250 g has often 
been adopted for the remainder of the munition. Such tests should be conducted using the 
basic shock procedure contained in AECTP-400, Method 403 - Shock. 

4.7.2 Tests leading to munition qualification should be based on measured values and preferably 
should be carried out in accordance with the shock spectrum test procedure contained in 
AECTP-400, Method 417 – SRS Shock. 
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a:  Shock history 
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b: Shock response spectrum (Q = 10) 
Note:    The shock response spectrum in (b) has not been derived from the shock history in (a). 

Figure 1: Typical water entry shock 
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LEAFLET 2410/1 

DEVELOPMENT OF LABORATORY VIBRATION TEST SCHEDULES 

1. GENERAL 

1.1 The purpose of this leaflet is to present considerations and techniques for developing 
Laboratory Vibration Test Schedules (LVTS) that can be utilized to simulate field vibration 
environment on a vibration table.  Laboratory vibration tests are used extensively in lieu of 
more time-consuming and less cost effective field exposure tests.  This leaflet specifically 
addresses vibration testing controlled to frequency-domain vibration spectrum and is 
currently limited to single mechanical degree-of-freedom scenarios.   

1.2 Analysis considerations and techniques depend somewhat on the intended use of 
the LVTS.  An LVTS developed solely for functional testing will differ from one developed 
to induce a full lifetime of vibration exposure.  This leaflet primarily addresses development 
for the purpose of inducing a lifetime of vibration exposure, but also discusses 
development for other purposes.   

1.3 The primary function of Vibration Schedule Development (VSD) is to combine 
vibration measurements of numerous events that collectively represent an item’s lifetime 
vibration exposure into a manageable set of LVTS representing the equivalent exposure. 
The most dynamically accurate method to reproduce the full exposure would be to 
sequentially vibrate the system to all the individual, uncompressed events representing its 
full lifecycle.  However, such an approach is generally not feasible from both schedule and 
economic prospective and some compromises must be made to realize the benefits of 
testing in the laboratory.  Time compression techniques based on fatigue equivalency are 
typically employed such that vibration testing can be performed in a timely and economic 
manner.  This leaflet presents guidance for developing accurate representations, and 
issues that should be considered during the VSD process. 

1.4 There is no single “best method” for VSD.  Several methods have evolved at different 
organizations.  Those methods were influenced by project specific issues, the nature of the 
vibration exposures, and the concerns of the given organization.  This leaflet presents one 
VSD method plus two methods of combining spectra which can be useful for validation of 
test schedules, comparing one test schedule with another and comparing one test 
schedule with measured data. Critical issues are also presented that should be addressed 
by all methods to ensure accurate representations.  Which methods are adopted may 
depend on the item being tested, the exposure to be replicated, the concerns of the parties 
involved, or other project specific factors.  Ultimately, the VSD method selected must yield 
a set of vibration definitions and durations that collectively replicates the actual field 
exposure and/or induces the equivalent fatigue. 

1.5 This leaflet addresses vibration issues only and does not address fatigue or 
damage potential of shock events.  Shock concerns and respective test development 
issues are discussed in AECTP-403 and 417.  Note that conditions that produce vibration 
may also produce shock (a pothole during road transport).  Shock events should be 
identified, removed and addressed separately for analysis and testing. 
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2. REQUIREMENTS 

2.1 VSD requires a thorough knowledge of the dynamic environment in which the test 
hardware will be exposed when fielded.  This knowledge must include characterization of 
the exposure levels and durations for all relevant conditions.   Annex A presents guidelines 
and cautionary notes related to data acquisition.  

2.2 Vibration of an item may be induced by transportation on a given platform, co-
location near other vibrating equipment, self induced, or a result of other sources.  This 
leaflet is relevant as long as the expected exposure conditions and durations are 
understood, and the vibration levels can be measured and/or characterized. 

2.3 To characterize the exposure levels, the test hardware and deployment vehicle (if 
applicable) are often instrumented at points of interest.  The hardware is then exposed to 
the environments of concern and vibration data is acquired.  In the event that the test 
items, prototypes, or carrier vehicles are not available, predictions of the vibration 
environment may be developed per simulation techniques provided the model fidelity is 
understood and has been properly verified and validated.  

2.4 The duration of the vibration environments can be derived from the item’s Life Cycle 
Environment Profile (LCEP). The life cycle will include many different types of induced 
mechanical environments which may occur while the materiel is being handled, 
transported, deployed and operated. Although all the induced mechanical environments 
are not critical in terms of generating potential damaging response amplitudes, they 
contribute in varying degrees to the materiel’s fatigue damage.  All expected exposure 
conditions should be tabulated, along with corresponding durations, to form the items 
lifetime “scenario”.   The scenario is a key parameter in the development of any vibration 
schedule.  Methods for deriving an LCEP are discussed in AECTP-100.  Methods for 
refining a scenario for VSD are presented in this leaflet.  

3. DEFINITIONS  

3.1 For clarity of discussion, the following definitions are provided.  The definitions are 
not intended to be general in nature, but rather specific to the discussions in this leaflet. 

Laboratory Vibration Test Schedule (LVTS) – All information required to perform a 
vibration test on a vibration exciter. Information typically includes: a broadband spectra (or 
profile), sine or narrowband information (if used), test run time, control accelerometer 
locations, control methods and tolerances, and any test specific information required. 

Event – A unique exposure condition that represents some portion of the full lifecycle of a 
given item.  Examples include flight manoeuvres (i.e. forward flight at 80 percent VH) or 
ground vehicle conditions (i.e. paved road at 30 mph).  Many events may be required to 
fully characterize the vibration exposure of an item. 

Group – A set of events with similar vibration characteristics that are grouped together for 
processing.  

Scenario – A tabulation of expected exposure events and the corresponding durations. 
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Profile – A broadband spectra that a vibration system can use as a control reference.  The 
profile is typically provided in Power Spectra Density (PSD) format and defined by a series 
of frequency and amplitude breakpoints. 

Power Spectral Density (PSD) – The PSD describes how the power of a signal is 
distributed with respect to frequency.  Vibration control systems typically use PSDs as the 
control reference; therefore, vibration profiles are generally developed in a PSD format.  
The PSD is also referred to as the autospectral density (ASD). See Annex B for a 
description of PSD calculation methods often used. 

Windowing – Multiplication of a time history by a function which is zero valued outside of a 
given interval.  Windowing is necessary for proper PSD calculation, with the Hann or 
Hamming windows commonly applied.   

Leakage – An undesired result of windowing in which energy at one frequency leaks into 
adjacent frequencies.  This can affect the spectral shape of the PSD and is dependent on 
the frequency resolution of the PSD calculations.  Although the energy leaks into adjacent 
frequencies, the total amount of energy is preserved and the total g-rms of the PSD is 
unaffected. 

Breakpoint – A point on the broadband profile, defined by a frequency (Hz) and a power 
level (g2/Hz).  Breakpoints allow the multi-point profile to be represented by a reduced set 
of points without overly compromising the spectral information. 

Miner’s Rule – A set of mathematical equations used to scale vibration spectra and their 
associated test times while maintaining fatigue equivalency.  

Spectral Spike – Any narrowband, high-level vibration content in a vibration spectrum.  
The energy associated with the narrowband may be either narrowband random or 
sinusoidal in nature, depending upon the nature of the forcing function of the test platform.  
This energy is often removed from the broadband information and processed separately 
during analysis. 

4. NATURE OF VIBRATION 

4.1 For VSD purposes, vibration can generally be classified in one of three categories.  
The category of vibration can affect the analysis techniques or test methods. 

Sinusoidal – Vibration at a single frequency, typically of constant amplitude.  Depending on 
the source of the vibration, the frequency might remain constant (dwell) or change (sweep) 
over a pre-defined bandwidth. 

Broadband Random – Vibration is simultaneously present at all frequencies over a wide 
bandwidth.  The amplitude may vary significantly over the full bandwidth.   

Narrowband Random – Vibration is simultaneously present over a narrow bandwidth of 
frequencies.   Narrowband vibration is typically defined by a centre frequency, a 
bandwidth, and amplitude.  As with sinusoidal vibration, the frequency of the narrowbands 
is sometimes constant and sometimes swept. 
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4.2 An item will often undergo more than one category of vibration simultaneously.  
Most modern vibration test systems can produce broadband random, pure sinusoidal, 
sine-on-random (SOR), and narrowband random-on-random (NBROR) vibration.  The 
sinusoids and narrowbands can either dwell or sweep.   

4.3 In the field, narrowband energy is rarely pure sinusoidal or pure narrow-band 
random, but is more commonly a combination of the two.  Unfortunately, most vibration 
control systems can produce either narrowband random or sine vibration at a given 
frequency, but not both.  For that reason it is necessary to determine if the vibration of 
interest is more nearly sinusoidal or narrowband random in nature.  This can be difficult as 
the leakage in PSD calculation often makes sinusoidal vibration appear to be narrowband 
random.  One method of differentiating between sinusoidal and narrowband random data 
is the width of harmonically related spectral spikes.  If the vibration is sinusoidal the width 
is a result of PSD leakage and will remain nearly constant in the harmonics.  However, if 
the vibration is narrowband the widths will be harmonically related.  Histograms and band-
pass filter time histories are also helpful in determining the nature of spectral spikes.  
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5. PLATFORM SPECIFIC CONSIDERATIONS 

5.1 Road Transport - Wheeled Vehicle 

5.1.1 Equipment secured for transport in a wheeled vehicle will primarily be exposed to 
broadband random vibration, with the majority of the energy at low frequencies (relative to 
a tracked vehicle).  It is often argued that items transported on both tracked and wheeled 
vehicle need only be tested to the tracked vehicle exposure under the assumption that 
tracked vehicle transport is more severe.  However, this is not the case for items that may 
be sensitive to high-level low-frequency vibration, or the resultant high velocities and 
displacements characteristic of a wheeled vehicle. 

5.1.2 Sinusoidal washboard courses are sometimes used to replicate real world exposure 
when road testing vehicles.  Vibration data on these courses are often recorded and 
utilized for VSD.  The vibration induced by these courses will include harmonically related 
spectral spikes superimposed over broadband random.   Employing standard analysis 
techniques such as histograms, bandpass filters, and harmonic relationships between 
spectral spikes, one may deduce that the time histories yielding the dominant spectral 
spikes to be more nearly sinusoidal than narrowband in nature, with the frequencies being 
speed dependant.  A swept SOR tests is typically used to replicate washboard exposure.  
However, an assessment of the project specific data should be made to determine the 
nature of the vibration. 

5.1.3 The terrain and severity of the vibration environment changes from relatively 
smooth asphalt/concrete roads through secondary roads to trails and virgin cross-country. 
Trails and cross-country terrains provide the most severe vibration environment for a given 
speed, and paved road produce the least severe.  Many test tracks have been built to 
allow vehicle testing and data acquisition in a controlled test environment.  Some of these 
tracks were designed specifically to replicate real world worst case environments and can 
be beneficial for VSD development.  Other test tracks were developed to investigate 
aspects of vehicle handling and reliability and may not be appropriate for VSD.  Courses 
often used for wheeled vehicle VSD include paved road, gravel road, Belgian block, radial 
washboard, embedded rock, two-inch washboard, and cross-country.  Embedded rock and 
the washboard courses replicate the worst case exposure.  Transport over 
asphalt/concrete roads produces vibration levels that are insignificant in comparison; 
therefore, that portion of a scenario is often ignored for VSD purposes. 

5.1.4 Additional wheeled vehicle transport vibration issues are discussed in Leaflets 
242/1, 242/5, and 245/2.   
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5.2 Road Transport - Tracked Vehicle 

5.2.1 The vibration induced into secured equipment by tracked vehicles will include 
harmonically related spectral spikes superimposed over broadband random.  The 
frequency of these narrowbands created by the interaction between the tracks and hard 
road surface is proportional to vehicle speed. This proportion can be described as follows: 

.28 vf
p

=  

in which: f = frequency (Hz), p = track pitch (m), andv = velocity (km/h) 

Employing standard analysis techniques such as histograms, bandpass filters, and 
harmonic relationships between spectral spikes, one may deduce that the time histories 
yielding the dominant spectral spikes to be more nearly narrowband random in nature in 
nature than sinusiodal, with the frequencies being speed dependant.  A swept NBROR test 
is typically used to replicate tracked vehicle exposure.  However, an assessment of the 
project specific data should be made to determine the nature of the vibration. 

5.2.2 Road courses typically used for tracked vehicle VSD include paved road, gravel 
road, and cross-country.  Asphalt/concrete roads provide the most severe vibration levels 
in a tracked vehicle because of the relatively constant impact of the track blocks on the 
hard surface. Hard packed gravel or dirt secondary roads will produce levels nearly 
equivalent to asphalt/concrete roads and should be considered in the development of 
vibration schedules as well. 

5.2.3 Additional tracked vehicle transport vibration issues are discussed in Leaflet 245/1.   

5.3 Air Transport - Rotor Wing 

5.3.1 The vibration induced into equipment transported by rotor wing platforms (whether 
captive carry, mounted internally, or secured in the cargo area) will include harmonically 
related spectral spikes superimposed over broadband random.  Employing standard 
analysis techniques such as histograms, bandpass filters, and harmonic relationships 
between spectral spikes, one may deduce that the time histories yielding the dominant 
spectral spikes to be more nearly sinusoidal in nature than narrowband random, with the 
frequencies being dependent upon the number of rotor blades and the main rotor rate.  
Previous studies found the spectral spikes to be more sinusoidal than narrowband random 
in nature.  Predominate frequencies are determined by the normally constant blade 
passing frequency and are independent of vehicle speed.  Vibration of equipment mounted 
near the tail rotor may be dominated by the tail rotor blade passing frequency.  A SOR test 
is typically used to replicate rotor wing platform exposure, with the sine tone frequencies 
held constant.  However, an assessment of the project specific data should be made to 
determine the nature of the vibration. 
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5.3.2 Vibration severity is related to flight conditions. The vibration environment at a given 
location in or on a helicopter is affected by the power output of the engine, the aerodynamic 
buffeting of the rotor(s), and atmospheric conditions. VSD should include analysis of all 
aircraft manoeuvres that constitute a significant portion of the expected flight time and that 
produce significant vibration amplitudes.   

5.3.3 Additional rotor wing transport vibration issues are discussed in Leaflet 242/3. 

5.4 Air Transport - Fixed Wing 

5.4.1 Vibration environments on jet aircraft are broadband random in nature.  The 
maximum vibrations are usually engine exhaust noise generated during takeoff.  Levels 
drop off rapidly after takeoff to lower level cruise levels that are boundary layer noise 
generated. 

5.4.2 Vibration environments on propeller aircraft are dominated by relatively high 
amplitude, approximately sinusoidal spectral spikes at propeller passage frequency and 
harmonics.  Some aircraft have fixed pitch rotor blades and in these cases the rotor speed 
and hence rotor related spectral spikes vary with engine speed over a wide frequency 
band. In this case a swept SOR test is likely to be appropriate. Other aircraft have variable 
pitch rotor blades and in these cases the rotor speed is designed to be constant and 
therefore the rotor related spectral spikes should remain constant. However even in this 
later case minor rotor speed variation is likely resulting in rotor related spectral spikes 
varying in frequency by up to 1% of nominal frequency. These minor variations can usually 
be ignored. In addition to the sinusoidal spectral spikes there is wide band vibration at 
lower levels across the spectra.  This wide band vibration is primarily due to boundary 
layer flow over the aircraft. 

5.4.3 Additional fixed wing air transport vibration issues are discussed in Leaflet 242/3. 

Because of engine speed variations, the frequencies of the spectral spikes vary over a 
bandwidth.  There is wide band vibration at lower levels across the spectra.  This wide 
band vibration is primarily due to boundary layer flow over the aircraft. 

5.5 Sea Transport 

5.5.1 Marine vibration spectra have a random component induced by the variability of 
cruising speeds, sea states, manoeuvres, etc., and a periodic component imposed by 
propeller shaft rotation, hull resonance and local equipment tones often related to mains 
power.  Materiel mounted on masts (such as antennas) can be expected to receive higher 
input than materiel mounted on the hull or deck.  The overall ship's structure, materiel 
mounting structure, and materiel transmissibility (amplifications) greatly affect materiel 
vibration.  VSD for shipboard materiel should address both the levels of environmental 
inputs and the coincidence of materiel/mounting resonances and input frequencies 
although in the transport by sea case, the vibration amplitudes are relatively benign and 
can often be considered as if they were wideband in nature. It is often not necessary to 
test for sea transport if an item is tested to other more severe transport, such as ground or 
jet aircraft transport.   
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5.5.2 Additional sea transport vibration issues are discussed in Leaflet 242/4. 

5.6 Rail Transport 

5.6.1 Vibration levels for rail transport are generally low in level and moderately wideband.  
Vertical axis vibration is typically more severe than lateral and longitudinal.  It is often not 
necessary to test for rail transport if an item is tested to other more severe transport, such 
as ground transport. 

5.6.2 Additional rail transport vibration issues are discussed in Leaflet 242/2. 
 
6. DATA COLLECTION, REVIEW AND SELECTION 

The data set for a typical VSD project is usually quite large.  Data may have been acquired 
for multiple loading configurations or multiple platforms.  For each configuration, many 
events are generally required to completely characterize the system’s vibration exposure.  
Data is often acquired for multiple repetitions of each event.  Some data acquisition issues 
are discussed in Annex A.  The first step of any VSD project is to thoroughly review the 
data set for validity, accuracy, and content.   

Various commercially available data analysis software tools are utilized for the data 
review.  A review for accuracy may include a study of the time histories for possible 
erroneous data, comparison of channels at similar locations, comparison to historic data of 
similar vehicles, a search for outliers, and various test specific interests.  Any erroneous 
data should be noted and identified.  Once data integrity is assured, the selection of data 
for the VSD process can begin. 

Data selection will include a study of the relative severity of multiple configurations and a 
determination of how the configurations will be weighted during development.  The multiple 
events are studied to determine how they should be grouped.  Due to several factors, it is 
often unwise to combine all events into a single vibration schedule.  Consideration should 
be given to the linearity of the system.  The events are compared, and those with similar 
PSD shape and level are grouped and processed together.  This often results in two or 
more LVTS to reproduce a system’s equivalent fatigue, but produces a more accurate 
representation of the vibration exposure. 

Studies are also conducted to answer questions as to the nature of the data.  What 
bandwidth is required to include the majority of the vibration energy?  Is the vibration 
characterized as Gaussian, or how well can it be replicated by a control system that 
generates a Gaussian drive signal?  Is the energy broadband, or does it contain 
narrowband energy (e.g., tonal energy induced by a helicopter main rotor)?  If narrowband 
energy is present, is it more sinusoidal or more narrowband random in nature?  Often, 
project specific studies must also be conducted before the VSD procedure can begin. 
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7. SCENARIO DEVELOPMENT 

The expected duration of vibration exposure is derived from the system’s mission or 
lifetime scenario, often provided in the LCEP.  A system’s mission or lifecycle scenario is a 
key parameter for a VSD effort.  In some cases a number of mission types are required, 
each with differing proportions of terrain or manoeuvres utilised. These must all be 
weighted appropriately depending upon the user requirement/LCEP and used in the 
generation of the vibration schedule.  As a minimum, the scenario for a ground vehicle 
must provide terrain type, average and maximum speeds associated with each terrain 
type, and total miles for each terrain type.  For an aircraft, the scenario must provide a 
detailed description of all flight conditions, including hover, forward level flight, take-off/ 
landing and other and relevant manoeuvres.  The description should include the 
percentage of flight represented by each condition and the number of repetitions for each 
manoeuvre.  

7.1 Ground Vehicle 

Often, scenario information in the form required for the VSD process is not available.  This 
is particularly true for vehicles not yet in the DOD inventory.  If no information is available 
the scenario information may be inferred by the intended usage.  For cargo items, the 
ground distance is determined based upon transport distance between each of the 
designated supply points that extend from the depot through the Port Staging Area (PSA) 
to the user of the item.  For installed equipment items, the ground distance is determined 
on the basis of the maintenance schedule for the vehicle on which the equipment is 
mounted or on the basis of designer/user agreed upon repair/replacement schedule for the 
particular installed equipment item.   

Often, limited scenario information can be found in the vehicles LCEP or other 
documentation.  This information typically includes overall terrain type mileage 
percentages and sometimes includes total miles and maximum and/or average speed 
information.  Extensive manipulation is often required to distribute the total miles into the 
various road surfaces and speeds that characterize the vehicles usage.  This process is 
illustrated in Table 1.   
The Level 1 breakout of Table 1 contains the minimum scenario information required for a 
VSD.  The Level 2 breakout is a distribution of the general terrain type mileage into the 
various test surfaces for which data is typically acquired.  All surfaces likely to be 
encountered for a given terrain type should be included in the Level 2 breakout.  For 
example, travel on secondary road is likely to include some washboard type surfaces.  
Level 2 breakout information is rarely available and is typically derived through discussion 
between the analyst, the user, and other interested parties.  
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LEVEL 1 BREAKOUT LEVEL 2 BREAKOUT 
TOTAL MILES: 1000        

     Max Avg 
Terrain Type Percent Miles Speed Speed Surface Percent Miles 

Max 
Speed 

Avg 
Speed 

PRIMARY ROAD 70% 700 55 35 Paved 100.00% 700 55 35 
            100.00% 700   
            
SECONDARY ROAD 20% 200 40 22 Secondary Road 60.0% 120 40 25 
          Gravel Road 23.0% 46 45 22 
          Belgian Block 10.0% 20 25 15 
     Embedded Rock 1.0% 2 10 7 
     Radial Washboard 3.0% 6 15 9 
          2" Washboard 3.0% 6 10 7 
            100.00% 200   
            
* Off Road 10% 100 25 14 Cross Country 85.0% 85 25 16.3 
* A combination of trails and cross country Embedded Rock 5.0% 5 10 7 
          Radial Washboard 5.0% 5 15 9 
          2" Washboard 5.0% 5 10 7 
            100.0% 100   
  

LEVEL 1 This information should be provided by the program manager and is required before LVTS development can begin.  This 
information can sometimes be found in the LCEP or other system documentation. 

LEVEL 2 This breakout has a significant impact on the test durations of the final LVTS and should therefore be given serious
consideration.  This information, too, should be provided but is seldom available.  Development can not begin without this
breakout.  Often the analyst is forced to recommend a breakout for the concurrence of user. 

 
Table1: Lifetime Scenario Breakout – Example Only 
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7.1.1 Beta Distribution 

Once consensus is reached on the Level 2 breakout, the mileage must be further 
distributed into the various speeds for which data was acquired.  This additional level of 
fidelity is rarely provided.  One option is to utilize the Beta distribution to distribute surface 
miles into the speed events for that surface.  The Beta is a probability distribution with two 
shaping parameters, alpha and beta, calculated as defined in equation 7.1 where x is the 
normalized distribution range. 

11 )1(
)!1()!1(

)!1()( −− −
−−

−+
= βα

βα
βα xxxf                                       (7.1) 

Guidelines have been established to allow consistent selection of alpha and beta, based 
on the ratio of the average to maximum speed.  Alpha can be selected from Table 2.  Beta 
is iteratively calculated to yield a calculated average speed from the Beta Distribution 
results to match the average speed provided in the scenario.  The Beta distribution should 
be utilized to distribute the mileage into a set of speed ranges, rather than into a set of 
discreet speeds.  An alternative to distributing the total miles is to distribute the total time, 
based on the total miles and average speed.  A Beta distribution is produced for each road 
surface utilizing a spreadsheet.  An example Beta distribution spreadsheet is provided in 
Figure 1.  
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Table 2:  Selection of Alpha for Beta Distribution 

Ratio of Avg 
to Max Speed Alpha) 

10% 0.2 

20% 0.5 

30% 0.75 

40% 1.25 

50% 2 

60% 3 

70% 4 

80% 6 

90% 13 

 

The Beta distribution calculations are performed in the “BETA DISTRIBUTION OF 
SPEED” table of Figure 1.  A description of the fields follows. 
a. Repr Speed - The representative speed for this entry.  This is the speed for which 
vibration data were acquired. 
 
b. Start Speed – The beginning of the speed range for this entry. 
 
c. End Speed – The ending of the speed range for this entry. 
 
d. Range Average – The average of the speed range for this entry.  This number should 
be equal to the representative speed for the entry. 
 
e. Percentage Time – This is the actual Beta distribution as a percentage of the total drive 
time. This column, along with the Percentage Miles column, is plotted on the graph of 
Figure 1. 
 
f. Time in Hours – The time in hours represented by this data entry, calculated by 
multiplying the total hours by the percentages of the previous column.  The total hours is 
calculated from the total miles and the average speed. 
 
g. Time in Min. – The time in minutes represented by this data entry.  This is the final 
output of the Beta distribution and is passed forward to the VSD process. 
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h. Miles – The miles represented by this data entry, calculated by multiplying the Time in 
Hours by the Range Average. 
 
i. Percentage Miles – The percentage of the total miles represented by this entry.  This 
column, along with the Percentage Time column, is plotted on the graph of Figure 1. 
 
Note that the widths (in units of speed) of each speed range in the table of Figure 1 are 
equal to the speed increment for which data was acquired and are centered around the 
acquired speeds.  This results in two slight inconsistencies at the endpoints of the Beta 
distribution.  First, the percentage of the miles at very low speeds (below 2.5 mph in this 
example) is not included in the VSD process.  It is expected that the vibration at these 
speeds will be quite low and have no affect on the resultant LVTS, even if included.  
Second, the maximum speed of the Beta distribution is one-half speed increment higher 
than the highest speed for which data was acquired.  This too should have little effect on 
the VSD process since very little time is spent at this speed. 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 
 

 
  275 ORIGINAL 

 
 

 

Figure 1: Sample Wheeled Vehicle Beta Distribution 

The endpoints of the Beta distribution technique are treated slightly different for NBROR or 
SOR LVTS.  In those cases, the endpoints for Beta distribution are set to exactly the 
minimum and maximum speeds acquired.  If the example presented here were for a 
tracked vehicle the range of the first entry would be from 5 to 7.5 mph instead of 2.5 to 7.5 
mph.  Likewise, the last entry would be from 42.5 to 45 mph instead of 42.5 to 47.5 mph.  
For a tracked vehicle the narrowband random sweeps dominate the fatigue exposure 
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represented by an LVTS.  The same is true for the swept sine LVTS.  Therefore, more 
emphasis is placed on the sweep ranges when calculating the Beta distribution.  The 
sweep ranges are bound by the frequencies associated with the minimum and maximum 
speeds acquired, and the Beta distribution ranges are selected to account for that.  Note 
that the speed ranges of the endpoints are then one-half as wide as the intermediate 
points.  This is accounted for in the VSD process when calculating the actual run time 
represented by each speed event.  The run times of the first and last speeds are set to one 
half of the intermediate speeds.  Note also that during testing on the shaker, the swept 
narrowbands are in the range of the endpoint speeds for one-half the time of the other 
speeds. 

7.2   Aircraft 
The scenario for cargo and installed equipment transported by aircraft is generally 
measured in time rather than distance. The time begins with the standby-engine running 
phase and progresses through ascent, level flight, manoeuvres, and ends with descent 
and landing. It is imperative that the scenario information for a given aircraft provides 
sufficient flight conditions to adequately describe the most severe vibration environment.  
For example, level flight should include a range of speeds between minimum and maximum 
in order to determine the most severe level flight condition.  In addition, the number of 
flights must be known so that the laboratory test time can be determined. 
 
Detailed scenario information is generally more readily available for aircraft than for ground 
vehicles in the form of usage spectrums.  A usage spectrum is a tabulation of the 
percentage of flight time associated with all manoeuvres relevant for the aircraft.  This 
information feeds directly into the tables required for VSD development.  Generally, the 
only manipulation required is to combine the usage of the extensive list of manoeuvres 
included in an aircraft’s usage spectrum into the relatively few manoeuvres for which data 
is typically acquired.  During the data acquisition phase, it is typically not feasible to 
acquire data for all the manoeuvres in an aircrafts usage spectrum.  Engineering judgment 
is exercised when selecting a representative set of manoeuvres for which data is acquired, 
although it is common practice to explore the limits of the allowable aircraft flight envelope 
(altitude, speed, angle of attack, throttle variations, acceleration etc.) plus enough 
information to allow extrapolation/interpolation to cover other events.  Likewise, the flight 
time percentages of all manoeuvres in the usage spectrum must be distributed into the 
manoeuvres for which data was acquired.  This analysis should rely on sources 
knowledgeable of aircraft usage to assist in scenario development. 
 
 

7.3 Sea Vehicle 

Materiel installed aboard naval ships is subjected to varying frequencies and amplitudes of 
environmental vibration for extended periods of time, during which they are required to 
perform their normal function.  Principal causes of steady state shipboard vibration are 
propeller blade excitation and unbalanced forces of the propeller and shafting.  Vibrations 
are also experienced by shipboard mounted equipment caused by mounting system 
resonances, changes in ship speed and heading, and changes in sea state. 
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Equipment integrated onto a ship will generally have a much longer service life that that of 
cargo.  For either case, one would expect the LCEP to consist of the number of hours at 
sea subdivided into various sea states.  If an exact breakdown of sea states is not 
provided, an experienced analyst may take advantage of the Beta distribution techniques 
discussed in the previous section as a method of refining the LCEP.     

7.4  Rail Transport 

Material installed on railcars is primarily subjected to low level broadband vibration 
affected primarily by the railcar speed.  There are no surface considerations.  If an exact 
breakdown of speeds is not provided, an experienced analyst may take advantage of the 
Beta distribution techniques discussed in the previous section as a method of refining the 
LCEP. 

8. VSD ALTERNATIVES  

As discussed in Section 4, data classifications for a VSD effort will be either sinusoidal, 
random, or a combination thereof.  In the case of random data, there is an underlying 
assumption of stationarity and Gaussian probability density function characteristics.  For 
cases in which the field data is clearly not stationary or not Gaussian, alternatives to the 
VSD techniques discussed in this document should be investigated.  Techniques such as 
Time Waveform Replication (TWR), consists of the replication of either measured or 
analytically specified time trace(s) in the laboratory.  TWR is a statistically non-parametric 
technique in which both spectral and temporal characteristics are preserved.   
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9. VSD PROCEDURES 

9.1 VSD Considerations  

The VSD process will depend on several factors, including the vibration environment, 
system goals, value of the hardware, system fragility, test schedule constraints, test lab 
capabilities, and other considerations.  Independent of the methods utilized, the results 
must define the vibration in laboratory testable terms and include a definition of the 
vibration levels and test exposure times.   

The objective in the VSD effort outlined in Annex D, as opposed to a simple statistical 
combination of spectra exercise, is development of both a spectral reference and 
associated test time.  As stated in section 1.3, time compression techniques based on 
fatigue equivalency are typically employed such that vibration testing can be performed in 
a timely and economic manner.  However, regardless of the VSD technique employed, 
one would expect the spectral shape of the final product to be similar to that of the field 
data used as the basis for the development.  As a sanity check, one may wish to compare 
the spectral shape resulting from a VSD development to a basic statistical summary of the 
uncompressed reference data.  Annex B provides a basic discussion on the topic of 
statistical combination of data that often proves useful in reviewing VSD spectral results.  
Annex C provides a discussion of combination of data from a Fatigue Damage Spectrum 
(FDS) perspective.  

9.2  Engineering Data Common Across VSD Methods  

Reference l provides a wealth of signal analysis techniques and overall data acquisition 
guidance and is recommended as a key reference in the VSD process.  A few of the most 
common analysis definitions utilized in VSD efforts are provided in Annex B. 

9.2.1 Miner-Palmgren Hypothesis  

In the simplest terms, the Miner-Palmgren Hypothesis (Miner’s rule) is a set of 
mathematical equations used to scale vibration spectra levels and their associated test 
times.  It provides a convenient means to analyze fatigue damage resulting from cyclical 
stressing.  Miner’s rule, originally based on empirical data, establishes a relationship 
between the ratio of the number of cycles at a given stress level to the number of cycles at 
another stress level. 

The major cause of items failing to perform their intended function is material fatigue and 
wear accumulated over a time period as a result of vibration-induced stress.  It is 
preferable for materiel to be tested in real-time so the effects of in-service conditions are 
simulated most effectively.  However, in most instances real-time testing cannot be 
justified based on cost and/or schedule constraints and, therefore, it is customary to 
compress the service life environment into an equivalent laboratory test.  For vibration 
environments that vary in severity during the materiel’s service life, the duration of the 
environment can often be reduced for testing by scaling the less severe segments of the 
vibration environment to the maximum levels of the environment by use of an acceptable 
algorithm. 
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In many cases, scaling less severe segments to the maximum levels may still yield a test 
duration that is still too long to be practical.  In such cases, the same algorithm may be 
used to further reduce test duration by increasing test amplitude.  Provided that fatigue is a 
significant potential failure criterion for the materiel under test, this practice is acceptable 
within strict limits, notably that test amplitudes are not over exaggerated (or accelerated) 
simply to achieve short test durations.  Such excessive amplitudes may lead to wholly 
unrepresentative failures, and cause suppliers to design materiel to withstand arbitrary 
tests rather than the in-service conditions.  Conversely, overly extending test durations to 
excessively reduce the amplitude may result in the test article passing vibration testing in 
the laboratory but experience vibration related failures in the field. 

While the use of “Miner’s rule”  is based upon fatigue damage being the principal failure 
mechanism, it has been found historically that test durations calculated by this means tend 
to be somewhat conservative when considering other failure mechanisms such as fretting 
and other types of wear.  However, when considering the wide range of dynamic forcing 
functions considered over the life cycle of most hardware, test durations calculated using 
Miner’s law have proven to be generally acceptable regardless of the failure mechanism 
under consideration. 
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9.2.1.2 S/N Curve 
Graphically, the relationship of stress to number of cycles can be depicted as shown in 
Figure 2.  Figure 2 relates stress (S) to the number of cycles (N) and is an example of a 
plot commonly referred to as the S/N curve.  The black curve of Figure 2 is the theoretical 
relationship of stress and the number of cycles.  The red curve is a linearized 
representation of the black curve.  Note that the number of cycles increases as the stress 
level decreases.  At point A on the curve the stress level is so high that fatigue failure will 
result from any number of cycles.  At point B on the curve, commonly referred to as the 
endurance limit, the stress level is so low that an infinite number of cycles will induce no 
fatigue damage.  Between points A and B is the region of interest for Miner’s rule 
calculations.   

 

 

Figure 2: S/N Curve 

 
9.2.1.3 Miner-Palmgren Equations 

The most commonly used method for calculating a reduction in test duration is the Miner-
Palmgren hypothesis that uses a fatigue-based power law relationship to relate exposure 
time and amplitude.  The mathematical expression and variable descriptions for this 
technique are illustrated below in Equations (9.1) and (9.4). 
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where: 

1t   = equivalent test time  

2t  = in-service time for specified condition  

1S = severity (rms) at test condition  

2S = severity (rms) at in-service condition 

[The ratio 1 2S S   is commonly known as the exaggeration factor.]  

M  = a value based on (but not equal to) the slope of the S-N curve for the 
appropriate material where S represents the stress amplitude and N represents the 
mean number of constant amplitude load applications expected to cause failure. 

Fatigue damage can be calculated using either a stress life or strain life process.  Although 
most engineering structures are designed such that the nominal loads remain elastic, it is 
important to acknowledge that stress concentrations often cause plastic strains to develop 
in the vicinity of notches.  Figure 3 illustrates the total strain as a sum of plastic and elastic 
components of strain (reference o).  
 

 
Figure 3:       Typical Strain Life Curve 
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For the strain life technique (assuming zero static load), the number of cycles to 
failure, fN , is computed from: 

 ( ) ( )'
2 ' 2

b cf
a f f fN N

E
σ

ε ε= +       (9.2) 

where: 

aε  = test or environment strain amplitude 
'
fσ  = fatigue strength coefficient (material property) 

E  = modulus of elasticity (material property) 

fN  = number of cycles to failure 

b  = fatigue strength exponent (material property) 
'
fε  = fatigue ductility coefficient (material property)  

c  = fatigue ductility exponent (material property) 

In equation 9.2, ( )'
2

bf
fN

E
σ

 , represents elastic components on the strain-life, while 

( )' 2
c

f fNε  , represents the plastic components.  In the event a static load is present, 

Equation 9.2 may need to be compensated using techniques such as the Smith-Topper-
Watson mean stress correction (reference n).   

The transition life, 2 tN , represents the life at which the elastic and plastic strain ranges 
are equivalent.  The transition point of the two components of strain can be computed as: 
 

   
( )1' '2 /
b c

t f fN Eε σ
−

⎡ ⎤= ⎣ ⎦        (9.3) 

 
As shown in Figure 3, the transition life provides a convenient delineation between low and 
high-cycle fatigue.  Plastic strains have greater influence below the transition life and 
Elastic strains have a greater influence above the transition life.  For long fatigue lives, the 
strain-life approach will essentially approach the stress-life approach.  

The value of M  in Equation 9.1 is strongly influenced by the material S-N curve, but 
fatigue life is also influenced by the surface finish, the treatment, the affect of mean stress 
correction.  Figure 4 graphically depicts the effects of finishing options on SAE 8630 steel 
to illustrate influence of surface finish on parameter M .     
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Figure 4:       Relative Damage as a Function of Surface Finish  

– SAE-8630 Steel 
 
The combined contributions of elastic and plastic strain, the waveshape of the strain time 
history, will also influence the value of M .  Using SAE-8630 steel as an example, Figure 5 
graphically depicts the influence of the plastic component of strain on parameter M as 
strain levels approach the transition point. 
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Figure 5:      Relative Damage as a Function of Strain Range – SAE 8630 Steel 
 

As a result of multiple factors such as finishing and actual strain levels, the value of M  is 
generally some proportion of the slope of the S-N curve, known as the fatigue strength 
exponent and designated as b .  Typical values of M  are 80% of b  for random 
waveshapes, and 70% of b  for sinusoidal waveshapes.   

Historically, values of M  between 5 and 8 are commonly used when addressing random 
environments.  A value in the range of 6 is commonly used for sinusoidal environments 
(see references b, p, and p).   
The basis for the default recommendations in Table 3 may be traced to historical success 
of M  selections within the range suggested in Table 3, combined with investigating the 
properties of a wide range of steel and aluminium alloys as discussed in reference n.  
Reference n summarizes a strain analysis that was conducted on an ensemble of 
commonly uses steels and aluminium alloys in which strain levels approaching the 
transition life were considered.  Strain levels in the analytical investigation of reference n 
were controlled such that the minimum number of cycles to failure was generally greater 
than 10,000.  Multiple finishing processes were considered as well.  The default values in 
Table 3 have been separated into families of steel and aluminium alloys to add some 
fidelity in the selection of M .  Observe that historical values of 5-8 fall within the range of 
M in defined in Table 3, providing an additional level of confidence between the historical 
values used for M  and the recent analytical study of reference n.  
   



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 
 

 
  285 ORIGINAL 

 
 

Table 3      Default Values for M  
Excitation Type  M – (Default Value) 

 (Steels) 
M – (Default Value) 
 (Aluminium Alloys) 

Sinusoidal 5.75 8.5 
Random 7 9 

 
When addressing a LVTS for a simple test article whose design consists of a single 
material, one could simply look up the value of b  directly, and compute M  as a 
percentage (70-80%) of the inverse of b  as discussed above. The difficulty common to 
most LVTS development efforts of complex systems is that more than one material 
comprises the system design.  In such cases, default values for parameter M  are 
recommended per Table 3.  If the exact composition of a complex structure is not known, it 
is recommended that the more conservative selections for M  based on steel are 
selected.   
The cumulative damage assumption is based on the fatigue properties of metals.  
Reference d, (chapter 35), recommends that Miner’s cumulative damage theory not be 
used for composite materials.  However, a “wearout model,” defined as “the deterioration 
of a composite structure to the point where it can no longer fulfil its intended purpose,” is 
shown as a power law model in the form of Equation (9.1) with variable exponents 
dependent upon the type of composite system.  It is recommended that test time 
compression for composite structures be treated on a case-by-case basis.  
Since most vibration environments are expressed in terms of the power spectral density 
function, Equation (9.1) can also be formulated as:  
 

        
2

2 1

1 2

( )
( )

M

t W f
t W f

⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦

=        (9.4) 

where:  

1t  = equivalent test time  

2t = in-service time for specified condition  

( )1W f   = PSD at test condition, 2g Hz  

( )2
W f  = PSD at in-service condition, 2g Hz   

[The ratio ( ) ( )1 2
W f W f  is commonly known as the exaggeration factor] 

M  = as stated in Equation (9.1) 
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The ratio of W2 to WI becomes the exaggeration factor.  For factors greater than 1, the 
laboratory test time is reduced and conversely, for factors less than 1, the test time is 
increased.  
  
Selection of exponent M does not give complete freedom to the use of equations (9.1) and 
(9.4) in compressing test times!  Caution must be exercised in using the exaggeration factor. 
It appears foolish to attempt to compress test time so that increased amplitude will exceed 
the yield or ultimate strength of the material. Reference h, suggests limiting the 
exaggeration of test levels so as not to exceed the ratio of ultimate strength to endurance 
strength of the material being tested.  In an attempt to determine a maximum exaggeration 
value, a search was conducted of the mechanical properties of 25 metals that have been 
used most often in a large variety of test items (reference i).   
 
The ratios of ultimate stress (U) to the elastic limit (Y) and ultimate stress (U) to the 
endurance limit (EN) were calculated for each of the metals and averaged, producing 
values of U/Y = 1.37 and U/EN = 2.78. These ratios were then averaged, producing a value 
of 2.08 (see Table 3). The value of 2 is therefore suggested as the maximum limit for 
exaggeration factors.   
 
This approach is based upon a combination of experience and some valid assumptions. 
Experience has shown that equipment is designed so that its structural integrity lies above 
the endurance limit of the material because fatigue failures occur in the field. Items are not 
designed at the ultimate limit of the material, however, because these failures do not occur 
on the first vibration cycle. 
 
Assuming that equipment is designed so that its structural characteristics lie somewhere in 
the midpoint region between the endurance and elastic limits (see Figure 6), splitting the 
approximate difference would produce a value of 2 which thus lends credence to the use of 
2 as the maximum exaggeration factor. 
 
Exaggeration factors for materials whose fatigue characteristics are unknown or for failure 
mechanisms except fatigue (such as loosening of threaded connections) cannot be 
calculated. Real time test levels and durations should be used in these instances unless 
there is sufficient information about the particular application to allow the use of a 
reasonable exaggeration factor. 
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Table 4      Metals and Material Properties 
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Figure 6:      Typical S-N Curve 
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Miner’s rule, as with any analysis method, is not without its shortcomings.  The text “Shock 
and Vibration Handbook”, fourth Edition, C Harris, 1996, identifies two shortcomings.  In 
reference to Miner’s rule the text states, “… it does not consider the sequence of loading 
and assumes that damage in any individual stress cycle is independent of what has 
preceded it.  Furthermore, it assumes that damage accumulation is independent of stress 
amplitude.”  However, the same text refers to Miner’s rule as “the most commonly applied 
linear damage rule”.  Its acceptance in the vibration community certainly supports Harris’s 
assertion.  The use of Miner’s rule for VSD is recommended by many national documents.  
However, care should be taken to assure that Miner’s rule is applied properly and with an 
understanding of its limitations. 

10.   PREDICTIONS OF MAXIMUM RESPONSE  

Subsequent to development of the LVTS, it is generally of interest to analyze response 
dynamics of the unit under test (UUT) prior to conducting a laboratory test.   In the 
absence of a detailed mechanical model of the UUT, one might consider use of the 
Maximum Response Spectrum (MRS) model.  The basic concept of MRS analysis and 
defining mathematics are defined in ANNEX E.  In the event maximum response levels 
exceed design targets, it is recommended that a thorough review of both the LVTS 
variables and details of the design targets be conducted prior to initiating the laboratory 
test.  

11. SUMMARY AND CONCLUSION  

LVTS development methods will continue to evolve.  This evolution could result from 
improvements in vibration control systems, or from the results of on-going analysis studies.  
For example, the ability to simultaneously test in multiple axis, and the ability of modern 
control systems to account for non-Gaussian skewness and kurtosis will eventually affect 
LVTS development.  The methods and procedures presented in the document are 
intended as guidelines, with the understanding that project specific tailoring may be 
required, and that new methods may be incorporated as they become available. 
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A.1 Introduction 
 
VSD requires full characterization of system vibration exposure.  The characterization 
typically includes a collection of vibration time histories of all relevant exposure conditions, 
and a table of exposure times for those conditions.  This Annex presents general 
information relative to the acquisition and preparation of the time histories, and the 
generation of the exposure time table (system scenario). 
 
A.1.2 Vehicle Preparation for Data Acquisition - Cargo. 
 
A.1.2.1 Specified Load:  If the load and tie-down method are specified, no further 
instructions are necessary. 
 
A.1.2.2 General Cargo Simulated Load:  For general applications when loads and tie-down 
methods are not specified, choose typical cargo packages such as boxes, drums or 
cartons, designed to provide a simulated load that covers as much of the cargo bed as 
possible, consistent with the tie-down method, and that weights the vehicle with 
approximately 75% of its rated payload. This weight limitation is an arbitrary figure based 
on a study (reference j) in, which load weights were found to vary in the field enough to be 
unpredictable but tended toward full load.  Another study revealed that the severity of the 
cargo bed vibration environment was minimal at full load and increased dramatically as the 
load decreased (reference k). The value of 75% of rated payload was chosen to provide a 
degree of conservatism.  The analyst should consider the mission scenario carefully to 
establish the likelihood of lighter loads being carried.  If unable to be reasonably sure that 
light loads will not be carried, some data capture should also be conducted using 
additional light load conditions and the VSD should utilise data from all load conditions 
considered. 
 
Large rigid items such as steel plates, beams, concrete blocks, should not be used as 
simulated loads because their monolithic nature inhibits the flexibility of the cargo bed. In 
addition loose material such as sand or soil should not be placed directly on to the load 
bed as this will tend to dampen out any structural resonances present in the load floor.  
 
A.1.2.3 Tie-down: The simulated load must be securely attached to the vehicle cargo bed 
using steel banding, web strapping, and/or dunnage. It must be secure enough to prevent 
movement between load and bed. 
 
A.1.2.4 Accelerometers. These must be mounted on the structural members of the cargo 
bed at locations that measure the input acceleration forces imparted to the load if an input 
control strategy is to be employed. If a response control strategy is planned then 
accelerometers should be mounted on structurally stiff locations at the base of the 
package or items being transported. The number of locations must be sufficient to 
describe the cargo bed environment. Care should be taken to avoid placing 
accelerometers in inappropriate places, i.e. the relatively thin steel plate that comprises 
most cargo bed surfaces. 
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A.1.3 Vehicle Preparation for Data Acquisition - Installed Equipment. 
 
Accelerometers must be mounted on the vehicle walls, deck, and roof, as well as on 
brackets and shelves that are integral parts of the vehicle, as close as possible to the 
point(s) of attachment of the existing/planned installed equipment. The purpose is to 
measure the vibration environment of the vehicle at the input location(s) of the installed 
equipment which has the same configuration as the equipment subsequently used as a 
test item during laboratory testing. For instance, if a piece of equipment is mounted on a 
bracket in the vehicle and that bracket will not appear as part of the equipment during 
subsequent laboratory testing, the environment should be measured on the bracket as the 
input to the equipment. 
 
If a mounting platform exists and the equipment to be installed thereon is not available, 
use a model of the equipment with the same mass and center of gravity. This ensures that 
the reaction of the installed equipment will be included in the data recorded at the input to 
the mounting platform. 
 
In the situation in which the test item is instrumented and may be integrated into the 
control scheme as such as response control or possibly as a limit location, it is critical that 
any surrogate hardware employed must have strong dynamic similarity to the tactical 
hardware.  It is recommended that a comprehensive modal test of the surrogate hardware 
be conducted to ensure proper dynamic response is maintained.  In some instances, 
similarity acceptance criteria may be called out, to which the modal parameters of the 
surrogate hardware must comply.    
 
The difference between the mechanical impedances of mountings for field-installed and 
laboratory-installed equipment should be considered, particularly for relatively massive 
equipment. A comparison of the field and laboratory frequency response functions is one 
method of evaluating this difference, and the use of average, extreme, or response 
laboratory vibration control techniques is considered a valid approach to minimizing any 
impedance mismatch. 
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A.1.4.   DATA ACQUISITION PROCEDURE.  
 
A.1.4.1 Data Acquisition 
 
There are several commercially available data acquisition systems that are capable of 
measuring and recording vibration data that would be suitable for VSD.  The user needs to 
insure that the signal conditioning including the filter, sample rate and analog-to-digital 
converter (ADC) fidelity are acceptable for the measurements being made.  For example 
an 8-pole (48 dB/octave, 160 dB/decade) Butterworth filter would require a sample rate of 
approximately four times the filter frequency to minimize aliasing. 
 
A.1.4.2 Cargo Schedules. 
 
a.   Attach triaxial accelerometers to the structural members of the cargo bed in order to 
measure the vibration environment along three mutually perpendicular axes usually noted 
as vertical (V), transverse (T), and longitudinal (L). Normally, this orientation is relative to the 
axes of the vehicle, i.e., vertical is up/down, transverse is side/side, and longitudinal is 
front/rear. This is not mandatory but tends to be least confusing. 
 
b.  Check tie-down 
 
c.  Insure that instrumentation is working properly and all transducers are calibrated. 
 
d. Operate the vehicle at the prescribed speed(s) over the designated fixed profile 
courses, and record the data. 
 
A.1.4.3 Installed Equipment Schedules. 
 
a. Attach triaxial accelerometers at the actual or proposed vehicle/installed equipment 
interface to measure input to the equipment as it will subsequently appear as a test item in 
the laboratory. Orient the accelerometers to measure data in the V, T, and L axes as 
described above. 
  
b. Insure that instrumentation is working properly and all transducers are calibrated  
 
c.  Operate the vehicle at the prescribed speed(s) over the designated fixed profile 
courses, and record the data. 
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A.1.5.   DATA REQUIRED. 
 
Care must be taken when recording data to ensure that it can be correlated with data taken 
during previous tests of the same type of vehicle. Parameters such as sampling rate and 
filtering will affect the ability to compare/combine environments during analysis. The 
analysis filter bandwidth is particularly important and must be recorded. 
Comparing/combining different data sets must be done using the same analysis filter 
bandwidth. Obtain the following: 
 
a. An accurate log of accelerometer locations and axis orientations. 
 
b. An accurate log of test courses and speeds. 

 
c. Recorded data in terms of acceleration amplitudes versus time for time intervals 
sufficient to ensure accurate analysis. 
 
d. Graphic representation of the cargo load/installed equipment mounting 
configuration. 
e. Filter type and cut-off frequency and data sampling rates. 
 
After the data have been acquired it is necessary to insure that the data accurately 
represent the physical phenomenon that was measured.  This can be accomplished by 
inspecting the data visually and by performing amplitude distributions and other time and 
frequency domain statistical analysis.  There are certain anomalies that need to be 
identified and corrected before the data can be considered valid.  These include but are 
not limited to outliers (wild points) and shifts in the bias level of a transducer (DC shifts). 
 
Thorough documentation is absolutely critical in all phases of the LVTS development 
process.  During the data acquisition phase, a general list of resources such as vehicle 
specific serial numbers, identification of all instrumented assets, transducers, data 
recorders, filters, and software employed shall be included as part of the final report in all 
VSD efforts.  A detailed calibration list shall be included for all transducers and signal 
analysis equipment employed during the data acquisition phase.  All user defined 
parameters such as sampling frequency and filter settings shall also be recorded.   
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B.1  Combining Spectra 

This Annex provides basic definitions and purely statistical approaches for combining 
spectra.  The techniques discussed in this Annex, combined with addressing mission 
scenarios and fatigue equivalence, formulate the basis for the VSD techniques that are 
discussed in Annexes C-D. 

After the scenario is selected and representative data are acquired, it is usually necessary 
to combine appropriate data into a single descriptor of the environment.  For Single-
Degree-of-Freedom (SDOF) vibration testing, this descriptor is generally the autospectral 
density (ASD) function (the term Power Spectral Density (PSD) is often used by the test 
community), a frequency based representation of the measured vibration amplitudes.  
Multiple-Degree-of-Freedom (MDOF) vibration testing will also require knowledge of the 
Cross Spectral Density (CSD) properties of motion.  Although basic CSD definitions will be 
discussed, the MDOF VSD case will not be addressed in this initial effort. 

B.1.1  Auto and Cross Spectral Densities   

Consider the following basic scalar definitions as presented by Bendat and Piersol in 
reference e.  The discussions assume two stationary (ergodic) Gaussian random 
processes,{ }( )x t and{ }( )y t .  The finite Fourier Transforms of { }( )x t and { }( )y t are defined 
as: 
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The auto, ( ) ( ),xx yyG f G f , and cross, ( )xyG f , spectral densities of ( )x t and ( )y t  for an 
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Estimates of ( )xxG f , ( )yyG f and ( )xyG f as computed over a “finite time” interval are 
defined as: 
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and will have a discrete spectral resolution of 1
eB f T≈ Δ = .   There will generally be 

unacceptably large random error associated with this “raw” estimate.  In practice the 
random error is reduced, by computing dn different averages of length T  to obtain a 
“smooth” estimate defined as: 
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  B.1 

In practice, one will also have to consider the effects of overlapping and windowing 
options.  
  
B.1.2   Confidence Interval of ASD Estimates  

During the data collection phase of a VSD effort, every effort will be made to acquire a 
sufficiently long record of field data to ensure an accurate estimate of the ASD and CSD.  
In reality, it is not always possible to acquire sufficiently long time histories as to minimize 
error in the spectral estimates of interest.  Given that the number of averages dn is not a 
constant for all measurements, one should track the error associated with spectral 
estimates as they are the basis for the VSD procedures that are the interest of this leaflet. 

As shown in reference e, the sampling distribution for an ASD estimate may be written in 
terms of the Chi squared distribution as: 

( )
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Observe that the number of degrees of freedom 2 dn n= results from the fact that each 

instantaneous estimate of the complex number ( )X f consists of statistically independent 
real and imaginary components. 

Statistical confidence bands can be placed around this estimate of ( )xxG f  as: 

( ) ( ) ( )
2 2

; ;1
2 2

ˆ ˆ
xx xx

xx

n n

nG f nG f
G f

α αχ χ
−

≤ ≤                                            B.2 

where:  α  defines the confidence interval (i.e. for a 90% confidence interval α =.1) 

Observe that the confidence intervals are strictly related to the accuracy of estimate of 
( )xxG f and in no manner addresses the scatter within individual spectral bins of the 

individual averages used to compute ( )ˆ
xxG f . 

Typical Wheeled Vehicle Vibration Data
20 MPH Belgium Block, 1 Lap, 1 Location

Average and 90% Confidence Limit Spectra

0.000001

0.00001

0.0001

0.001

0.01

1 10 100 1000
Frequency (Hz)

PS
D

 M
ag

ni
tu

de
 - 

g
2 /H

z

Average
Lower 90% Conf
Upper 90% Conf

Equation B.2

Equation B.1

Note: nd=31, (n=62 DOF)

 

Figure B1: 90-percent confidence limits for dn  = 31 linear spectral averages. 
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B.2.  Statistical Considerations for Developing Limits on an Ensemble of Data 
This Section provides information relative to the statistical characterization of a set of data 
for the purpose of defining an upper limit of the data set related to statistical/probabilistic 
considerations.  This section is based on the summary of work in reference g and as 
summarized in Method 516, Annex B of reference m.  
 
Information in this Section is generally applicable to frequency domain estimates that are 
either predicted based on given information or time domain measurements processed in 
the frequency domain according to an appropriate technique i.e., for stationary random 
vibration, the processing would be an ASD; for a very short transient the processing could 
be an SRS , ESD, or FS.  Given estimates in the frequency domain, information in this 
Annex will allow the establishment of upper limits of the data in a statistically correct way. 
 
B.2.1 Basic Estimate Assumptions  
 
Prediction estimates, measurement estimates, or a combination of prediction and 
measurement estimates may be considered in the same manner.  It is assumed that 
uncertainty in individual measurements (processing error) does not effect the limit 
considerations.  For measured field data digitally processed such that estimates of the 
SRS, ESD, FS, or ASD are obtained for single sample records, it is useful to examine and 
summarize the overall statistics of "similar" estimates selected in a way so as to not bias 
the summary statistics.  To ensure the estimates are not biased, the measurement 
locations might be chosen randomly, consistent with the measurement objectives.  Similar 
estimates may be defined as (1) estimates at a single location on materiel that has been 
obtained from repeated testing under essentially identical experimental conditions; (2) 
estimates on a system that have been obtained from one test, where the estimates are 
taken (a) at several neighboring locations displaying a degree of response homogeneity or 
(b) in "zones" i.e., points of similar response at varying locations; or (3) some combination 
of (1) and (2).  In any case, it is assumed that there is a certain degree of homogeneity 
among the estimates across the frequency band of interest.  This latter assumption 
generally requires that (1) the set of estimates for a given frequency have no significant 
“outliers” that can cause large sample variance estimates, and (2) larger input stimulus to 
the system from which the measurements are taken implies larger estimate values. 
  
B.2.2 Basic Estimate Summary Preprocessing 
 
There are two ways in which summaries may be obtained.  The first way is to use an 
"enveloping" scheme on the basic estimates to arrive at a conservative estimate of the 
environment, and some qualitative estimate of the spread of basic estimates relative to this 
envelope.  This procedure is dependent upon the judgment of the analyst and, in general, 
does not provide consistent results among analysts.  The second way is to combine the 
basic estimates in some statistically appropriate way and infer the statistical significance of 
the estimates based upon probability distribution theory.  Reference g summarizes the 
current state of knowledge relative to this approach and its relationship to determining 
upper limits on sets of data.  In general, the estimates referred to and their statistics are 
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related to the same frequency band over which the processing takes place.  Unfortunately, 
for a given frequency band, the statistics behind the overall set of estimates are not easily 
accessible because of the unknown distribution function of amplitudes for the frequency 
band of interest.  In most cases the distribution function can be assumed to be normal, 
provided the individual estimates are transformed to a "normalizing" form by computing the 
logarithm to the base ten of the estimates.  For ESD and FS estimates, the averaging of 
adjacent components (assumed to be statistically independent) increases the number of 
degrees of freedom in the estimates while decreasing the frequency resolution with the 
possible introduction of statistical bias in the estimates.  For ASD estimates, averaging of 
adjacent components can be useful provided the bias error in the estimate is small; i.e., 
the resolution filter bandwidth is a very small fraction of the overall estimate bandwidth.  
For SRS estimates, because they are based on maximum response of a single-degree-of-
freedom system as its natural frequency is varied, adjacent estimates tend to be 
statistically dependent and, therefore, not well smoothed by averaging unless the SRS is 
computed for very narrow frequency spacing.  In such cases, smoothing of SRS estimates 
is better accomplished by reprocessing the original time history data at a broader natural 
frequency spacing, e.g., 1/6th octave as opposed to 1/12th octave.  There is no apparent 
way to smooth dependent SRS estimates mathematically when reprocessing cannot be 
performed, and the acceptable alternative is some form of enveloping of the estimates.  
The larger the sample size, the closer the logarithm transform of the estimates is to the 
normal distribution unless there is a measurement selection bias error in the experiment.  
Finally, generally, before application, the upper limits obtained in the paragraphs to follow 
are smoothed by straight line segments intersecting at spectrum “breakpoints.”  No 
guidance is provided in this annex relative to this “smoothing” or “enveloping” procedure, 
e.g., whether estimates should be clipped or enveloped and the relationship of the 
bandwidth of the estimates to the degree of clipping, etc., except that such smoothing 
should be performed only by an experienced analyst.  Reference g discusses this further. 
 
B.2.3 Parametric Upper Limit Statistical Estimate Assumptions 
In all the formulas for the estimate of the statistical upper limit of a set of N predictions or 
measurements,  

{ }1 2, , , Nx x xL  

it is assumed that (1) the estimates will be logarithm transformed to bring the overall set of 
measurements closer to those sampled of a normal distribution and (2) the measurement 
selection bias error is negligible.  Since the normal and “t” distribution are symmetric, the 
formulas below apply for the lower bound by changing the sign between the mean and the 
standard deviation quantity to minus.  It is assumed here that all estimates are at a single 
frequency or for a single bandwidth, and that estimates among bandwidths are 
independent so that each bandwidth under consideration may be processed individually, 
and the results summarized on one plot over the entire bandwidth as a function of 
frequency.  For  

( )10log 1,2,i iy x i N= = L  
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Mean estimate for true mean, yμ  is given by 

1

1 N

y i
i

y
N

μ
=

= ∑  

and the unbiased estimate of the standard deviation for the true standard deviation yσ  is 
given by 

( )2

1

1

N

i y
i

y

y

N

μ
σ =

−
=

−

∑
 

B.2.3.1  NTL - Upper Normal One-Sided Tolerance Limit 

The upper normal one-sided tolerance limit on the proportion β  of population values that 
will be exceeded with a confidence coefficient,γ , is given by ( ), ,NTL N β γ , where 

( ) , ,, , 10 y y NkNTL N β γμ σβ γ +=  

where , ,Nk β γ is the one-sided normal tolerance factor given in Table B1 for selected values 

of , ,N β  and γ .  NTL  is termed the upper one-sided normal tolerance interval (of the 
original set of estimates) for which 100β  percent of the values will lie below the limit with 
100γ  percent confidence.  For β  = 0.95 and γ = 0.50, this is referred to as the 95/50 limit. 

The following table from reference g, contains the k  value for selected , ,N β  and γ .  In 
general this method of estimation should not be used for small N  with values of β  and γ  
close to 1 since it is likely the assumption of the normality of the logarithm transform of the 
estimates will be violated. 
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Table B1:     Normal Tolerance Factors for Upper Tolerance Limit. 
N γ = 0.50 γ = 0.90 γ = 0.95 
 β = 

0.90 
β = 
0.95 

β = 
0.99 

β = 
0.90 

β = 
0.95 

β = 
0.99 

β = 
0.90 

β = 
0.95 

β = 
0.99 

3 
4 
5 
6 
7 
8 
9 
10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
50 
∞ 

1.50 
1.42 
1.38 
1.36 
1.35 
1.34 
1.33 
1.32 
1.32 
1.31 
1.31 
1.30 
1.30 
1.30 
1.29 
1.29 
1.29 
1.29 
1.28 

1.94 
1.83 
1.78 
1.75 
1.73 
1.72 
1.71 
1.70 
1.69 
1.68 
1.68 
1.67 
1.67 
1.67 
1.66 
1.66 
1.66 
1.65 
1.64 

2.76 
2.60 
2.53 
2.48 
2.46 
2.44 
2.42 
2.41 
2.40 
2.39 
2.38 
2.37 
2.37 
2.36 
2.35 
2.35 
2.35 
2.34 
2.33 

4.26 
3.19 
2.74 
2.49 
2.33 
2.22 
2.13 
2.06 
1.97 
1.90 
1.84 
1.80 
1.76 
1.70 
1.66 
1.62 
1.60 
1.56 
1.28 

5.31 
3.96 
3.40 
3.09 
2.89 
2.76 
2.65 
2.57 
2.45 
2.36 
2.30 
2.25 
2.21 
2.13 
2.08 
2.04 
2.01 
1.96 
1.64 

7.34 
5.44 
4.67 
4.24 
3.97 
3.78 
3.64 
3.53 
3.37 
3.26 
3.17 
3.11 
3.05 
2.95 
2.88 
2.83 
2.79 
2.74 
2.33 

6.16 
4.16 
3.41 
3.01 
2.76 
2.58 
2.45 
2.36 
2.21 
2.11 
2.03 
1.97 
1.93 
1.84 
1.78 
1.73 
1.70 
1.65 
1.28 

7.66 
5.14 
4.20 
3.71 
3.40 
3.19 
3.03 
2.91 
2.74 
2.61 
2.52 
2.45 
2.40 
2.29 
2.22 
2.17 
2.13 
2.06 
1.64 

10.55 
7.04 
5.74 
5.06 
4.64 
4.35 
4.14 
3.98 
3.75 
3.58 
3.46 
3.37 
3.30 
3.16 
3.06 
2.99 
2.94 
2.86 
2.33 

B.2.3.2 NPL - Upper Normal Prediction Limit   

 
The upper normal prediction limit is the value of x  (for the original data set) that will 
exceed the next predicted or measured value with confidence coefficient, γ , and is given 
by 

( ) 1;
11

, 10
y y NtNNPL N

αμ σ
γ

−+ +
=  

where  1α γ= −  and 1;Nt α−  is the student t  distribution variable with 1N −  degrees of 

freedom at the ( )100 100 1α γ= −  percentage point of the distribution.  This estimate, 
because of the assumptions behind its derivation, requires careful interpretation relative to 
measurements made in a given location or over a given zone (reference g). 
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B.2.4  Nonparametric Upper Limit Statistical Estimate Assumptions  

 If there is some reason to believe that the data, after it has been logarithm-transformed, 
will not be sufficiently normally distributed to apply the parametric limits defined above, 
consideration must be given to nonparametric limits, i.e., limits that are not dependent 
upon assumptions concerning the distribution of estimate values.  In this case there is no 
need to transform the data estimates.  All of the assumptions concerning the selection of 
estimates are applicable for nonparametric estimates.  With additional manipulation, lower 
bound limits may be computed. 

 
B.2.4.1 ENV – Upper Limit 

  

The maximum upper limit is determined by selecting the maximum estimate value in the 
data set.  

( ) { }1 2max , , NENV N x x x= L  

The main disadvantage of this estimate is that the distributional properties of the estimate 
set are neglected so that no probability of exceedance of this value is specified.  In the 
case of outliers in the estimate set, ( )ENV N  may be far too conservative.  ( )ENV N  is 
also sensitive to the bandwidth of the estimates. 
 

B.2.5.  DFL – Upper Distribution-Free Tolerance Limit  
  
The distribution-free tolerance limit that uses the original untransformed sample values is 
defined to be the upper limit for which at least the fraction β  of all sample values will be 
less than the maximum predicted or measured value with a confidence coefficient of “γ ”.  
This limit is based on order statistic considerations. 

( ) max, , ; 1 NDFL N xβ γ γ β= = −  

where maxx is the maximum value of the set of estimates, β , is the fractional proportion 
below maxx , and γ  is the confidence coefficient.  , ,N β  and γ  are not independently 
selectable.  That is  

Given N  and assuming a value of β , 0 1β≤ ≤ , the confidence coefficient can 
be determined.  

Given N  and γ , the proportion β  can be determined. 

Given β  and γ , the number of samples can be determined such that the 
proportion and confidence can be satisfied (for statistical experiment design). 
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( ), ,DFL N β γ  may not be meaningful for small samples of data, 13N ≤ , and 

comparatively large β , .95β > .  ( ), ,DFL N β γ  is sensitive to the estimate bandwidth. 

 

B.2.6  ETL – Upper Empirical Tolerance Limit   
The empirical tolerance limit uses the original sample values and assumes the predicted or 
measured estimate set is composed of N  measurement points over M  frequency 
resolution bandwidths for a total of NM estimate values.  That is 

{ }11 12 1 21 22 2 1 2, , ; , , ; , ,M M N N NMx x x x x x x x xL L L  

where jm  is the average estimate at the thj  frequency bandwidth over all N  
measurement points   

1

1 1,2,
N

j ij
i

m x j M
N =

= =∑ L  

mj is used to construct an estimate set normalized over individual frequency resolution 
bandwidths.  That is 

{ } { }11 12 1 21 22 2 1 2, , ; , , ; , ,M M N N NMu u u u u u u u u u= L L L  

where :      1,2, ; 1,2, ,ij
ij

j

x
u i N j M

m
= = =L L   

The normalized estimate set, { }u , is ordered from smallest to largest and  

( )ku uβ =  where ( )ku is the thk  ordered element of set { }u  for0 1k
MN

β< = ≤  

 is defined.  For each resolution frequency bandwidth, then  

( ) 1,2,j jETL u m x j Mβ ββ = = = L  

Using jm  implies that the value of ( )ETL β  at j  exceeds β   percent of the values with 

50 percent confidence.  If a value other than jm  is selected, the confidence level may 
increase.  It is important that the set of estimates is homogeneous to use this limit, i.e., 
they have about the same spread in all frequency bands.  In general, apply this limit only if 
the number of measurement points, N , is greater than 10.  
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B.2.7  Example from Measured Data 
 
An example consisting of typical wheeled vehicle data (4 test courses, 3 data runs, 2 
locations) is considered. The ensemble consists of a total of 24 average PSD 
measurements.  The normal tolerance limit (NTL) of the 24 item ensemble (without being 
logarithm transformed) was computed as, ( ), ,NTL N kβ γ μ σ= +  as described in 
section B.2.4, and is illustrated in Figure B2. For this example, .95β = and .75γ = were 
selected, yielding a value of 1.91k =  interpolated from Table B1. 
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Figure B2: Example Normal Tolerance Limit Applied to  

Typical Wheeled Vehicle Data 
 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 ANNEX B 
 

 
  307 ORIGINAL 

 
 

B.3 Common Analysis Functions and Statistical Definitions of VSD Data Ensembles  

In preparation for a VSD effort, vibration time histories are recorded for a series of test 
conditions (defined as “events” in Section 3) also referred to as "runs". An event is defined 
(for ground vehicles) as operation over a specific uniform terrain, for a specific test item 
configuration (load, tire pressure, etc.) at a constant speed.   For an aircraft, one may have 
a list of events defined in terms of various modes of flight (level flight, rolling manoeuvres, 
etc.) conducted at various airspeeds.  A common form of analysis involves converting the 
complete time history (of a particular channel) into the compressed frequency domain 
format of the ASD function by dividing the time history into equal length data blocks and 
computing the ASD for each of the data blocks independently. When combining spectra, it 
is assumed that the spectra being combined represent a homogeneous set. (i.e., overall 
spectral levels are comparable and the spectra have the same general shape). If this is not 
the case, combining spectra should be avoided and another "spectra category" should be 
added to represent the test condition. When computing estimates of these ASD functions, 
it is desirable to compute the linear average (assuming the number of samples is 
sufficiently large ( dn >30)), the standard deviation and the peak, all as a function of 
frequency, over the length of a test run. The standard deviation represents the variation in 
the spectral data, as a function of frequency, at a given location on the vehicle due to 
randomness of the test process. Although the data are stationary, excursions about the 
mean occur in both the time and frequency domains.  

In addition to computing the mean ASD of an individual event, the standard deviation, and 
peak versions of the ASD are often of interest.    For ease of illustration, the following 
symbolic structure will be employed: 

( )mG f  = ASD(mean) = ( )ˆ
xxG f                                                                   B.3 

( )iG f   = ASD(instantaneous) “ASD computed over a single time interval T ” 

( )dG f  = ASD(Standard Deviation) = ( ) ( ) ( )( )
1

2 2

1

1
1

dn

d i m
id

G f G f G f
n =

⎡ ⎤
= −⎢ ⎥

−⎢ ⎥⎣ ⎦
∑  

( )sG f = ASD(Sum) = ( ) ( )m dG f G f+                                                        B.4 

( )pG f = ASD(Peak) = ( )1
di n

i iMAX G f=
= ⎡ ⎤⎣ ⎦                                                    B.5 

 

Note that, statistically speaking, the normalized error for the (Peak) spectrum could be 
very high because of the limited number of degrees of freedom available from the peak 
values of ( )iG f . This spectrum is a maximax auto spectral density estimate and should 
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be used with caution (if at all).   An example generation of the spectra discussed above 
as computed from data acquired from a typical wheeled vehicle data is shown in Figure 
B3. 
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Figure B3:  Average, Average plus Standard Deviation, and Peak Spectra. 

During the VSD process, classical statistics are often employed in somewhat of an ad hoc 
manner to address unknowns and sample size limitations. The data from many locations 
and many test events can be combined (by axis) using different techniques to produce 
representative composite spectra. The first technique is a simple linear average of all 
average spectra from all channels and all events to produce an overall average spectrum.  
If the mean and the median of the distribution are the same, this represents approximately 
the 50th percentile of the spectral data.  A second technique is a "standard" conservative 
approach often integrated into the vibration schedule development process in which the 
average plus one standard deviation spectra from each channel and each run are 
combined by using the average of these spectra with the addition of one standard 
deviation. The standard deviation computed during this process represents considerations 
such as the spectral variance due to location, test course differences, and courses not 
considered and not the same as ( )dG f . Mathematically this spectral average is shown 
as: 
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( ) ( )
1

1
i

M

a s
i

G f G f
M =

= ∑  

Where, M represents the number of “events” considered in the computation of the 
average spectra. 

The standard deviation of ASD values due to variations in test courses and 
instrumentation locations as a function of frequency is defined as: 

( ) ( ) ( )
1

2 2

1

1
1 i

M

e s a
i

G f G f G f
M =

⎡ ⎤
⎡ ⎤= −⎢ ⎥⎣ ⎦−⎢ ⎥⎣ ⎦

∑  

The final spectral measurement defined is: 

                            ( ) ( ) ( )f a eG f G f G f= +                                                 B.6 

Computation of ( )fG f is a key component used in the VSD techniques defined in Annex 
D. 

Consider the same ensemble of data as discussed in section B.2.7 (typical wheeled 
vehicle data (4 test courses, 3 data runs, 2 locations)).  Figure B4 includes an overlay of all 
24 spectra with the average of the ensemble of ( )sG f spectra shown in brown and the 

final representative spectrum, ( )fG f , shown in green. 
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Figure B4: Combination of 24 Individual Spectra. 

It is desirable for a vibration schedule to be a conservative estimate of the true 
environment within some credible bounds.  A conservative estimate is required for two 
reasons.  First, the test sample size is limited (usually one vehicle) and some allowance 
must be made for differences within a class of vehicle.  Second, vibration control systems 
take the test specification in PSD form and create a time history (to drive the shaker) by 
assuming a Gaussian distribution of amplitudes in the time domain.  Wheeled vehicle 
vibration data is nearly Gaussian, but generally has larger "tails" (i.e., more data at high 
levels and higher peak levels) than a Gaussian distribution of the same mean and 
standard deviation.  Since damage occurs at the tails of the distribution (and not around 
the mean), it is necessary to amplify the overall level so that the Gaussian process will 
produce the higher levels commensurate with the measured data.  Merely enveloping the 
peak spectra provides conservatism but results in an over-test since the test rms level is 
generally much greater than the highest individual level measured.  To ensure that the 
final spectral estimate is at least as large as the actual measured data, this spectrum can 
be adjusted (amplified or attenuated) so that its rms value is in reasonable agreement with 
the largest rms value measured at any location during any data run provided the 
corresponding spectra are similar in shape. 
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The resultant spectrum shown in Figure B5 is compared to an envelope of all the average 
spectra from the data set (in this case, 24 spectra).  Note that the resultant test spectrum 
is approximately an envelope of the individual spectra. 

 

0.00001

0.0001

0.001

0.01

0.1

1

1 10 100 1000

Frequency - Hertz

PS
D

 M
ag

ni
tu

de
 - 

g2 /H
z

Envelope

Ave + SD

Typical Wheeled Vehicle Vibration Data
4 Test Courses, 3 Laps, 2 Locations

Envelope PSD's are Envelope of Ave PSD's
Ave + SD PSD is Derived From Ave+SD PSD's

 

Figure B5: Comparison of resultant test spectrum (green line) to envelope of 
individual spectra (red line). 

It is important to note that the spectrum described above may be composed of different 
operating conditions which are not present for the duration assigned to the total 
environment.  For example, if certain frequency components were contributed by operation 
over a particular test course, they would be applied to the test as if those components 
occurred for the entire duration, not just the segment represented by operation over that 
particular test course.  In this case, test duration would also apply conservatism to the 
process, which may or may not be desirable.  Problems of this nature are addressed 
further in the VSD Annex that follows. 
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COMBINATION OF SPECTRA (FATIGUE DAMAGE SPECTRA) 
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C.1  FATIGUE DAMAGE SPECTRUM METHOD OF COMBINING SPECTRA 
 
In 1995, Henderson and Piersol introduced the concept of the fatigue damage spectrum to 
compare the potential damage to a test item exposed to different tests that had 
approximately a normal amplitude distribution (see Reference f).  The fatigue damage 
spectrum is a spectral representation of a fatigue damage index as a function of any 
system's natural frequency.  This spectrum is computed directly from the power spectral 
density (PSD) function representing a test situation or a field environment, and provides a 
relative fatigue damage estimate based on acceleration level and exposure time.  As 
opposed to the pure statistical techniques discussed in Annex B, consideration of the 
exposure time as well as spectral and fatigue characteristics makes the FDS an attractive 
technique in development of a LVTS.   

 
The fatigue damage spectrum is computed from: 

 

                            
( ) ( ) 2

b

n
n n

n

G f
DP f = f T

f ζ
⎛ ⎞
⎜ ⎟
⎝ ⎠

 C-1 

 
where: 

 
( )nDP f   =  Damage index as a function of system natural frequency 

nf  =  System natural frequency (variable), Hz 
T   =  Exposure time in environment, seconds 
( )nG f   =  PSD for a given environment, g2/Hz 

ζ  = Damping ratio of system at dominant natural frequency expressed  as a 
decimal 

b   = Fatigue curve slope value when computed as a linear fit in  log-log 
domain. 

 
As discussed in Section 9.2.1.3, the parameter M  employed in Equation (9.1) is not equal 
to b .  The value of M  is strongly influenced by the material S-N curve, but fatigue life is 
also influenced by the surface finish, the treatment, the affect of mean stress correction, 
the contributions of elastic and plastic strain, the waveshape of the strain time history, etc.  
Historically, a value of M = 7.5  has been used for random environments, but values 
between 5 and 8 are commonly used (note the exponent is 2M in Equation 9.3 when 
addressing ASD values).  One may consider a similar substitution of M  for b  when using 
Equation C-1. 
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Since fatigue damage is based on a cumulative effect of various environments or conditions, 
a cumulative fatigue damage index can be calculated as the sum of the fatigue damage 
spectra for individual environments.  Thus, 

 

                                ( ) ( )
1

N

n i n
i

DP f DP ft
=

=∑  C-2 

 
where: 
 

( )t nDP f   =  Total damage index spectrum. 

( )i nDP f   =  Individual environment damage spectra as defined in equation B-1. 
 

C.2  EXAMPLE APPLICATION OF FATIGUE DAMAGE SPECTRUM  
 
Four specific test courses at Aberdeen Test Center (ATC) are used to generate data for 
vibration specifications for wheeled vehicles.  It is improbable to relate the actual amount 
of each of these road surfaces to any real world scenario (e.g., determine how much 
Belgian Block a vehicle will encounter for a particular scenario), however it is possible to 
compute exposure times for operations at ATC and use this information to compute a 
fatigue damage spectrum by test course.  Substantial precedence for using these course 
and speeds in full vehicle tests exists (Large Assembly Transport Test of MIL-STD-810B, 
June 1967 (ref 5)), so it is logical to use them as a basis for simulation.  Each course has a 
measured length and is traversed at a nominal speed, leading to an exposure time.  This 
information is presented in Table C1. 

 
 

Table C1: Test Course Lengths, Speeds And Exposure Times 
 

Test Course Length, 
M (ft) 

Nominal 
Speed, 

Km/hr (mph)

Exposure 
Time, 
sec 

Belgian Block 1200 (3940) 32.2 (20) 134 
Two-Inch 250 (822) 16.2 (10) 56 
Radial 74 (243) 24.1 (15) 11 
Spaced Bump 233 (764) 32.2 (20) 26 
   Total 1757 (5769) 227 
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The exposure times can be used with equation C-1 and the appropriate test course PSDs  
to produce a fatigue damage spectrum for each test course.  Using the same set of typical 
wheeled vehicle data as before, the fatigue spectra are shown in Figure C1.  For this 
example, ζ was chosen to be 0.05 (5-percent critical damping) and the exponent M  was 
substituted forb , and was assigned a value of 7.5. 
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Figure C1: Fatigue Damage Spectra for Specific Test Courses. 

 
The cumulative fatigue damage spectrum (equation C-2) is shown by the lavender line in 
Figure C2 and represents a fatigue damage index derived from a complete lap of the 
four specified test courses. 

 
 
 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 ANNEX C 
 

 
  316 ORIGINAL 

 
 

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

1.00E-01

1.00E+00

1.00E+01

1 10 100 1000

Frequency - Hertz

D
am

ag
e 

In
de

x

Course 1
Course 2
Course 3
Course 4
Sum

Typical Wheeled Vehicle Vibration Data
Fatigue Damage Spectra

4 Test Courses, 1 Lap, 1 Location

Note:
Exposure time = 1 lap per course
M = 7.5
Damping = 0.05

 
Figure C2: Cumulative Fatigue Damage Spectrum (lavender line). 

 
 

The same process was performed for 2 measurement locations independently using 
cumulative data for 3 laps.  The cumulative spectra for each location were then averaged 
and enveloped for comparison and are shown in Figure C3. 
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Figure C3: Cumulative Fatigue Spectra from Locations 1 and 2. 

 
If an overall exposure time is selected, equation C-1 can be reworked to provide an 
acceleration power spectrum level based on the fatigue spectrum computed from Equation 
C-2.   

 ( ) ( )
2
b

n
n n

n

DP f
G f = f

f T
ζ
⎛ ⎞
⎜ ⎟
⎝ ⎠

 C-3 

where: 
 
( )nDP f  = Cumulative damage index as a function of system natural frequency  

nf  = System natural frequency (variable), Hz 
T  = Total exposure time in environment, seconds 
( )nG f  =  Equivalent PSD for a given DP(fn), T, g2/Hz 

ζ  = Damping ratio of system at dominant natural frequency expressed as a 
 decimal 

b  = Fatigue curve slope value when computed as a linear fit in log-log domain. 
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Using an exposure time equal to 3 times the total value listed in Table C1 (to account for 3 
laps) and the fatigue damage spectra (average and max) shown in Figure C3, an 
equivalent representative acceleration power spectrum was calculated from equation C-3.  
The spectra derived from the average and maximum fatigue damage spectra are shown in 
Figure C4.  For this data set, the fatigue damage spectra for locations 1 and 2 were nearly 
the same producing an average spectrum that is about the same as the enveloped 
spectrum.  The enveloped or maximum spectrum is compared to the resultant spectrum 
computed from the statistical process and from a spectrum derived from the envelope of 
all original spectra and is shown in Figure C5. 
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Figure C4: Combined Vibration Power Spectra Developed from Average and 

Maximum Fatigue Damage Spectra 
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Figure C5: Comparison of Combined Vibration Power Spectrum Developed from 
the Fatigue Damage Spectrum, from the Statistical Process and from an Envelope 
Process. 

 
The three processes (fatigue spectrum, statistical and envelope) produce specifications 
that are roughly the same shape.  The specification derived from the fatigue damage 
spectrum technique has lower levels than those produced by the envelope process and 
nearly the same (but generally lower) levels than those produced by the technique 
developed in Annex C  The statistical technique contains an implied assumption that each 
environment has the same exposure time and weights the spectral values toward the most 
severe spectrum due to the inclusion of spectral variance (the addition of a standard 
deviation) in the process.  Therefore, it is likely that the statistical process will produce 
higher levels than the fatigue damage process unless the most severe spectra also have 
the longest exposure times.      

 
The process was repeated for an exponent value of M = 5 as a comparison.  A comparison 
of the fatigue damage spectra (maximum) for the two exponents is shown in Figure C6, 
and a comparison of the vibration power spectra developed from each exponent is 
presented in Figure C7. 
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Figure C6:      Fatigue Damage Spectra for Two Exponents. 
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Figure C7:      Comparison of Combined Vibration Power Spectra Developed from 

Two Exponents  
 

For this set of measured environments (acceleration spectra) and associated exposure 
times, the final combined spectrum is somewhat independent of the value of the exponent 
chosen.  Forty percent of the spectral amplitudes for the two exponents were within 1 dB 
(based on M=7.5 as the reference), 80 percent were within 2 dB and all were within 2.4 
dB.   

 
Documentation of the spectral combination process, including assumptions (e.g., value of 
b), is essential.  The final combined spectrum should be compared to the original input 
spectra to ensure that the resultant spectrum is a reasonable representation of the 
measured environment. 
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C.3  FDS APPROACH TO DEVELOPMENT OF A LVTS  
 
In summarizing the example provided in the previous section, a single ASD was 
computed, representative of the ensemble of data acquired from making three passes over 
four specific road courses.  The ASD derived from the inverse of the cumulative FDS is 
compared to the envelope of the data ensemble as shown in Figure C5.  From Figure C7 it 
is clear that the spectral shapes and amplitudes are very similar for the ASD’s derived in 
the examples in previous section for both selections of M (M=5 and M=7.5).  From 
Figure C5 it is also clear that the ASD computed from the inverse cumulative FDS falls 
significantly below the envelope of the data ensemble.  Employing equation 9.4, one could 
easily compress the test time by increasing the magnitude of the ASD.  This can be 
accomplished by changing the T parameter of equation C-3.  As previously in Section 9, 
one should always use caution in employing time compression techniques.  When dealing 
with data of a similar spectral characteristic, a conservative approach would be to limit the 
final compressed spectral shape to the spectral shape of the envelope of the original data 
ensemble.  Reviewing the spectral shapes of the ASD’s computed from the inverse 
cumulative FDS and the envelope of the original data ensemble, it is clear that the ratio 
between the two curves is not the same at each spectral line.  Therefore, one will need to 
set some criteria, which is often test specific, for addressing the amount of time 
compression employed.  In the example discussed in this Annex, the average ratio 
between 2 and 100 Hz was set at the compression ratio.  This spectral band was 
considered to be of primary importance for this example since the data set was from a 
wheeled vehicle and the spectrum is dominated by energy below 100 Hz.  Figure C8 
illustrates the effect of time compression based on the ratio described above.  Using the 
time compressed spectral shape, the test time reduces from 681 seconds (the actual time 
spent of the courses) to either 72 seconds (when M=5) or 54 seconds (when M=7.5).  As a 
final step, the analyst will usually reduce the number of breakpoints (smooth the spectral 
shape) while maintaining the overall G-rms level. 
 
The example provided in this Annex is relatively simple; however, the techniques could 
easily be expanded to address more complex ensembles of data to include spectra with 
either narrowband or tonal components.      
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Figure C8: Time Compression of PSD’s Computed from the    
      Inverse Cumulative Fatigue Damage Spectrum 
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ANNEX D 

 
VIBRATION SPECIFICATION DEVELOPMENT PROCEDURE 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 ANNEX D 
 

 
  325 ORIGINAL 

 
 

D.1  Introduction 

This Annex outlines a Vibration Schedule Development (VSD) procedure designed to 
combine an ensemble of vibration events and associated exposure times into a smaller set 
of vibration profiles and associated run times.  The vibration events are in the form of a set 
of digital data files that collectively represent the full fatigue exposure of the test item. The 
goal is to produce a small set of Laboratory Vibration Test Schedules (LVTS) that can 
induce equivalent fatigue exposure with a vibration exciter. The procedure can be used to 
develop broadband random, Sine-on-Random (SoR) or Narrowband Random on Random 
(NBRoR) LVTS.  Figure D1 illustrates the VSD procedure in an abbreviated block diagram 
format. 

 

Figure D1: VSD Flowchart 

Data are typically processed in multiple channel sets, as it is often desirable that specific 
channels are processed with common frequency resolution or be reduced to common test 
times to allow development of schedules based on multiple locations.  The procedure is 
best implemented in specially designed software.  Software tools should be developed to 
implement the following:   

a. A general-purpose signal analysis package used as a pre-processing tool prior to the 
actual schedule development.  Routine pre-processing analyses includes: Time Histories, 
RMS vs. Time, Min/Max, Kurtosis, Histograms, Skewness and Stationarity.   
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b. Specialized routines to manage the test database and manipulate the test data as 
necessitated by the VSD procedure.  The routines can be grouped into a single software 
package for ease of implementation.  The package should manipulate the event files and 
output an intermediate LVTS in ASCII or spreadsheet format. 

c. Spreadsheets developed to produce final LVTS’s using files generated by the 
specialized software.  Spreadsheets provide a convenient method for addressing activities 
such as combining multiple channel profiles into a single LVTS, processing narrowband 
and/or sine tones, combining narrowband and broadband components, inclusion of fleet 
severity factors and scaling test times to user selected values. 

d. A subroutine to pick a series of breakpoints to represent the broadband profile 
generated by the process.  The points should be picked such that the shape and rms level 
of the vibration profile are preserved with the minimal number of breakpoints. 

The following definition is provided to aid in method discussion.  A review of the definitions 
found in Section 3 would also be beneficial. 

Sum-Set – A matrix of PSDs used as an organizational tool for process implementation.  
There are two types of sum-set, the single-event PSD sum-set and the group sum-set.  
The two sum-sets will be defined as required in this Annex.  

Before the VSD process begins a number of parameters must be defined.  Table D1 lists 
some parameters relevant for the process.  Other parameters will be discussed in 
subsequent sections of this document as necessary. 

The process can be implemented as discussed in the following sections. 
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Table D1: Required Parameters 
 

Block Size The number of data samples to include in PSD calculation.  The 
block size is typically set equal to the sample rate to give a 1 
second block and 1 Hz PSD resolution. 

Window Type The window type to use for PSD calculation, typically Hann. 

Minimum grms 
threshold 

Used to assure low level events will not overly affect  LVTS PSD 
shape.  The threshold is set as a g-rms ratio (default 50%) of the 
maximum PSD in the group. 

Crest Factor 
Threshold 

Skewness 
Threshold 

Kurtosis 
Thershold 

 

These thresholds can be used to alert the analyst if a section of 
data is grossly non-Gaussian.  The analyst can then decide if the 
data should be excluded from the development process. 

Start Frequency This is the start frequency for the broadband portion of the LVTS.  
This is typically set to 5 Hz or the frequency of the lowest tonal 
component. 

End Frequency This is the upper limit of the LVTS bandwidth.  This should be set 
by a review of the data.  Typically used values include 200 Hz, 500 
Hz, or 2000 Hz. 

Ne, Ng 

 

Analyst defined factors defining the number of standard deviations 
to use in the process (default = 1).  Ne is for an individual event 
and Ng is for combining multiple events. 

Me, Mg 

 

Analyst defined factors to limit conservatism in the process.  Me  is 
for an individual event and Mg is for combining multiple events. 

Remove DC It is sometime desirable to remove the DC components from the 
time domain data before calculation of PSDs.  The DC component 
is often a result of signal conditioner offset and can be removed 
without affecting LVTS development. 
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D.2 Broadband Profile Development 

D.2.1 File Setup (Step 1) 

Step 1 is to define the test data of interest by selecting from the data files available on 
disk.  The events selected should collectively represent the expected vibration exposure of 
the test item.  It may be necessary to divide the events into groups of similar PSD shape 
and level, and produce LVTS separately for each group. 

D.2.2  Select Event Start and End Time (Step 2) 

During the collection of the raw field data, it is common practice to begin acquisition prior 
to reaching a desired speed or start of a particular road surface or manoeuvre.  For this 
reason, the analyst may need to select only a portion of the digitized data set provided for 
a particular event.  It is helpful to define the start and end time of the data set to be carried 
forward in the VSD process.   

D.2.3  Time Block Drop (Step 3) 

Given fixed start and end times, data block size, and overlap percentage, the number and 
order of data blocks is also fixed.  There is the possibility of corrupt data, or bad blocks, 
within the identified data segment (i.e., momentary telemetry dropouts, off speed sections, 
shock event, etc.).  The analyst must be able to identify specific data blocks for exclusion 
in the subsequent spectral computations.  To prevent discontinuities in the data, the blocks 
should not be deleted from the time data, but simply excluded during PSD calculation.  In 
the event that the amount of measured data is limited, the analyst may be required to 
salvage available data through careful removal of limited dropouts in the data set that can 
be proven to be non-mechanical in nature (i.e., telemetry dropouts).  Such manipulation is 
always a last resort and should be conducted by an experienced analyst.     

Modern vibration control systems produce drive signals with Gaussian amplitude 
distributions.  Therefore, the block drop utility should be implemented to warn the analyst if 
a particular block is grossly non-Gaussian in nature.  One possible approach if to calculate 
the Crest Factor, Skewness, and Kurtosis of each block, and warn the analyst if user 
defined threshold were exceeded.  The analyst should then have the option to accept or 
reject that block.  If a dataset is highly non-stationary or non-Gaussian in nature a motion 
replication test may be recommended in lieu of a classical spectral based vibration test.   

The number of averages comprising a given PSD may vary as a function of the event time.  
For statistical relevance, a minimum of thirty-two (32) valid data blocks is recommended 
for PSD calculation.  For any event consisting of less than 32 averages after block drop, 
50 percent overlap can be used to effectively double the number of blocks available. 

D.2.4 Calculate PSD Average (Step 4) 

Once the data blocks for processing are selected, a single-event PSD sum-set is 
generated for each channel and each event.  A single-event PSD sum-set includes five 
PSDs, an average, peak hold, standard deviation, sum, and spectral spike removed, as 
defined in Table D2.   The first four PSDs of the sum-sets are calculated during Step 4.  
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The average, denoted as PSD (Avg), is a standard n average PSD, where n is the number 
of data blocks selected for processing during block drop.  Individual PSDs are calculated 
for each data block and then averaged on a spectral line basis to produce the PSD(Avg). 
The PSD(Sum) is calculated by adding Ne standard deviations to the PSD(Avg), where Ne 
is a user selected value typically set to 1.  The PSD(Sum) becomes the working PSD and 
is passed forward to the next step.  Use of the PSD(Sum) is intended to address severity 
variance across the vehicle fleet of interest.  To minimize overly high PSD(Sum) levels, 
due for example to high standard deviations resulting from ground vehicle speed 
fluctuations, the PSD(Sum) is constrained to be no higher than Me *PSD(Avg) where Me is 
a user defined parameter typically set to 2.  The PSD(Sum) is also limited to the 
PSD(Peak) level at each spectral line.  In the rare scenario in which there exists specific 
information as to how the vehicle being used to acquire the test data compares to the fleet, 
the Parameter Ne should be customized accordingly.  

    

Table D2: Single-event PSD Sum-Set 
Nomenclature Definition 

PSD(Avg) A standard dn average PSD.  (See ( )mG f  as defined in Annex B) 

PSD(Peak) Calculated by holding the maximum amplitude of each spectral line 
over dn averages.  (See ( )pG f  as defined in Annex B) 

PSD(Stdv) Calculated by determining the standard deviation of each spectral 
line over n averages.  (See ( )dG f  as defined in Annex B) 

PSD(Sum) Calculated by adding Ne standard deviations to the average for each 
spectral line.  PSD(Sum) = Ne *PSD(Stdv) + PSD(Avg) 

Ne is a user defined variable typically set to 1. 

PSD(Sum) is limited by PSD(Peak) and Me *PSD(Avg) where Me is 
a user defined variable typically set to 2. 

              (See ( )sG f  as defined in Annex B) 

PSD(SpkRmvd) PSD(Sum) after Frequency Spectral spike Removal. 

D.2.5 Spectral spike Removal (Step 5) 

For combined sine-on-random or narrowband random-on-random environments, the sine 
tones or narrowbands must be processed separately from the broadband random.  Step 5 
provides a method of removing the sine tones or narrowbands from the PSD(Sum) spectra 
when required. 
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To insure accuracy and to isolate unexpected inconsistencies in the data, the spectral 
spikes are selected and removed by the analyst acting interactively in a program loop 
using a graphical interface such as that shown in Figure D2.  The analyst selects the 
beginning and ending frequency of all spectral spikes for which removal is desired.  
Intermediate points are then replaced with a logarithmic interpolation of the two endpoints 
to produce the broadband PSD(SpkRmvd), shown as magenta in Figure D2.  This is the 
fifth PSD of the single-event PSD sum-set and becomes the working PSD for the 
broadband profile development. 

Note that the width of the spectral spikes removed will depend on a number of factors, 
including, but not limited to, the nature of the data and the frequency resolution of the PSD 
calculations.  Typically, the data should be pre-processed to determine if the data is more 
narrowband random or more sinusoidal in nature.  This information determines how the 
narrow-band energy will be processed. 

 

 

 

Figure D2: Spectral Spike Removal Window 
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The nature of the vibration is dependent upon the vehicle and field environment.  For 
example, an item mounted on a wheeled vehicle and driven on primary (paved) roads will 
be exposed to a broadband random forcing function.  A wheeled vehicle driven over a 
periodic washboard course will typically produce a combined sine-on-random vibration 
environment, as will a rotary wing aircraft.  A tracked vehicle usually produces a combined 
narrowband random-on-random vibration.  One method of differentiating between 
sinusoidal and narrowband random data is the width of harmonically related spectral 
spikes.  The width will remain constant if the data is sinusoidal but will be harmonically 
related if the data is narrowband random.  Histograms and band-pass filter time histories 
are also helpful in determining the nature of spectral spikes. 

A phenomenon of PSD calculation is that some energy at one frequency may “smear”, or 
leak, into adjacent frequencies.  This can affect the width of a spectral spike and is 
dependent on the frequency resolution of the PSD calculations and the window used.  
Although the energy is smeared, it is preserved and the total g-rms is unaffected.  
Although the frequency resolution selected for PSD calculations will affect the width and 
amplitude of spectral spikes, it will not affect the total g-rms of the spectral spikes 
removed.  For that reason the g-rms of the spectral spikes, rather than the PSD amplitude, 
should be used when processing the narrowband information. 

The energy corresponding to the removed spectral spikes can be exported in a form that 
facilitates spreadsheet analysis.  This allows external processing of the narrowband 
energy.  Two spreadsheets should be produced.  One containing the centre frequency, 
width, and the total g-rms of all spectral spikes removed from all PSD(Sum); and another 
containing the same information from all PSD(Avg).  The average numbers are used for 
sine-on-random developments while the sum numbers are used for narrowband random-
on-random developments.  The procedures used to process the narrowband information 
are presented in Section D.3 of this Annex. 

An example spectral spike removed spreadsheet is provided in Table D3.  The example 
contains the energies removed from the PSD(Avg).  The PSD(Sum) table is identical 
except the g-rms levels are derived from the PSD(Sum) instead of the PSD(Avg).  This 
particular example is of a wheeled vehicle on a two-inch washboard course.  Note that the 
fundamental and two additional harmonics were removed from each of three events (5, 
7.5, and 10 mph 2” washboard).  
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Table D3: Spectral spike Removed Table, Average 
 

Project 
File : Example Wheeled Vehicle      

Total 
Miles: 1000 Block size : 4096 Start Freq : 3  Raw PSD 

W-UCol 
PSD 

Date Proc :9/16/2002 Win Type : Hann End Frq : 500 N : 1 1 

Time Proc :6:37:44 AM Min grms : 0.5 Rmv DC : Y M : 2 2 

        

     
Total GRMS of removed 
Spectral spike 

Chn     1 2 3 

Desc     Chnl 1 Chnl 2 Chnl 3 

Type     PSD(Avg) PSD(Avg) PSD(Avg) 

Test Time     30 30 30 

  Event 
Beta Dist 

Time 
Centre 
Freq 

BandWth 
Selected grms grms grms 

1 Hrmnic 5 mph 2” WB 8.31 3.67 6 0.1534 2.79E-02 5.31E-02 

 7.5 mph 2” WB 21.28 5.50 5 0.2691 3.41E-02 0.134565 

 10 mph 2” WB 7.47 7.33 7 0.5755 8.74E-02 0.5730498

        

2 Hrmnic 5 mph 2” WB 8.31 7.33 6 0.1118 3.49E-02 7.37E-02 

 7.5 mph 2” WB 21.28 11.00 7 8.72E-02 3.22E-02 5.18E-02 

 10 mph 2” WB 7.47 14.67 6 8.98E-02 2.67E-02 0.211421 

        

3 Hrmnic 5 mph 2” WB 8.31 11.00 6 0.06546 4.01E-02 9.12E-02 

 7.5 mph 2” WB 21.28 16.50 9 2.63E-02 2.94E-02 0.05846 

 10 mph 2” WB 7.47 22.00 8 3.08E-02 3.75E-02 0.07558 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 ANNEX D 
 

 
  333 ORIGINAL 

 
 

D.2.6 Scenario Table (Step 6) 

VSD requires knowledge of the exposure time for the individual events.  For a ground 
vehicle, those times can be derived from the distribution of the system’s mission scenario 
into the individual events through the use of a Beta distribution.  For a helicopter, the 
scenario times are typically derived from the aircrafts usage spectrum.  Further discussion 
of scenario development and the Beta distribution can be found in Section 7.4. 

The event times can be provided in the form of scenario tables populated in Step 6 of the 
process.  An example scenario table is provided in Table D4.  The weighting factors will be 
discussed further in Section D.2.7.  The example scenario table also includes a user input 
field for the slope to be used for time compression calculations.  The remaining fields 
should be calculated by the software and contain the total g-rms levels of the 
PSD(SpkRmvd), over the user defined bandwidth of interest, for each channel of each 
event.  For example, Column “1 GRMS” contains the g-rms levels for channel 1 for all 
events.   

Table D4: Scenario Table Input 

 

 



 
AECTP-240 
(Edition 1) 

LEAFLET 2410/1 ANNEX D 
 

 
  334 ORIGINAL 

 
 

From this point forward, only the events with a g-rms above a threshold selected by the 
analyst will be processed.  The threshold was presented in Table D1 (Minimum GRMS) 
and is set as a ratio of the maximum g-rms, typically 0.50.  As higher level vibration 
dominates fatigue exposure, the exclusion of lower level events will have little effect on the 
final test time.  When selecting the threshold for event inclusion, the analyst must consider 
both the preservation of the spectral information of the lower level events and the effects 
their shape will have on the more dominate, high level events.  The events with a g-rms 
above the threshold will be referred to as “included events”. 

For each channel, the software should calculate the peak and average g-rms of the 
included events.  The average becomes the base g-rms level utilized for processing.  The 
base g-rms level will be the g-rms of the vibration profiles before final adjustment of test 
times is made.   

The primary function of Step 6 (Scenario Table) is to calculate a vibration runtime 
associated with each event.  The calculations are made using Equation 9-1, a standard 
method based on the Minor-Palmgren hypothesis for adjusting vibration spectra test times 
and levels.  The slope (M) is typically set to a value of 7.5 for broadband random 
calculations.  Further discussions of Miner’s Rule can be found in Section 9.0. 

An example runtime table is provided in Table D5.  Individual events (1-11) are given in 
rows and individual channels (1-7) are given in columns.  Table D5 has been populated by 
the software using equation 9-1 and the input provided in the Table D4.  Note that the 
events for which the g-rms (given in Table D4) was less than 50 percent of the maximum 
g-rms (for the same channel) are set to a value of zero.  For example, the maximum g-rms 
for channel 1 in Table D4 is 0.1298 grms.  Six of the eleven events have a grms greater 
than 0.0644 (0.5*0.1298) as reflected by the entries in Table D5.  The average grms of the 
six included events for channel 1 is 0.10237 grms.  Application of Equation 9-1 for event 2 
of channel 1, with G1 = 0.0686 (from Table D4), G2 = 0.10237 (the average grms), T1 = 
9.76 minutes (scenario time for event 2) yields a runtime for channel 1 and event 2 of T2 = 
1.0839, which is reflected in the entry of Table D5.  As all included events for a given 
channel are effectively normalize to the same grms level, the associated runtimes can 
simply be totalled to provide the overall runtime for that channel at that grms.  The 
individual event run times are totalled in the row labelled TF in Table D5.  This total time is 
the run time required to provide equivalent broadband fatigue exposure to the system, 
assuming the broadband profile is also based on an average of the PSDs of the same 
group.  The derivation of that average PSD will be discussed in Section D.2-7.   
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Table D5: Runtime Calculation 

 

D.2.7 Calculate Weighted PSD (Step 7) 

Steps 7 and 8 are used to complete the LVTS development process.  At this point in the 
development process, an ensemble of single-event PSD sum-sets has been generated 
and consists of a sum-set for each channel of each event.  The fifth PSD of the sum-set, 
the spectral spike removed PSD, is the working PSD for the VSD process.  The multiple 
PSD(SpkRmvd) of a given channel (one for each event) must be combined to produce the 
broadband profile for that channel.  The PSDs are combined using the methods discussed 
in the following paragraphs to produce a “group sum-set”.  The group sum-set, similar to 
the single-event PSD sum-set, includes a number of PSDs as defined in Table D6.  
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Table D6: Group Sum-Set Definition 
 

PSD(Avg_g)  The weighted average of the PSD group.  See Equation D.2-1.  
(See ( )aG f  as defined in Annex B) 

PSD(Peak_g) Calculated by holding the maximum amplitude of each spectral line 
over all events. 

PSD(Stdv_g)  The weighted standard deviation of the PSD group.  See Equation 
D2.2-3.  (See ( )eG f  as defined in Annex B) 

PSD(Sum_g)  Calculated by adding Ng standard deviations to the average for each 
spectral line. PSD(Sum_g) = Ng *PSD(Stdv_g) + PSD(Avg_g) 

Calculated by adding Ng standard deviations to the average for each 
spectral line.  PSD(Sum) = Ne *PSD(Stdv) + PSD(Avg) 

Ng is a user defined variable typically set to 1. 

PSD(Sum) is limited by PSD(Peak) and Mg *PSD(Avg) where Mg is 
a user defined variable typically set to 2. 

  (See ( )fG f  as defined in Annex B “for N=1”) 

PSD(Final)  The PSD(Sum_g) scaled to a user selected final time. 

 

The PSDs of the group sum-set, as with the single-event PSD sum-set, are calculated on 
a spectral line basis.  The PSD(Avg_g) is an average of the PSD(SpkRmvd) for all events 
in the group (excluding those for which the g-rms is below the user defined threshold).  
Unlike the PSD(Avg) of the single-event PSD sum-set, the PSD(Avg_g) is not a standard n 
average PSD.  Instead, the individual PSDs are weighted to the factors defined in the 
scenario table (see Table D4).  Typically, the weighting factors are set equal to the 
individual event scenario times.  The idea of a weighted approach is to produce a time-
based calculation instead of an event-based calculation.  In effect, weighting to the 
scenario time produces a separate PSD for each minute of the lifecycle, instead of a PSD 
for each event.  Each minute of the system’s lifecycle would then be weighted equally in 
determining the average.  A similar method is used to calculate the standard deviation of 
the group PSD(Stdv_g).  
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Assuming there are n events that exceed the minimum g-rms, that iW  is weighting factor 
of each event, and that iG is the g2/Hz level of each event, then for each spectral line: 
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The PSD(Sum_g) is calculated by adding Ng standard deviations to the average, where Ng 
is a user defined variable typically set to 1. Use of the PSD(Sum_g) is intended to account 
for factors such as differences in road surfaces, driver variances, and consideration of 
road surfaces not included in the data acquisition phase and other relevant variables.  The 
PSD(Sum_g) is constrained to be no higher than Mg*PSD(Avg_g) where Mg is a user 
defined parameter with a default value of 2.0.  The PSD(Sum_g) is also limited to the 
PSD(Peak_g) level at each spectral line.  Although some additional processing may be 
required, the PSD(Sum_g) coupled with the runtime calculated in the previous step now 
represent the equivalent lifetime fatigue of an item mounted at that location.  Recall that 
each channel represents a vibration axis for a given location.  The PSD(Sum_g) becomes 
the working PSD and is passed forward to the next step. 

In some cases multiple channels (or locations) must be combined into a single LVTS.  This 
can be accomplished by simply enveloping the channels later in the VSD process.  
However, it is possible to combine multiple channels concurrently with the event 
combination.  Assuming j is a list of m channels to combine, then for each spectral line: 
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D.2.8 Calculate Weighted Intermediate LVTS (Step 8) 

The next step in the development of the broadband vibration profile is to adjust the run 
time.  The software should allow the analyst to select the runtime for each channel.  In the 
example of Table D5, the runtime for each channel is shown in the TFA field. Runtimes are 
typically adjusted to round the times calculated by the software to even time increments or 
to exaggerate the test schedule when desired.  Care must be taken to assure the final 
LVTS levels do not overly exceed the maximum levels measured in the field and that 
exaggeration, if used, is not excessive.  See Section 9.2.1.3 for a discussion of limiting 
exaggeration.  Step 8 simply applies Equation D-2.1 to scale the PSD(Sum_g) to the user 
selected runtime, producing the final broadband PSD, PSD(Final). 

Depending on the control methods used, further processing may be required.  For sine-on-
random control the broadband profile must be combined with the sine tone information.  It 
may also be necessary to combine the profiles of several channels into a single LVTS.  At 
this point it is helpful to export the PSD(Final) in a form that facilitates spreadsheet 
analysis.  This allows ease of processing for multi-channel combination, recombining with 
narrowband or sine tone, changes in runtime, or other specialized processing. 

Note that an alternate method of combining the broadband profiles of multiple events into 
a representative LVTS is discussed in Section D.7.  This alternate method would begin 
with the PSD(SpkRmvd) and would produce an alternate PSD(Final). 

D.3  Narrowband Random Specification Development Procedure 

To allow greater flexibility in adapting to project specific requirements, the narrowband or 
sine tones removed from the broadband (see Section D.2.5) can be processed in a 
spreadsheet.  A sample narrowband random spreadsheet is provided in Table D7.  The 
sample is of a wheeled vehicle on the 2” washboard course.  Three tones were removed 
from each of three events (5, 7.5 and 10 mph 2” washboard).  Note that sinusoidal 
processing, rather than narrowband random, would generally be used for a wheeled 
vehicle on 2” washboard.  The example is used for ease of discussion only, and will not 
affect the description of the process. 
The following definitions provide a column-by-column description of the narrowband 
random processing procedures.  
   
D.3.1 Event (Col. A) – This column lists the events and tones (or harmonics) removed 
from the broadband. 
 
D.3.2 Speed on 2” WB (Col. B) – This column contains the ground speed of the given 
event. 
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D.3.3 Center Frequency Selected (Col C.) – The center frequencies of the narrowbands 
of interest may be set to the center frequencies of the narrowbands removed during 
spectral spike removal.  However, it might be desirable to calculate the center frequency.  
For example, the center frequencies of a wheeled vehicle on a periodic course may be 
affected by slight changes in vehicle speed or the frequency resolution of PSD 
calculations.  For proper control on an exciter table the tones must be harmonically related 
and are best set to the frequencies that would resulted given ideal conditions.  For a 
wheeled vehicle the frequencies can be calculated using the vehicle speed and the 
displacement of the periodic input (i.e. washboards spaced 0.5 meters apart).  For a 
helicopter the frequencies can be set to the known blade passing frequency.  Care should 
be taken to assure that the center frequency calculated does not vary significantly from the 
actual center frequency measured. 
 
D.3.4 Test Time from Adjusted Beta Distribution (Col. D) – Generally, this column 
contains the times as calculated during scenario development (see Section 7.4).  
However, the field is labelled “Adjusted” because it is sometimes necessary to combine 
the narrowbands of multiple events.  For example, with a rotary wing aircraft the tones for 
all events are generally at the same frequencies (driven by the main rotor).  A similar case 
results for narrowbands associated with tracked vehicles driven over multiple terrain types 
at the same speed.  During processing, all narrowbands of like frequency must be 
combined into a single narrowband containing the combined energy of the group.  
Equation D-2.1 can be used to adjust the scenario times such that the g-rms of the 
individual narowbands are normalized to some common g-rms, typically the maximum g-
rms of the group.  The adjusted test times of the individual tones (now all at the same g-
rms level) are then totalled.  This time is then entered into Column D of the narrowband 
table. 
 
D.3.5 Actual Test Time (Col. E.) – This is the portion of the runtime for which the given 
narrowband will be within the given frequency region.  Depending on the nature of the 
source vibration, the narrowbands will either dwell at a single frequency (i.e. helicopter) or 
sweep over a range of frequencies (i.e. tracked vehicle).  In the case of sweeping 
narrowbands, the total run time selected by the analyst must be distributed across the 
sweep bandwidth, or the multiple narrowband breakpoints.  The time is generally 
distributed equally between the multiple test points, with the two end points set to one half 
the time of the other points.  See Section 7.4 for an explanation of why the endpoints are 
treated differently.   
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Table D7: Narrowband Random Calculations 

A B C  D E F G H I J K L 

Tone Information Narrowband Calculations 

Event 

Speed 
 on 2” 
WB 

Center Freq 
Selected 

Test Time 
from Adj 
Beta Dist

Actual 
Test 
Time 

Narrowband 
Bandwidth 
Selected 

Total grms 
of Tone 

PSD(Sum) 

BandWidth 
Normalized 

GRMS (PSD)

PSD 
Adjusted to 
Test Time 

Random 
Test Level

Ratio 
Adjusted to 
Normalized 

Ratio 
Check 

                        

TONE 1 INFO                       

5 mph 2” WB 5 3.67 55.41 30 2.5 2.67E-01 2.84E-02 3.35E-02 4.69E-02 1.18   

7.5 mph 2” WB 7.5 5.50 141.88 60 2.5 2.92E-01 3.42E-02 4.30E-02 6.02E-02 1.26   

10 mph 2” WB 10 7.33 49.80 30 2.5 4.77E-01 9.12E-02 1.04E-01 1.46E-01 1.14   

                        

TONE 2 INFO                       

5 mph 2” WB 5 7.33 55.41 30 5 1.13E-01 2.57E-03 3.03E-03 4.24E-03 1.18   

7.5 mph 2” WB 7.5 11.00 141.88 60 5 3.45E-01 2.38E-02 3.00E-02 4.20E-02 1.26   

10 mph 2” WB 10 14.67 49.80 30 5 3.72E-01 2.77E-02 3.18E-02 4.45E-02 1.14   

                        

TONE 3 INFO                       

5 mph 2” WB 5 11.00 55.41 30 7.5 2.67E-01 9.50E-03 1.12E-02 1.57E-02 1.18   

7.5 mph 2” WB 7.5 16.50 141.88 60 7.5 1.69E-01 3.80E-03 4.78E-03 6.69E-03 1.26   

10 mph 2” WB 10 22.00 49.80 30 7.5 2.41E-01 7.77E-03 8.89E-03 1.25E-02 1.14   
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D.3.6 Narrowband Bandwidth Selected (Col. F) – This field provides the width of each 
narrowband for vibration control.  Note that the bandwidths of harmonically related tones 
must also be harmonically related.  The bandwidth can established through a study of the 
individual events using pre-processing software. 
 
D.3.7 Total grms of Tone PSD(Sum) (Col. G) – This field contains the g-rms of the 
narrowband energy removed from the PSD(Sum).  In the case where multiple 
narrowbands must be combined, as discussed in section D.3-4, this number is the 
normalized g-rms used to combine the group. 
 
D.3.8 Bandwidth Normalized GRMS (PSD) (Col. H.) – Modern control systems generally 
control to a PSD spectrum.  Therefore, the g-rms values of the tones must be converted 
into PSD format.  This is done by squaring the g-rms of Column G and dividing by the 
bandwidth of Column F, resulting in the g2/Hz level of Column H.  This g2/Hz level 
represents the test level, before conservatism, associated with the test times of Column D. 
 
D.3.9 PSD Adjusted to Test Time (Col. I) – The g2/Hz level of Column H is adjusted using 
Equation 9-1 to account for the difference in the scenario time (Column D) and the actual 
test time (Column E).  A slope of M= 3.75 is generally used when the engineering units are 
g2/Hz. 
 
D.3.10 Random Test Level (Col. J) - The g2/Hz levels of Column I are scaled by a 
conservatism factor, generally 1.4, resulting in the narrowband random test levels of 
Column J.  The conservatism factor is intended to account for variations in level due to 
differences in road conditions, road conditions not considered, drivers, pilots, weather 
conditions, and other relevant variables.  These are the final narrowband test levels that 
will be included in the LVTS. 
 
D.3.11 Ratio Adjusted to Normalized (Col. K) – This column contains the ratio of the “PSD 
adjusted to test time” to the “bandwidth normalized PSD levels” (Column I / Column H).  
This is to assure that excessive exaggeration has not been applied. Observe that 
commercially available vibration control systems currently restrict sweep rates to be either 
linear or logarithmic which, unfortunately, is generally not typical of most mission scenarios 
(i.e. refer to the shape of the speed distribution produced by a beta distribution).  Forcing 
the narrowbands to sweep in either a linear or logarithmic manner will require magnitudes 
to be modified via Equation 9-1 as discussed in Section 9.  The analyst will need to be 
cautious in addressing the amount of time compression during this process.  Column K in 
the example spreadsheet provides a quick visual check of compression employed in 
development of the narrowband portion of the spectrum.   
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D.3.12 Ratio Check (Col. L) –  If the ratio if Column K exceeds a user selected factor, a flag 
is set in column L warns the analyst.  Section 9 recommends a limit factor of 2.0 when 
considering PSD (G2/Hz) levels.  In the event the ratio check indicates excessive scaling it 
may be helpful to divide the LVTS into multiple LVTS that each sweep over some portion 
of the full range.  This will allow adjustment of the distribution of time into the separated 
ranges, but will increase the number of LVTS’s required to represent the LCEP of interest. 
There will generally be some level of engineering judgement required during this phase of 
a LVTS development.  For example, following the guidance of not increasing the PSD 
levels via time compression techniques by more that 2:1 is still viable for the higher level 
narrowbands or at any frequency known to be critical to the payload or carrier vehicle.  
However, if a low amplitude harmonic not associated with a critical frequency exceeds the 
2:1 criteria for a limited portion of a sweep one could consider making an exception.  For 
cases in which time compression techniques of the narrowbands result in excessive 
deviation from the 2:1 criteria, the analyst may be required to break the LVTS into multiple 
LVTS developments in which a finer breakdown of the mission scenario is addressed (i.e. 
develop a low, medium, and high speed LVTS per axis).  One should also use caution to 
ensure that the ratio is no less than 1:1 for the higher level narrowbands or at any 
frequency known to be critical to the payload or carrier vehicle. 
 
D.3.13  Tracked Vehicle Considerations 
 
The division into multiple LVTS discussed in the previous paragraph may be particularly 
helpful in the case of tracked vehicles. For tracked vehicles, the narrowband center 
frequency is a function of the vehicle speed.  It may be possible to have a single 
broadband that represents all speeds, and to sweep the narrowband in a single sweep that 
encompasses all relevant speeds. However, if the broadband level changes significantly 
as a function of speed it may be desirable to split the multiple speeds into two or more 
LVTS, each of which include a given speed range. 
 
D.4  Sine Tone Specification Development Procedure 

The procedures for sine tone development are similar to those for narrowband random 
development.  A sample sine tone spreadsheet is provided in Table D8.  The sample is of 
the same wheeled vehicle on 2” washboard as the narrowband random example.  Three 
tones were removed from each of three events (5, 7.5 and 10 mph 2” washboard).  The 
following paragraphs provide a column-by-column description of the sine tone processing 
procedures.    
D.4.1 Event (Col. A) – Same as section D.3.1. 
 
D.4.2 Speed on 2” WB (Col. B) – Same as section D.3.2. 
 
D.4.3 Sine Tone Frequency Selected (Col. C) – Same as section D.3.3, except instead of 
the center frequency of a narrowband tone it is a single frequency of a sine tone. 
 
D.4.4 Test Time from Adjusted Beta Distribution (Col. D) – Same as section D.3.4. 
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D.4.5 Actual Test Time (Col. E) - Same as section D.3.5. 
 
D.4.6 Total grms of Tone PSD(Avg) (Col. F) – Same as section D.3.7, except the g-rms 
comes from the PSD(Avg).  The average PSD is used for sinusoidal data to prevent 
artificially high standard deviations from affecting the final test levels.  If a spectral spike is 
truly sinusoidal, the standard deviation at the frequency of the spectral spike should be 
nearly zero.  However, for ground vehicles, fluctuations in vehicle speed can result in 
errors in standard deviation calculations as the spectral spikes move with vehicle speed. 
 
D.4.7 Sine G-Peak (Col. G) – For sinusoidal data, the g-rms values of Column F are 
simply converted to g-peak levels.. 
 
D.4.8 Sine Peak Adjusted to Test Time (Col. H) - The g-peak level of Column G is 
adjusted using Equation D-2.1 to account for the differences in the scenario time (Column 
D) and the actual test time (Column E).  A slope of M=6.29 is generally used when the 
units are in g-peak. 
 
D.4.9 Sine Test Level (Col. I) - The g-peak levels of Column H are scaled by a 
conservatism factor, generally 1.2, resulting in the sine test levels of Column I.  The 
conservatism factor is intended to account for variations in level due to differences in road 
conditions, road conditions not considered, drivers, pilots, weather conditions, and other 
relevant variables.  These are the final sine test levels that will be included in the LVTS. 
 
D.4.10 Max Displacement (inch Pk-Pk) (Col. J) – This is the displacement in inches, peak 
to peak, for a sine tone with a frequency of Column C and a level of Column I. 
 
D.4.11 Displacement Warning (Col. K) – If the displacement calculated in Column J 
exceeds a user defined level, typically 1.5 inches, the analyst is flagged by this column  
 
D.4.12 Max Velocity in/sec (Col. L) – This is the maximum velocity resulting for the given 
test level.  Care should be taken to assure the velocity levels do not exceed hardware 
capabilities. 
 
D.4.13 Raw Data Velocity (Col. M) – This is the velocity based on the raw data measured 
in the field.  This is provided to the analyst as a comparison point to the final velocity. 
  
D.4.14 Ratio Adjusted Peak to Peak (Col. N) – This column is the ratio of the “sine peak 
adjusted to test time” to the “Sine G Peak” (Column H / Column G).  This is to assure that 
excessive exaggeration has not been applied. Observe that commercially available 
vibration control systems currently restrict sweep rates to be either linear or logarithmic 
which, unfortunately, is generally not typical of most mission scenarios (i.e. refer to the 
shape of the speed distribution produced by a beta distribution).  Forcing the sine tones to 
sweep in either a linear or logarithmic manner will require magnitudes to be modified via 
Equation 9-1 as discussed in Section 9.  The analyst will need to be cautious in addressing 
the amount of time compression during this process.  Column O in the example 
spreadsheet provides a quick visual check of compression employed in development of 
the narrowband portion of the spectrum. 
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D.4.15 Ratio Check (Col. O) - If the ratio if Column N exceeds a user selected factor, a flag 
is set in column O warns the analyst.  Exaggeration limits are discussed in Section 9.  In 
the event the ratio check indicates excessive scaling it may be helpful to divide the LVTS 
into multiple LVTS that each sweep over some portion of the full range.  This will allow 
adjustment of the distribution of time into the separated ranges, but will increase the 
number of LVTS’s required to represent the LCEP of interest. Additional information on 
this topic can be found in paragraph D.3.12. 
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Table D8: Sine Tone Calculations 

A B C  D E F G H I J K L M  N O 

Tone Information Sine Tone Calculations 

Event 

Speed
 on 2" 
WB 

Sine Tone 
Freq 

Selected 

Test Time 
from Adj 
Beta Dist 

Actual 
Test 
Time 

Total grms of 
Tone 

PSD(Avg) 
Sine G-
Peak 

Sine Peak 
Adjusted to 
Test Time 

Sine Test 
Level 

MAX  
Disp 

(inch Pk-
Pk)

Disp 
Warn

Max 
Vel 

in/sec

Raw 
Data 
Vel 

 
Ratio Adj 
Peak to 
Peak 

Ratio 
Check 

                            

TONE 1 INFO                           

5 mph 2" WB 5 3.67 55.41 30 0.218 3.09E-01 3.40E-01 4.08E-01 0.59  6.8 5.17 1.10  

7.5 mph 2" WB 7.5 5.50 141.88 60 0.245 3.47E-01 3.98E-01 4.78E-01 0.31  5.3 3.88 1.15  

10 mph 2" WB 10 7.33 49.80 30 0.406 5.74E-01 6.22E-01 7.47E-01 0.27  6.3 4.81 1.08  

                

TONE 2 INFO               

5 mph 2" WB 5 7.33 55.41 30 0.089 1.25E-01 1.38E-01 1.66E-01 0.06  1.4 1.05 1.10  

7.5 mph 2" WB 7.5 11.00 141.88 60 0.244 3.45E-01 3.96E-01 4.75E-01 0.08  2.7 1.93 1.15  

10 mph 2" WB 10 14.67 49.80 30 0.294 4.16E-01 4.51E-01 5.42E-01 0.05  2.3 1.74 1.08  

                

TONE 3 INFO               

5 mph 2" WB 5 11.00 55.41 30 0.192 2.72E-01 3.00E-01 3.60E-01 0.06  2.0 1.52 1.10  

7.5 mph 2" WB 7.5 16.50 141.88 60 0.121 1.71E-01 1.96E-01 2.35E-01 0.02  0.9 0.64 1.15  

10 mph 2" WB 10 22.00 49.80 30 0.173 2.44E-01 2.65E-01 3.17E-01 0.01  0.9 0.68 1.08  
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D.5 Alternate Broadband Development Based on Fatigue Damage Spectrum 
 
One method to develop a LVTS PSD(Final) and associated runtime was presented in 
sections D.2.6 to D.2.8.  An alternative approach could be derived from the Fatigue 
Damage Spectrum methods discussed in Annex C. 
 
D.6 Final Development Procedures 

The final stages of the VSD process can be completed in a spreadsheet file.  Most 
procedures required to complete the VSD process, including the narrowband calculations 
presented in previous sections, can be incorporated into a spreadsheet package.  The 
advantages of using a pre-developed spreadsheet, which has been heavily scrutinized, 
include: the elimination of errors that can occur during spreadsheet development, drastic 
reduction in development time, standardization of the VSD process, and the flexibility to 
incorporate project specific modifications.   

A primary function of the spreadsheet should be to combine co-located channels into a 
single LVTS.  Typically, this is accomplished by enveloping the multiple broadband profiles 
to create a single maxi-profile.  Likewise, the sine or broadband levels of the multiple 
channels are enveloped.  Since the maximum levels of the multiple development 
accelerometer channels become the final LVTS, maxi-control of multiple control 
accelerometers (located as similarly as possible to the corresponding development 
channels) is generally recommended. 

The spreadsheet, or supporting software, should allow the analyst to select breakpoints.  
The original vibration profile includes a point for every spectral line over the full bandwidth.  
Breakpoints allow the shape and energy of the vibration profile to be represented with a 
minimal number of points.  The breakpoints should match the shape and level of the 
original profile as closely as possible, particularly at frequencies near a system resonance.  
It might be desirable to scale the breakpoints such that the g-rms of the breakpoints equals 
that of the original profile.  Case should be taken to assure scaling does not overly affect 
the PSD levels at frequencies of concern. 

Other functions that could be include in the spreadsheet are: the ability to adjust the LVTS 
run time; checks to assure data accuracy and reduce development errors; calculations of 
broadband, narrowband, and sine tone parameters such as g-rms, displacement, velocity 
and sweep rates; combination of the broadband profile with the narrowband or sine tone 
profiles; and the presentation of data for review or for final publication.   

As published, the final LVTS should include all information necessary to run the test in a 
laboratory.  This information should include the control method, broadband breakpoints, 
the narrowband or sine tone breakpoints if needed, control locations, control tolerances, 
runtime, sweep rates, sweep mode (logarithmic or linear), and any other required 
information.   
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Final LVTS’s should be reviewed extensively to ensure the accuracy of the development 
process.  One helpful tool for review is an overlay the final LVTS profile with the single-
event PSDs of the measured field data.  Gross errors in the development process are 
easily identified by the overlay.  Other methods utilized during review include a comparison 
of like channels, a comparison to LVTS of similar vehicles, a comparison of input and 
response LVTS, a search for outliers, and a step-by-step review of the process. 

D.7 Combining LVTS 

It is sometime necessary to combine multiple LVTS into one.  This can be due to the need 
to combine the exposure of more than one vehicle, or the desire to combine multiple LVTS 
developed for a single vehicle.  For ASD’s with similar spectral shapes, the following 
method can be used to combine the broadband portions of two or more LVTS.  Refer to 
Table D9 for an example of the calculations for combining two LVTS, LVTS01 and 
LVTS02.  Note that each LVTS will consist of a PSD and an associated runtime.  For the 
example assume LVTS01 Runtime = 30 min   LVTS02 Runtime = 15 min Final Runtime = 
20 min.  First, Minor’s Rule is utilized to perform a spectral line-by spectral line scaling of 
each LVTS to some normalized level.  In the example each spectral line is normalized to 
the value of LVS02.  This process assigns new test times to each spectral line of each 
LVTS.  Once the power levels of the LVTS are equated, the individual times can simply be 
totalled on a spectral line basis. At this point a new combined LVTS has been created, 
LVTS_C. However, each spectral line has a varying associated test time. For the final 
step, the levels for each spectral line are scaled using Equation 9-1 such that all spectral 
lines are normalized to a final runtime selected by the analyst.  A similar approach can be 
utilized to combine narrowbands or sine tones. 

Table D9: LVTS Combination Example 
Freq 

 
 

(Hz) 

LVTS01 
 
 

(G2/Hz) 

LVTS02 
 
 

(G2/Hz) 

Norm 
Level 

 
(G2/Hz)

LVTS01
New 
Time 
(min) 

LVTS02
New 
Time 
(min) 

Total 
New 
Time 
(min) 

Final 
Run 
Time 
(min) 

LVTS_C
 
 

(G2/Hz) 
5 0.100 0.200 0.200 2.23 15.00 17.23 20.00 0.208 

6 0.200 0.400 0.400 2.23 15.00 17.23 20.00 0.415 

7 0.300 0.400 0.400 10.20 15.00 25.20 20.00 0.459 

8 0.400 0.400 0.400 30.00 15.00 45.00 20.00 0.536 

9 0.400 0.300 0.300 88.24 15.00 103.23 20.00 0.501 

 

This method can also be used this to combine multiple events into a broadband LVTS, 
replacing the steps outline in paragraphs D.2.6 through D.2.8 above.  An alternate method 
to add conservatism must be found, and care should be taken to assure the method does 
not corrupt the overall shape of the PSD set. 
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E1  Introduction  

When a vibration excitation is applied to a mechanical system with one degree of freedom, 
the maximum value of the response of this system for a deterministic signal, or the 
probability of a maximum value for a random signal, can be calculated. This value is called 
the ‘maximum’ or the ‘extreme’ value. The maximum response spectrum is the curve that 
represents variations of the ‘maximum’ response value as a function of the natural 
frequency of the system with one degree of freedom, for a given damping factor ξ. 

E2 Sinusoidal Excitation: 

Given a sinusoidal excitation with the form: 

)ft2(sinx)t(x m π= &&&&  

The relative response displacement z(t) of a linear system with one degree of freedom is 
expressed: 
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The MRS is the curve representing the variations of m
2
0 zω  versus f0, for given value of ξ. 

The positive and negative spectra are symmetric. The positive spectrum goes through a 
maximum when the denominator goes through a minimum, i.e.: 

212 ξξ −
= mxMRS

&&
 

 

As an initial approximation, it can be considered that: 

mxQMRS &&=  
 

Example: MRS for a fixed sine excitation at 500 Hz with Q=5 
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E3 Swept Sine Excitation:  

The MRS is extrapolated from the MRS of fixed sinusoidal signals at frequencies 
corresponding to the limits of the domain of sweeping. 

Example: MRS for a swept sine from 300 Hz to 1200 Hz 
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E4 Random Vibration Excitation:  

The MRS is calculated by considering the average number of times a threshold of the 
response z = a is exceeded with a positive slope for a time T. This number is given by the 
following equation for a Gaussian vibration: 

2
eff

2

2
a

aa eTTnN π++ ==  
 

Considering a threshold which is exceeded only once on the average, and setting 1Na =+  

)Tn(ln2za 0eff
+=  

which provides: 

)Tn(ln2zf4zf4R 0eff
2
02s

2
02

+π=π=  
 

Example: MRS for a random vibration defined by 
 

100 – 300 Hz 0.5 g2/Hz 
300 – 600 Hz 1 g2/Hz 
600 – 1200 Hz 0.2 g2/Hz 
Q = 10 
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LEAFLET 2411/1 
TEST APPARATUS / JIGS / FIXTURES AND TEST CONTROL 

1. GENERAL 

1.1 This chapter provides general guidance on the requirements for the control and conduct of 
environmental tests. 

2. TEST APPARATUS 

2.1 Test apparatus shall be capable of providing the conditions required within their 'working 
space', and shall be of such a volume that the test specimen does not adversely affect 
control of the chamber within the required tolerances. It is recommended that the working 
space of the test chamber shall have sufficient clearance for the test specimen. 

2.2 Where applicable, the heat source(s) of a test chamber shall be located so that the test 
specimen is not subjected to direct radiant heat. 

2.3 Unless otherwise specified, the air velocity adjacent to the test specimen shall not exceed 
1m/s.  Excessive airflow can result in a marked reduction in the temperature experienced 
by a test specimen.  This is particularly true of heat dissipating specimens. 

2.4 The ability of test facilities to simulate environmental conditions within the specified 
tolerances and the accuracy of associated instrumentation shall be verified periodically 
(minimum annual calibration is recommended) to the satisfaction of an independent Quality 
Assurance Authority.  For critical tests pre and post test calibrations are recommended. 

3. CONFIGURATION AND MOUNTING OF TEST SPECIMEN(S) 

3.1 Whenever possible, materiel should be tested as complete equipment. Where it is 
necessary to test systems or sub-systems of a larger specimen separately, for reasons of 
test facility size, handling capability, cost, etc., the level of breakdown shall be agreed with 
the Test Specifier and recorded in the Test Report. 

3.2 When testing is to be conducted at a sub-system or component level, the choice of test 
conditions shall take into account any modification of the environment experienced by such 
materiel caused by its location, and function, within the whole system. 

3.3 Mounting of the test specimen in the test facility shall simulate, as closely as practicable, 
the installation arrangement(s) that exist or will exist in normal service use. 
Unrepresentative orientation, structural frames, thermal screening, mixing of incompatible 
stores, etc., that could influence the outcome of the test shall be minimised. Guidance on 
the use of jigs and fixtures for mechanical environmental tests is given in Annex A. 
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4. SUPPLIES AND SERVICES 

4.1 Supplies and services (electrical power, air, hydraulics, etc) required for operating the test 
specimen shall, where practicable, be derived from or simulated by sources identical to, or 
typical of, those provided in service use. During performance testing the supply and input 
parameters shall be adjusted as stated in the equipment specification, usually to extremes 
of their tolerance limits. 

5. THERMAL CONDITIONING AND STABILISATION 

5.1 During thermal conditioning, unless otherwise specified, the rate of change of temperature 
shall be less than or equal to 3°C per minute. 

5.2 Unless otherwise specified, thermal stabilisation is deemed to have occurred when that part 
of the test specimen considered to have the longest thermal lag: 

 a) For heat dissipating specimens, the change rate is no more than 2°C per hour.  

b) For non heat dissipating specimens the nominal test temperature is within specified test 
tolerances. Individual test specifications may identify closer tolerances. 

5.3 To reduce the time required for thermal stabilisation during testing, the chamber 
temperature may be adjusted beyond the specified test limits; but only where such 
temperature overrun will not adversely affect critical components or parts of the test 
specimen, or take it past the test temperature limit. 

6 VIBRATION AND SHOCK CONTROL 

6.1 Vibration and shock tests must be controlled to ensure that the test achieved adequately 
reproduces the specified test. Various control strategies can be used and the appropriate 
strategy will depend on a number of factors including the dynamic characteristics of the 
item under test and how the test specification was derived. Guidance on vibration and 
shock control and the range of control strategies is given in Annex B. 
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ANNEX A 
 

ENVIRONMENTAL TEST FIXTURES 

A.1 INTRODUCTION 

A.1.1 This Annex discusses issues associated with the use of fixtures to undertake an 
environmental mechanical simulation test in a laboratory. It gives information regarding the 
mounting of specimens, whether packaged or directly subjected to vibration, shock, acceleration 
and acoustic excitation. Additional information is given when any of these mechanical 
environments are applied in combination with climatic conditions. This section identifies and 
discusses key features, which are important if a good test is to be obtained. It is not intended to 
cover details of the design of test rigs and fixtures.  

A.1.2 Testing requires a test machine or test rig, which can apply loads or vibrations to a test 
specimen in order to reproduce its performance in service. The loads or vibrations will be applied in 
a controlled manner by electro-dynamic shakers or servo-hydraulic actuators.  

A.1.3 The choice of test rig is critical to the success of a test. Suitable test rigs vary in size and 
complexity depending upon the specimen. In many cases this will be a pre-determined choice 
based upon availability and past experience. If a test rig is available which has been successfully 
used for similar tests, it may be possible to readily adapt it for the test. Alternatively, a test rig could 
be assembled to an existing proven design. If a test rig or fixture is not available then one will need 
to be designed. However, whatever the circumstances it is essential that the fixture design be 
carefully considered.  For complex fixture designs, development of a finite element model is 
recommended to identify key modal characteristics. 

A.1.4 The main considerations necessary before a fixture can be designed are: 

 What is being tested? – Is it the whole specimen or a component? If it is a component, can the 
interface load conditions be adequately replicated? Should the component be tested 
independently or as part of the complete specimen? Are the dynamic responses of the 
specimen or component experienced in service adequately reproduced by the test fixture? 

 Where are the Mechanical Loads to be applied? – If the specimen is a main load-carrying 
component, it is best tested by restraining it and applying direct loads to it. If the specimen is 
influenced by motion or vibration / shock it is necessary to consider if it is transmitting or 
responding to the vibration / shock. If it is the former then the loads should be applied directly 
to it through its normal mounting points. If it is the latter then a more sophisticated attachment 
arrangement will be required. 

 How Many Loading Points and Axes? – It is necessary to identify the number and locations at 
which the main loading is applied to the specimen. In most vibration and shock applications 
this will probably be a single attachment point. However, with the adoption of multi-axis and 
multi-point testing this is no longer a necessary assumption. 

 What is the Load / Motion Magnitude? – It is necessary to identify the maximum load and / or 
maximum motion required for each load component or axis of motion. An actuator must have 
sufficient load capacity, displacement, and velocity capacity to produce the required motion. 
Allowance should be made for the specimen deformation under load and for inertia effects on 
testing. 
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A.2 TEST RIGS 

A.2.1 Single Axis – Single Point 

 Load Frame – One of the simplest test rigs is a single axis test machine where the load is 
applied to the specimen reacted by a load frame. Although normally used for sinusoidal type 
testing, it can be used for simulation testing of components where there is only one load 
component. Test machines may use a linear actuator to impart axial or bending loads or may 
use a torsional actuator for torsion loads. 

 Shaker Tables – A shaker table consists of a rigid tabletop supported by an arrangement of 
bearings and actuators, which can move the table in one or more axes. Shaker tables are used 
to simulate motion of a specimen in situations where the input is at a single point, but can be 
used in more than one axis. Some tables apply linear motion along one, two or three axes and 
some tables can also apply rotational motion about all three axes thus providing 6 degrees of 
freedom. Shaker tables can be driven by electromagnetic or servo-hydraulic actuators. 

 Point Loading Via Flexible Coupling – Mechanical loading for vibration / shock can be applied 
to a specimen via a single point flexible coupling attached to the actuator. The flexible coupling 
ensures that the point loading is applied in a single axis to remove any rotational effects and 
minimise cross coupling with other axes. Here the specimen is supported within a frame either 
by its service attachment points, rigid restraints or flexible supports. 

A.2.2 Multi-Exciter/Single-Axis (MESA)  

Application of multiple exciters providing dynamic input to the test item in a single vector 
direction. For example, extended materiel might require excitation at the forward and aft end in 
a single vector axis as illustrated in Figure A1. For the case in which the two exciters are 
driven to a common specification with respect to both phase and amplitude, the output may be 
described basically in the one axis of excitation. For the case in which the two exciters are 
driven to independent magnitude and/or phase specifications, the output may need to be 
described in terms of a forward axis and aft axis and, perhaps, a rotational axis about the test 
item’s center-of-gravity (CG). 

Figure A1 illustrates a two-exciter application.  Note that the system would require appropriate 
bearing assemblies to allow a pure rotational or combined linear and rotational MEMA motion. 

 
 

TEST ITEM 
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Figure A1  MESA - Two Exciter Test Setup 
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A.2.3 Multi-Exciter/Multi-Axis (MEMA) 

Application of multiple exciters providing dynamic input to the test item in a way that requires 
more than a single vector for complete description of excitation and measurement. Figure A2 
shows a three exciter three axis test.  Three axes: vertical, lateral and longitudinal are required 
to describe the test.  Note that many multi-axis test platform configurations have been built in 
recent years. Common 6 exciter examples are the hexapod (Stewart Platform), MAST, and 
Team Cube. There are also over-determined actuated systems consisting of more than 6 
exciters. In each case, the dynamic properties vary between designs and must be considered 
in the design of a multi-exciter testing.  

 
 
 

 
 

Figure A2  MEMA - Tri-Axial Exciter Test Setup (Translational Degrees-of-Freedom) 

 

A.3 FIXTURES 

A.3.1 General Requirements 

A.3.1.1 Fixtures connect the actuators to the specimen and may provide reaction points for the 
specimen. Invariably a test fixture will be required for mounting and orientation purposes 
and any fixture should faithfully transmit the motions from the actuator to the mounting 
points of the test specimen.  

z 
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A.3.1.2 Ideally a vibration fixture should be designed so that, when loaded with the specimen and 
connected to the actuator, it should have no resonances within the specified frequency 
range. If this is not possible, then the fidelity of the transmission of motion from the actuator 
to the test object is affected and damping may have to be utilised to reduce resonant 
amplitudes in the fixture. However, this is rarely achievable and it is then necessary to rely 
on the control system to minimise the effect of fixture / rig resonances. A tendency exists to 
rely on the ability of the controller to compensate for deficiencies in rig design. However, 
this strategy is not recommended and should only be used after all avenues of fixture 
design improvement have been explored and implemented.  

A.3.2 Materials & Properties 

A.3.2.1 When designing a test fixture, the choice of material will primarily be governed by mass and 
stiffness considerations. The stiffness of a material is a function of its physical properties 
and varies over the wide range of metals and composites available for use. Certain 
materials have more advantageous stiffness-to-mass ratios, and this enables a fixture to be 
stiffer for the same mass, which is usually desirable. Commonly materials such as 
magnesium and aluminium are used because of the optimisation of mass and stiffness. 
Another characteristic of a material is its damping properties, e.g. the hysteretic damping of 
aluminium is approximately four times greater than that for steel, whilst the hysteretic 
damping of composites is even greater than that of aluminium.  

A.3.2.2 When designing a fixture consideration should be given to the following properties: 

  Strength – Fixtures must be strong enough to transmit loads to the specimen from the 
actuators. 

  Stiffness – Where fixtures are being used to react loads they must be stiff  enough not to 
deform and not to change the nature of the loading imposed on the specimen. Making 
fixtures stiffer for the same mass increases the first  natural frequency, which should be 
beyond the excitation bandwidth. 

  Mass - The mass of the fixture should be kept to a minimum consistent with meeting the 
stiffness requirement. Fixtures with coupled components will produce inertial loading, which 
must be allowed for when assessing the actuator requirements. Inertial loading should not 
be imposed on the specimen as this may influence its dynamic behaviour. Choice of 
materials must be considered with care. Materials, which require the dimensions to be 
changed to meet similar stiffness requirements such as composites, can significantly 
change the dynamic characteristics of the fixture. 

  Natural Frequencies – In the situation where the first natural frequency of the fixture lies 
within the test bandwidth, it should be at least one octave above that of the first natural 
frequency of the test specimen.  Otherwise this could modify the specimen’s dynamic 
behaviour and prevent satisfactory simulation. 

  Damping – Damping may need to be modified if the fixture has high ‘Q’ resonances within 
the specified frequency range. The damping from most common metals will have little 
overall effect on the dynamic behaviour of a fixture. Joint damping is substantially greater 
and has more effect. Additional damping can be incorporated into the fixture design by 
bonding a damping material onto a resonant member or hollow fixtures can be filled with 
polyurethane foam or other suitable material etc. Other methods include discrete tuned 
dampers, constrained layer dampers and energy dissipation friction methods etc. 
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  Restraint – The fixture should restrain the specimen in the manner experienced in service. 
This is particularly important in multi-axis applications where the specimen may move in a 
complex manner and must be allowed for when designing the restraints. 

  Specimen Dynamic Response – The fixture should not modify the dynamic response of the 
specimen exhibited under operational conditions so that unrealistic failure modes are 
introduced to the specimen. This is not always possible, however, the fixture design should 
be such that it minimises any change to the specimen dynamic response.  

  Life – The fixtures must have sufficient fatigue strength or wear resistance not to fail before 
the test is complete.  

 

A3.3 Design & Construction 

A.3.3.1 It is necessary to consider possible problem areas associated with the fixture design that 
could prevent the achievement of the test requirements and affect test repeatability. The 
fundamental purpose of the test fixture is to transmit the specified environment to the 
specimen, and to ensure that the specification requirements can be met at the control 
points. 

A.3.3.2 The physical shape and mass of the specimen, the severity of the test requirements and 
the capabilities of the test apparatus will govern the design of the test fixture. These last 
two parameters are dependent on the test under consideration. In addition, for impact and 
steady-state acceleration tests, the design may be further complicated by the need to test 
in both senses of each test axis. 

A.3.3.3 Fixture design may include the use of finite element modelling techniques. With simpler 
fixtures, modelling can be performed using mass, spring and damping elements in a lump 
mass simulation. 

A.3.3.4 Precursor testing on an actuator/vibrator, preferably with a dynamically representative test 
specimen is essential. A modal analysis to evaluate the acceptability of the design may be 
required for more complex fixtures.  

A.3.3.5 The primary parameter limiting the total mass of the specimen and its test fixture is the 
force capability of the vibration actuator. The manufacturer will normally specify the total 
mass and maximum severity permitted for the actuator for a given frequency range. For a 
given specimen mass, the design of the test fixture will be dependent upon the capability of 
the actuator(s) and the test specification.  

A.3.3.6 In terms of severity, the most important features are the frequency range, displacement 
velocity and acceleration required. However, in terms of the actuator performance, large 
force and a wide frequency range may be incompatible. Thus, it may not be appropriate to 
use the largest vibration actuator available. As a result, vibration and shock test fixtures are 
normally more complex than those required for other tests such as strength testing. 
Extensive design experience is needed in order to achieve satisfactory results. When the 
fixture and specimen are fastened to the vibration actuator, the frequency response may 
well be affected. It should be noted that the dynamic mass might be of greater significance 
than the static mass. 
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A.3.3.7 There are various methods of construction available in fixture design. These include bolting, 
riveting, welding, casting and the use of adhesives etc. The choice between them will 
depend on meeting the Environmental Test Requirements and materials used etc. The test 
fixture should be as simple as possible; for example, a solid block may be all that is 
necessary. It should be noted that riveted or bolted structures will not normally achieve the 
stiffness obtained from welded or cast structure. Riveted structures should not be used, and 
bolted structures should be avoided where a high frequency response is required. For 
affordability, ease of manufacture and relatively high internal damping properties, 
aluminium alloy is often used. 

A.3.3.8 All interfaces should be as square and flat as necessary to provide good mechanical 
contact, particularly when conducting tests at frequencies above 500 Hz. The maximum 
number of fixing holes should be consistent with achieving sufficient stiffness and contact 
requirements. If threaded holes are used and the material has low strength or is subject to 
fretting and wear, then the use of steel inserts is recommended if the parent material is 
softer e.g. aluminium or composite.  

A.3.3.9 Deformation of either the fixture or specimen is to be avoided on assembly. As far as is 
practicable, all bolts should be tightened to their maximum permitted torque in the 
prescribed sequence. During long duration tests the fixture to shaker and specimen to 
fixture bolt torques should be checked regularly and tightened if required.  

A.3.3.10  For vibration testing the centre of gravity of the fixture / specimen combination should  
align with the moving element centreline of the vibration actuator. Also the fixture should be 
perpendicular to the surface of the moving element. In some instances, it may not be 
possible to ensure that the centre of gravity of the fixture and specimen is in line with the 
thrust axis of the vibration generator. This can result in overturning moments, which must 
be minimised or accommodated in the fixture design. Generally slip tables are used in 
conjunction with vibration actuators when orthogonal axis testing is required. Where slip 
tables are used the centre of gravity of the fixture and specimen assembly should be kept 
as low as possible. 

A.3.3.11The design of the test fixture should allow for the attachment of accelerometers at the 
positions required for the appropriate tests. Attachment can be made in a number of ways   
although the use of mechanical fixing is recommended over bonding techniques. It may, on 
occasion, be advantageous in the case of a vibration test, to allow for the attachment of 
additional accelerometers in order to explore the dynamic behaviour of the fixture / 
specimen, particularly during precursor testing. 

A.3.4 Auxiliary Support of Large Loads 

A.3.4.1 When testing heavy test specimens, vibration actuators may require the static load to be 
supported by some auxiliary device.  In the vertical axis this support is usually provided by 
a soft spring in series with the moving parts of the actuator. This spring may be either an air 
spring, positioned between earth and the free end of the moving part of the actuator, or 
suspension of the test object from an overhead support (crane) via elastic shock cords. In 
the horizontal axis, support may be by a slip table, air springs, or suspension from an 
overhead support or swinging links.  
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A.3.4.2 Any suspension or linkage system must not induce excessive rotational or linear motion in 
axes perpendicular to the excitation axis. To avoid exciting excessive motion in axes other 
than the line of action of the actuator, all support systems, except for slip tables, require the 
centre of gravity to be in line with the thrust axis of the vibration generator. Excessive 
motion in axes other than the excitation axis of the generator may mean the test 
requirements cannot be met and in the extreme may impose damaging loads on the 
vibration actuator. 

A.3.4.3 Use of air springs and elastic shock cords for supporting the load introduces rigid body 
resonances of the specimen at low frequencies (typically less than 5 Hz). Therefore, 
extreme care has to be taken not to excite excessive motion at these low frequencies, both 
in the required axis and in others. The same considerations need to be given when the 
vibration actuator is mounted on low frequency supports. For tests involving very low 
frequencies, care has to be taken not to excite resonances of the actuator/vibration system 
e.g. air suspension system or test rig as they: 

   a) Make the test motion non-compliant with the test specification. 

b) Make it impossible to meet the test requirements by absorbing too large a proportion of 
the vibration actuator stroke. 

 c) Impose unacceptable forces on the vibration actuator. 

A.4 VALIDATION OF TEST FIXTURES 

A.4.1 Before carrying out a test it is necessary to check that the fixture / specimen can be 
adequately controlled and meets all the requirements of the Environmental Test 
Specification. This can be achieved by use of one or more of the following: 

  a) A precursor test where the fixture is subject to the specified test motions in the unloaded 
and loaded condition. This can be achieved using a dynamically representative specimen 
or if appropriate the actual test specimen. 

  b) A low-level test when the fixture is loaded with the test specimen. 

  c) A full level test when the fixture is loaded with the test specimen. 

  d) An experimental and / or theoretical modal / FEM analysis of the test fixture loaded with 
the test specimen and mathematical application of the test specification to the modal / FE 
model. If sole use were being made of a model to verify the test fixture then it would 
normally need to be validated.  

A.4.2 These precursor tests should demonstrate that either the fixture has no resonances within 
the specified frequency range or, even with resonances in the specified frequency range, 
the specified motion can be applied and controlled at the control points. The precursor tests 
should also demonstrate that the fixture can faithfully replicate the required motions without 
distortion and minimise the occurrence of cross axis excitation. It is essential to 
demonstrate that the potential failure modes experienced or anticipated in service are 
adequately replicated during the test without the introduction of unrepresentative failure 
modes by the fixture. This is generally achieved by matching the modal behaviour of the 
specimen on test with the in service dynamic behaviour and the overall vibration / shock 
levels. 
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A.4.3 For complex specimens it may also be necessary to verify that the dynamic responses of 
the specimen on the test fixture adequately replicate those experienced in service. This 
may require comparison of frequency response measurements made at a number of 
locations both in service and on the test rig. 

A.4.4 Precursor testing is essential when considering the use of multiple shakers. During this 
stage it will be necessary to iterate to an acceptable control solution in order to optimise the 
control spectra within the prescribed limits. This will require a good fundamental 
understanding of the materiel & fixture structural response, which can be obtained from a 
modal analysis. It is considered essential to perform on-line modal analysis in the test setup 
because it allows evaluation of the non-linear effects caused by specified vibration and 
shock operational levels. Thus an accurate assessment of the materiel / fixture dynamic 
behaviour can be made. 

A.5 POTENTIAL FIXTURE PROBLEMS 

A.5.1 Misalignment 

A.5.1.1 This problem often occurs when actuators are used to excite structures during environmental 
testing. If an actuator is connected directly to a fixture / specimen, then the motion of the 
fixture / specimen can impose bending moments and side loads on the actuator armature and 
coil assembly, resulting in misalignment. If neglected this can create significant damage to 
the actuator exciter field coil, resulting in a reduction in the quality of vibration control and/or 
eventual failure of the actuator. To minimise this effect, a flexible coupling should be used 
between the exciter and the test structure. 

A.5.1.2 Another source of misalignment can arise when a specimen is suspended from soft cords 
(bungee) and connected to the actuator. Such suspension materials suffer from creep, which 
is accentuated when an increase in the environmental temperature occurs. For example, a 
bungee cord supporting a specimen can readily stretch several millimetres over a short 
period at normal room temperature. 

A.5.2 Looseness 

A.5.2.1 Looseness is normally associated with the specimen, the test fixture or the test support. It is 
therefore important that prior to a test all fasteners are checked to verify that they are 
secure. The term 'fasteners' includes all connections such as: screws, clips, nuts/bolts, 
bonded joints, Allen cap screws, electrical connectors etc. A frequent source of looseness 
and hence poor quality response data is the connection of the vibration actuator to the 
fixture or specimen under test. In some cases the connections between the actuator and 
the fixture can work loose, resulting in a loss of effective force input and generation of 
spurious frequencies to the specimen. If degradation of control is observed during a test, 
the actuator / fixture / specimen fasteners should be checked for tightness. 
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A.5.3 Pre-Loads 

A.5.3.1 Unintentional pre-loads (direct and/or transverse) can be imposed on the specimen or the 
vibration actuator if misalignment is accidentally introduced or any connections to the 
specimen are unrepresentative. This can cause misalignment of the vibration actuator as 
described above. Pre-load can also occur with drift in a hydraulic actuator. It is important to 
remember that pre-loads can have a significant effect on the dynamic response 
characteristic as well as causing damage to equipment. Pre-loads can also be introduced 
by unrepresentative attachments such as cables, pipes and connectors. 

A.5.4 Cable Noise 

A.5.4.1This issue is particularly important where piezoelectric transducers and micro-dot cables 
are used, and arises when the instrumentation cabling has not been secured correctly, 
particularly at the positions where cables 'leave' the specimen or fixture. This situation can 
produce errors due to cable motion against the specimen, electrical interference (often 
called pick-up) or tribo-electric effect in the cable form. 

A.5.5 Signal Overloads & Over-Travel 

A.5.5.1 Overloads are usually associated with clipping, saturation or harmonic distortion of the 
input/output time signals in the measurement system. The best way to check for overloads 
is to observe the outputs from all devices in a measurement system on an oscilloscope and 
observe any relevant overload indicators that are often found on dynamic test equipment.  

A5.5.2 Over-travel of the vibration actuator will result in mechanical impact leading to clipping and 
harmonic distortion of the applied motions. Normally overload indictors on the actuator 
amplifiers give a warning of such an occurrence. 

A.5.6 Temperature Effects 

A.5.6.1 Changes in temperature usually produce secondary effects such as misalignment or pre-
loading. If temperature changes are expected, it is wise to ensure that the test equipment is 
suitable for the test environment and to monitor the temperature in order to provide 
compensation / correction as needed. Temperature effects can also influence the dynamic 
characteristics of the test specimen, its fixture and support arrangement, e.g. stiffness or 
damping. For example if a metal test rig is used to simulate operational conditions, where 
the specimen is constrained by a composite in service it would be necessary to ensure that 
all clearances are replicated for both hot and cold conditions as well as for ambient 
temperatures.  The use of thermal batteries is recommended between the test fixture and 
excitation system. 

A.5.7 Poor Transducer Mounting 

A.5.7.1 Poor transducer mounting often exhibits symptoms of looseness, clipping, high noise levels 
and cross-axis sensitivity, all of which appear as harmonic distortion on the monitored 
signal. Correct attachment in both position and orientation is essential. Adherence to the 
manufacturer's instructions usually minimise transducer-mounting problems. 
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A.6 MOUNTING OF SIMPLE SPECIMENS 

A.6.1 This section provides advice on the mounting of simple specimens such as ‘black boxes’ 
and specimens, which are relatively dynamically inert. In such cases the test fixturing is 
generally minimal with the specimen either attached to a plate on the actuator or on a block 
to allow testing in other axis. When mounting simple specimens for vibration and shock 
testing the following issues must be considered: 

The mounting method to be used should be as stated in the Environmental Test 
Specification. Although not specified the method of mounting may be obvious. 
However, where it is not obvious, the mounting methods should incorporate the design 
principles set out here and above. Normally the specimen is held in a manner that 
simulates that used in service. If a specimen is designed for a number of methods of 
mounting, all of these should be considered. If it is practical to use part of the real 
mounting structure as the fixture, it should be utilised as this represents operational 
conditions. The Environmental Test Specification should state whether to use the 
mounting structure and which fixing points to use as control points for controlling the 
test. 

The Environmental Test Specification should state whether the effect of gravitational 
force is important. If so, the specimen should be mounted in such a way that the 
gravitational force acts in the same direction as it would in use. Where the effect of 
gravitational force is not important, the specimen may be mounted in any attitude. 
Typical gravity sensitive items include; inertial guidance units, where gravity is a 
significant proportion of the applied loading (typically where gravity is 10% of peak 
loading) and where gravitational forces affect asymmetric structures. 

Any additional stays or straps should be avoided. Any connections to the specimen 
such as cables, pipes, etc. should be so arranged that they impose similar restraint and 
mass to those when the specimen is installed in its operational position. In order to 
achieve this, it may be necessary to fasten the cables, pipes, etc., to the fixture. Failure 
to consider this can result in unrealistic failures of the attachments, such as, plugs, 
sockets and leads etc. 

In all cases, specimens should be attached to the test fixture in a manner 
representative of that used in service. In many cases the connection will be by rigid 
attachment to the mounting surface of the actuator. However, when the vibratory 
loading does not originate through the attachments or where there are no obvious 
attachments such as packages, then other arrangements (such as strapping) will need 
to be considered. 

The Environmental Test Specification should specify the test rig to be used and the 
procedures for mounting the test rig and the actuator as well as for mounting the 
specimen to the fixture.  
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Equipment intended for use with vibration isolation systems should be tested with 
isolators in position. This is because it is difficult to accurately reproduce the dynamic 
response behaviour of isolators, which may be significantly affected by temperature. If 
it is not practical to carry out the vibration test with the appropriate isolators, the test 
should be performed without isolators at a modified severity, derived from 
measurement of the isolator dynamic response characteristics, specified in the 
Environmental Test Specification. Where the severity is known to vary with the 
direction of the applied test/excitation, this should be taken into account. 

In the case where a continuous vibration test would cause unrealistic heating of the 
specimen and/or isolators, the excitation should be interrupted by periods of rest of 
duration specified in the Environmental Test Specification and temperature 
measurements of the mounts/specimen should be taken. These rest periods should be 
consistent with the in-Service usage profile.  

A.7 MOUNTING PACKAGED SPECIMENS  

A.7.1 The purpose of this section is to outline the problems associated with vibration testing of 
packaged specimens and to offer suggestions and a consistent philosophy that can be 
adopted to overcome them. It must be appreciated that a high level of engineering judgement 
is required both by the specification writer and the test engineer. 

A.7.2 Generally, in order to reproduce the effects of the transportation phase, a specimen should 
be tested in its package if it is normally packaged for that phase. If the method of fastening 
the packaged specimen to a transportation vehicle is known, that method should be 
replicated where practicable and details of this should be specified in the Environmental Test 
Specification and stated in the test report. 

A.7.3 Where the design of the package defines its attitude during transportation, then the attitude 
of the internal specimen is also known. It should be fastened to the mounting surface of the 
test apparatus in a manner representative of that attitude. Where the attitude of the package 
during transportation is variable and hence the attitude of the specimen can vary, the test 
should be conducted in the attitude determined to represent the worst case(s). 

A.7.4 If the specimen is capable of being fastened to a transportation vehicle in a number of known 
ways, or if the method varies in an unpredictable way then, the worst case(s) should be 
selected based on engineering knowledge of the dynamic behaviour of the specimen and its 
package, so that faults are most likely to be revealed.  

A.7.5 If the specimen, is intended, or is likely, to be carried in a transportation vehicle without being 
fastened down, or with some degree of freedom, historically bounce testing has been 
adopted. However, it is recommended that bounce testing is only considered for small 
representatively packaged items and never for large or palletised items. In such cases it will 
also be necessary to perform restrained vibration and shock testing, using an appropriate 
method to replicate the operational environment. The specimen should be attached to the 
excitation equipment in an appropriate manner.  
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A.7.6 If a product is normally packaged but the package is not available, it is generally not possible 
to mount the product on the rig / fixture in a truly representative manner and the test 
becomes one of an empirical nature. However, it is possible to adjust the test severity in 
order to allow for an element of the protection provided when the package is otherwise 
present. Also the fixture design will need to reflect the specimen attachments within the 
package to ensure a representative test can be achieved, which exercises the appropriate 
failure modes. Two situations exist; firstly, where the package performance is known and 
secondly, where it is not known. These are dealt with separately below. 

a) If the package performance is known, or can be calculated, this will often enable 
the applied severity to be modified. Knowledge of the transfer function or 
transmissibility of the package provides the ability to adjust the vibration or shock test 
levels. 

b) If the package performance is unknown then it will be necessary to determine the 
transfer function by appropriate testing. 

A.7.7 Considering the case where the package is available. The rigidity of the outer container 
presents a fundamental problem for test methods that require the container to be fastened to 
the test rig and fixture. If the container is reasonably rigid, resulting in insignificant 
deformation of the mounting interface, then attachment to the rig and fixture is usually 
relatively simple. If the container is relatively flexible then the attachment will need to be fully 
representative of the operational constraints. Any strapping should keep the package-
mounting surface in contact with the rig and fixture at all times. It is important that bounce is 
not present unless a bounce test is being performed, and it may be necessary to use 
instrumentation in order to confirm this. If unwanted bounce is present then it would be 
necessary to reconsider the strapping arrangement, the fixture design (if appropriate) and the 
test specification severity, which may include factoring.  

A.7.8 The use of a dynamically representative dummy specimen can be used in a packaged test, 
particularly where the real product is delicate, expensive or potentially dangerous. This can 
be useful for precursor testing and for exploring the performance of the package as part of a 
package development test. Precursor testing of materiel is highly recommended. If the 
materiel is transported as loose cargo then it may be necessary to conduct an additional 
bounce or shock test. 

A.8 VIBRATION TEST FIXTURES (SPECIFIC ISSUES FOR MUNITIONS) 

Mechanical environmental testing of stores, missiles and torpedoes when carried externally on 
aircraft or when in free flight requires special consideration when applying the dynamic excitation 
and support of the specimen in the test configuration. This section addresses the different dynamic 
excitation methods for different types of carriage aircraft as well as different methods of simulating 
the various in-Service excitation mechanisms. 

A.8.1 Fixed Wing Aircraft 

A.8.1.1 For external stores carried on fixed wing aircraft, aerodynamic effects on the external store 
surface predominantly induce vibration. In propeller aircraft, vibration can also be 
mechanically transmitted from the host aircraft. 
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A.8.1.2 The simulation of the environment, by mechanical excitation, may be best achieved by 
applying the vibration through the external surfaces or normal attachment supports of the 
store. There are predominantly four test strategies, which can be adopted, namely: 

a) To mount the store by its normal attachment on a low natural frequency support. 
Excitation is achieved through a flexible coupling (stinger) attached to the external 
surface of the store. 

b) To mount the store on yokes at the normal attachment locations. 

c) To mount the store with its normal attachment on to a very stiff fixture, through 
which the store is excited. This is mainly applicable to small and medium stores and 
requires a stiff ‘doghouse’ type fixture. 

d) To either support the store on multiple vibration actuators or to support the store 
from a frame. In both support arrangements multi-point excitation is adopted usually 
employing multiple vibration actuators attached in the same plane. 

A.8.2 Rotary Wing Aircraft  

For external stores carried on rotary wing aircraft, vibration is mechanically transmitted from 
the helicopter structure, but can also include excitation from aerodynamic flow associated 
with forward flight and downwash from the rotor. Mechanical vibration testing can be 
undertaken by applying excitation through its normal attachment. For testing purposes, the 
mounting configuration should be as realistic as practicable. This is because the in-Service 
store-mounting natural frequencies on rotary wing aircraft tend to be relatively close to the 
predominant excitation blade passing frequency. As such the relationship between these 
two frequencies has a significant influence on store vibratory motions. A good dynamic test 
can be achieved by mounting the store from its attachments and in some cases using its in-
Service mounting equipment. In most instances, for testing convenience, the mounting 
equipment is in turn attached to a relatively stiff fixture such as a doghouse. 

A.8.3 Selection of Test Configuration 

The selection of the most appropriate dynamic test configuration will depend upon the store 
structure, test facilities available and degree of realism required. The use of the low 
frequency support configuration permits the selection of excitation points to enable tailoring 
of the vibration distribution to be similar to that experienced in-Service. The stiffly supported 
configurations utilise existing store attachment points or yokes, which do not so readily 
permit tailoring of the vibration distribution. For large or complex structures the most 
representative support and test excitation method is achieved using multiple exciters. 

A.8.4 Flexible Configuration 

The specimen and its normal carriage equipment should be suspended on low frequency 
supports from a structural frame. Vibration should be applied to the specimen by means of 
a rod or other suitable device running from the vibration sources(s) to a relatively hard, 
structurally supported point of the specimen or via a hoop/yoke placed at a relevant position 
on the store. The test setup should be such that the rigid body modes (translation and 
rotation) of vibration for the system (specimen/frame/suspension/vibrator) are below 10 Hz. 
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A.8.5 Stiff Configuration 

The specimen should be attached to the vibration source using its normal operational 
carriage equipment or a representation of the equipment. The stiffness of the mounting 
fixture (doghouse), through which the specimen is excited, should be such that its natural 
resonant frequencies are as high as practicable and not coincident with any blade passing 
frequency and subsequent harmonics. Fixture resonant frequencies within the test 
bandwidth should be damped as far as practicable. 

A.8.6 Multi Point Excitation 

A.8.6.1 Primarily the multi-shaker system is intended for use with dynamically complex, long 
slender materiel with high L /D ratios, although it will be used to test materiel where it is 
important to balance the energy distribution along the structure or where high thrust is a 
requirement. 

A.8.6.2 The use of a multi-shaker system allows a range of materiel to be vibration and shock 
tested.  Multiple independent exciters may be programmed to have a relative motion that 
is fully coherent and in phase, partially coherent or fully incoherent. 

A.8.6.3 Consideration of fixture design is essential at the earliest stage of defining the multi-shaker 
test requirement. It is essential that the fixture should match as closely as possible the in-
Service structural support to replicate the materiel operational dynamic loading and 
structural dynamic response characteristics. 

A.8.6.4 Generally fixtures come in various shapes and sizes depending upon the materiel and test 
under consideration. Fixtures can be considered with fixed and flexible attachments, 
namely: 

a) Direct attachment (either via yokes or attached directly into the structure). 

b) Direct attachment (via flexible drive rods and hinges / knife edges). 

c) Direct attachment (via pivots, ball joints etc. depending upon the number of 
degrees of freedom to be constrained). 

d) Slip tables employing elements of the above. 

A.8.6.5 To assist in fixture assessment the following materiel categories should be considered, 
since the appropriate vibration test fixture depends upon the dynamic complexity and size 
of the materiel. 

a) Dynamically flexible symmetric structures with varying L / D ratios e.g. Air to air 
missiles, Torpedoes, etc: 

b) Dynamically stiff structures with flexible extremities e.g. Laser Guided Bombs. 

c) Dynamically & geometrically complex asymmetric structures e.g. Cruise missiles. 

d) Large stiff materiel where sufficient force is an issue e.g. Iron bombs. 

e) Containerised materiel of all the above categories. 
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A.8.6.6 Consideration must be given to the primary support arrangement for the materiel under 
test. In principle the fixture design should allow adequate support for the materiel whilst 
minimising the cross-coupling effects and ensure direct in-line excitation with the shaker 
armature axis. It is essential that unwanted cross-axis motions be minimised. Rigid body 
modes are of particular concern in fixture design, but with the application of improved 
control algorithms this problem can now be minimised. Also it is necessary to consider 
effects such as differential displacements across the materiel and how this affects the 
electromagnetic shaker armatures. The control system may not, in all cases, be able to 
accommodate poor fixture design.  

A.8.6.7 Unless otherwise specified, testing should be accomplished in three mutually 
perpendicular axes in turn with the test item oriented as during normal operation. The test 
item should be mounted directly to the exciters, where possible using its normal mounting 
method and a suitable fixture. The stiffness of the mounting fixture should be such that its 
induced natural frequencies are as high as possible and do not interfere with test item 
response. 

A.8.6.8 Alternatively for large complex materiel, the test item may be suspended from a structural 
frame. In this case, the test set up shall be such that its rigid body modes (translation and 
rotation) are lower than the lowest test frequencies. Vibration shall be applied by means of 
a rod or suitable mounting device running from the vibrators to relatively hard, structurally 
supported points on the surface of the test item as determined during precursor testing. 
The fixture should apply the excitation to the test item in a manner that simulates as 
accurately as possible the vibration transmitted in service. 

A.8.7 General Fixture Considerations 

A.8.7.1 The materiel should be suspended by attachments representative of its in-Service carriage 
equipment. The use of additional straps or stays should be avoided unless they are part of 
the in-Service carriage equipment. Any connections to the specimen, that is cables, pipes, 
etc., should be arranged so that they impose similar dynamic restraint and mass to that 
when the store is mounted in its normal operational condition.  

A.8.7.2 Consideration of fixture design is essential at the earliest stage of a test programme and 
should form an integral part of the materiel qualification test specification.  

A.8.7.3 The issues raised in sub-paragraph A.8.6 associated with actuator attachment and 
munition categories equally apply to general fixture requirements.  

A.8.8 Store Component Testing  

A.8.8.1 Where the components of a munition are to be tested individually this must be achieved in 
a representative manner, which simulates the actual in-Service mounting constraints / 
inputs experienced in the all-up-round configuration. Where component tests are 
implemented it is necessary to consider the: 

a) Inclusion of any vibration isolators if they are part of a particular design. 

b) Dynamic effect of the localised support structure, which may require tailored 
input test specifications and fixtures with representative dynamic constraints. 
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c) Dynamic response of the all-up-round on the dynamic behaviour of the 
component to be tested, since the component failure modes must be 
representatively exercised during the test. 

d) Use of all-up-round testing as this may offer the most realistic component test 
method.  

A.8.8.2 Where a component is buried within the structure of a missile the problem of fixture design 
is reduced since it is necessary to only replicate the localised structural dynamic response 
characteristics. This could allow the use of localised structure in the test fixture, 
representative mounting points with an understanding of the vibration test spectrum at the 
mounting points (either service or laboratory generated).  

A.8.8.3 Where the component forms an integral part of the structure, such as a rocket motor in an 
air-to-air missile then it is essential to consider all-up-round testing or to use additional 
attached components to simulate the missile overall structural response. 

A.9 SPECIFIC ISSUES FOR SHOCK TESTING 

A.9.1 The mounting problems associated with a package subjected to a shock test are 
essentially the same as those for a vibration test, although there is the added complexity 
to allow the shock (if classical shocks are specified) to be applied in both senses of each 
of three axes.  

A.9.2 A key factor to be considered in the design of a shock test fixture is the mass of the 
specimen in relation to that of the moving element of the test apparatus. In the case of a 
shock test, with a highly reactive specimen it may be necessary to limit the mass that 
can be tested for a specific shock test apparatus to ensure that the test requirements 
can be met. 

A.9.3 The bump test is basically a robustness test conducted in order to give a measure of 
confidence in the ability of the specimen to survive transportation (it is also a packaging 
fragility test). As with the shock test, the bump test should always be performed with the 
package rigidly attached to the fixture or the table of the bump test machine. 

A.9.4 It should be noted that shock and bump tests performed on specimens in their packages 
create particular dynamic effects on the specimen. There will be a tendency for 
specimens to leave the surface of the test apparatus, or fixture, on impact. In addition, 
the high frequency content of the impact pulse, the tolerance level and the control 
method specified in the Environmental Test Specification may make the requirements 
difficult to meet.  

A.9.5 The bounce test fulfils a similar function to the bump test but, since the specimen is not 
fastened to the test platform, it more closely simulates the stress resulting from impact to 
which it would be subjected when carried loose, or with some degree of freedom, in a 
transportation vehicle. In this case there is no need for a fixture.  Refer to AECTP-400 
Method 406 for the bounce test fixturing requirements. 
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A.10 SPECIFIC ISSUES FOR ACOUSTIC TESTING 

A.10.1 The type and design of test fixtures to mount specimens for vibration tests that are 
acoustically induced depend very much on the size and mass of the test specimens. In 
the simplest case of an electronic box to be tested in a reverberation chamber, the 
specimen should be elastically suspended in the central area of the chamber. The 
suspension device, such as rubber cords, should be attached to the fixing points of the 
specimen where possible. For larger test specimens, wherever practicable, the in-
Service fixing mechanisms should be used. 

A.10.2 Test fixtures should be as dynamically transparent as possible, with respect to the 
acoustic environment. However, in special cases it may be desirable to simulate the 
shielding or reflecting conditions to which the specimen is subjected in its operational 
environment. Such cases include missiles attached to an aircraft in a recess. Very large 
specimens generally use their real payload attachment fitting as a test fixture. In all 
cases, the total assembly should be isolated against vibration from the floor or ceiling of 
the reverberation chamber. The suspension frequency should be less than 25 % of the 
lowest frequency of interest of the specimen. 

A.11 SPECIFIC ISSUES FOR STEADY STATE ACCELERATION TESTING 

A.11.1 For steady state acceleration the fixture design is relatively simple since the acceleration 
is applied progressively and the dynamic behaviour of the fixture and the specimen can 
be ignored. Thus the fixture need only be rigid enough to withstand the inertial forces 
involved and sufficiently versatile to accommodate the orientation of the specimen. It 
should not be overlooked that the ratio of specimen to centrifuge radius is important 
because of the acceleration gradient across the specimen. Attention is drawn to special 
considerations arising from testing specimens at very high values of acceleration.  

A.11.2 For steady-state acceleration testing, a centrifuge is normally used, and it is essential to 
balance the fixture and specimen statically and dynamically in relation to the test 
apparatus, in order to prevent damage to its bearings. The centrifuge manufacturer will 
normally state the degree of unbalance permissible. It is preferable to keep the centre of 
gravity of the specimen in the same place for all test orientations in order to avoid re-
balancing. 

A.11.3 It should be noted that for a steady-state acceleration test there may, under certain 
circumstances, be a safety hazard if the specimen is tested with its isolators. In such 
circumstances the use of stays or straps should be considered and it is particularly 
important that the stresses to be experienced by the attachment bolts are calculated.  

A.11.4 For higher acceleration levels, sled tracks can be used. In such cases the test fixture 
must be strong enough to withstand the acceleration and deceleration of the sled. The 
fixture must be stiff enough to withstand the aerodynamic loads with minimum deflection. 
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A.12 SPECIFIC ISSUES FOR COMBINED MECHANICAL & ENVIRONMENTAL TESTING 

A.12.1 Some dynamic tests require climatic conditions to be applied in conjunction with the 
mechanical loadings. These climatic conditions simulate operational environments in 
terms of temperature, humidity etc. There are three main options available, namely: 

a) Place the specimen in a suitable environmental enclosure, with both attached 
to the actuator. 

b) Place the specimen and fixture in an environmental enclosure with the actuator 
out side the environmental enclosure. 

c) Place the specimen, fixture and actuator in an environmental enclosure. 

A.12.2 Method a) may be used for small specimens. The enclosure is an integral part of the test 
rig design and allowance must be made for its mass and dynamic response 
characteristics when assessing actuator performance. Method b) is the preferred and 
most commonly used for small medium and relatively large specimens. Here the 
actuator must be isolated from the environmental conditions and the fixture designed to 
accommodate the climatic conditions applied without detriment to its dynamic response. 
Method c) is usually used for very large specimens. In this case the fixture and actuator 
must be designed to accommodate the climatic conditions applied without detriment to 
its dynamic response or capability of the actuator. 
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ANNEX B 
 

VIBRATION & SHOCK CONTROL 

B.1 INTRODUCTION 

B.1.1 Background 

B.1.1.1 The essential constituents of any vibration test will reduce to three components; an excitation 
force, the structure under test and its responses. 

a) The input excitation may be measured in several ways. Although it is unusual to 
consider force as the input quantity this is now becoming more popular as a control 
method for lightweight or fragile structures. Other parameters such as acceleration and 
velocity are generally measured in practice. Historically the test laboratory simplified 
the attributes of the actual input and employed sine or random excitation. However, 
modern systems can now better simulate the real world environment and combinations 
of sine on random, narrowband random on random, Time Waveform Replication etc 
are commonly used.  

b) The dynamic properties of the specimen and its fixture under test will govern its 
response to the input excitation. Typically the resonant frequencies, damping, modal 
response, method and location of mounting, centre of gravity and non-linear behaviour, 
etc will all impact on how the specimen will respond dynamically.  

c) Dependant upon test requirements the output responses may be measured in terms 
of acceleration, velocity, displacement or in terms of some secondary effects such as 
strain.  

B.1.2 Basic Control System 

The function of a vibration control system is to ensure that the required excitation is applied 
to the test specimen whilst maintaining dynamic stability. Control systems for both electro-
dynamic and servo-hydraulic vibration actuators are fundamentally the same and the main 
elements of a basic control system are shown in Figure B1. The exception is that hydraulic 
vibration actuators may require additional feedback loops to maintain mean zero position / 
force and to linearise the response of the generator. 

B.1.3 Open & Closed Loop Control 

Historically two types of control have been commonly used: manual control (open loop) or 
automatic control (closed loop).  

a) In manual control (open loop) the feedback path is manual, the response signal is purely 
a measurement and the required response is obtained by trial and error adjustments of the 
command signal. Historically this was the original form of control used, but has now been 
entirely superseded by the automated closed loop control. 
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b) For closed loop or automatic control the dynamic response is measured using control 
sensors; this measurement is fed back into the control system, which computes the best 
command signal to obtain the required response. Modern digital control systems now allow 
closed loop shock and vibration testing on sine, sine sweep/dwell, random, narrowband 
random and Time Waveform Replication. 

B.1.4 Types of Vibration & Shock Test 

B.1.4.1 Sinusoidal testing methods were historically the sole method used for vibration testing. 
However, today they are generally used to represent machine induced vibration whenever 
the vibration is due to rotational frequencies and their harmonic response. Also they are used 
when the vibration is due to harmonic response caused by flexibility of the specimen or 
structure or when a repetitive event occurs at a specific frequency, which also generates 
harmonics. Sinusoidal testing utilises fixed frequency, swept or step components depending 
upon the application. 

B.1.4.2 Broad Band Random testing is applicable to equipment, which has to function or to survive in 
an environment where vibration is non-deterministic. These conditions are likely to be 
experienced by most defence materiel at some time in its Service life. Vibration testing using 
broadband random input motion is generally used for materiel which is subject to multiple 
frequency component vibration sources (all modes of transport and operational use). 
Broadband band random vibration drive signals generated by vibration control systems 
nominally have a Gaussian distribution (or possibly a modified Gaussian distribution). The 
spectral level may be constant over a broad frequency range, or may vary with frequency. 
Random vibration is a vibration whose instantaneous magnitude is not specified for any given 
instant of time. For vibration testing a random signal can be utilised as either broad or 
narrowband. 

B.1.4.3 Mixed mode (composite) vibration testing uses broadband random superimposed with either  
narrowband random or sine to simulate operational environments, which include the different 
excitation components (track vehicles, helicopters, transport in fixed wing aircraft, etc).  

B.1.4.4 Shock test methods allow the application of dynamic transient responses on the specimen. 
The applied transient dynamic responses may be either specified time histories or derived 
from shock response spectra (SRS). Typical examples include vehicle transportation shock, 
gunfire shock, impact and launch shock etc.  The feedback signal is based upon an estimate 
of the dynamic response of the fixture and specimen, which is updated with each consecutive 
shock event.  

B.2 CONTROL STRATEGIES 

B.2.1 Input Control 

Input control is historically the approach used for vibration testing. It is commonly applied 
when no response data are available or control complexity make controlled response 
testing impractical.  Control accelerometers are mounted on the fixture at the test item 
mounting points. Exciter motion is controlled with feedback from the control 
accelerometer(s) to provide defined vibration levels at the fixture / test item interface. This 
represents the platform input to the specimen and assumes that the specimen does not 
influence the platform vibration. 
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B.2.2 Single Point Input Control 

When using single point control the aim is to identify a control location which best ensures 
that the vibration applied to each of the specimen mounting points is as similar as possible. 
Historically this was necessary when vibration controllers were only capable of utilising a 
single measurement as the control channel. Single point control is still widely used where 
specimens are attached to the shaker via a single fixing point. Here the control point should 
be adjacent to the fixing point. It is also applicable where the specimen has more than one 
fixing point, but the vibration severity at the fixing points is similar. In this case the point that 
produces the severity closest to the test specification should be selected.  

B.2.3 Multi-point Input Control 

B.2.3.1 For specimens with more than one fixing point and when the variation of responses between 
each of the fixing points cannot be made acceptable by modification of the test fixture then 
the use of multi-point control will be necessary. This control strategy is also recommended for 
large structures. Multi-point control is achieved by using measurements from multiple 
transducers located at control reference points. The signals are combined and processed 
using one of several techniques including: 

a) the arithmetic average of several response locations, for average response control, 

b) the maximum of these responses, for maximum response control, 

c) the minimum of these responses, for minimum response control, 

d) weighted combination of responses. 

B.2.3.2 Shaker head expanders, slip tables and fixtures all have their own dynamic response 
characteristics and are modified by the attachment of the specimen. Therefore, the specimen 
experiences different dynamic responses at each of its attachments as a consequence of the 
characteristic nodes and antinodes of the fixture / head expander / slip table. This poses a 
problem for single point control and to minimise this dynamic response variation, multiple 
control points can be adopted. Care is needed when using multi-point control to avoid a 
significant over or undertest, particularly at the specimen extremities. The control strategy and 
or control locations should be optimised to ensure that significant over or undertest does not 
occur.  

B.2.3.3 Whatever method of multi point control is used, all the control transducers potentially 
contribute to the overall vibration control spectrum. It is generally possible to attain tight 
control limits using this aggregated form of control, however, each individual control location 
will exhibit its own dynamic response, which can be markedly different from the test 
specification. It is always essential to quantify the degree of variation between the control 
channel locations since this will affect the local specimen excitation. This may be particularly 
important if a specific location is of importance such as a warhead, which could be either over 
or under tested when adopting this test strategy.  

B.2.3.4 Where the fixture and/or specimen exhibit significant dynamic behaviour the vibration 
response levels generated can be greater than the dynamic range capability of the controller. 
In which case the controller may be unable to bring the dynamic response within the required 
test specification tolerances. Under these circumstances the most effective solution is usually 
to modify the fixture / specimen attachment. Further problems can arise from specimens, 
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which exhibit non-linear response behaviour. This includes rattling, attachment mounts and 
fixture flexibility etc. which can cause loss of, or poor control and instability within the control 
feed back loop. This is because the vast majority of vibration controllers assume a linear 
response characteristic. 

B.2.3.5 Adopting a controlled input test strategy can in some cases lead to the specimen 
experiencing unrepresentative forces for which it has not been designed. This behaviour can 
result in significant unrepresentative damage to the specimen and must be avoided. The use 
of forced control or control input notching may be adopted in such circumstances. 

B.2.3.6 Non-linearities within the specimen and dynamically unrepresentative fixturing can result in 
unrealistic specimen responses, even when the input appears to meet the test specification. 
Where problems of this kind are exhibited it is essential to consider a response control 
strategy.  

B.2.4 Response Control 

B.2.4.1 A more complex and comprehensive form of control is termed response control. It is 
applicable when the specified severities represent in-Service equipment responses.  
Controlled response testing attempts to match the response of the specimen at one or more 
points with specified or measured vibration data at the same locations. It can be considered if 
the dynamic characteristics of the equipment and mounting fixture are already known or have 
been evaluated by characterisation testing. Care needs to be taken to ensure that the 
responses of resonances are not unreasonably suppressed or anti-resonances unrealistically 
enhanced.  It is preferred where the equipment dynamic excitations are not transmitted solely 
through the attachment points or where an adequate dynamic response cannot be 
reproduced by control at the attachment points.  

B.2.4.2 This control strategy can utilise either single point or multipoint control strategies using a 
variety of control algorithms. Whichever method is used, response control testing is generally 
far more demanding on the controller than controlled input testing. 

B.2.5 Single Point Response Control  

Single point response control will only be effective for simple structures.  When using single 
point control the aim is to identify a control location on the specimen, which incorporates 
responses from all dynamic response modes within the vibration or shock test frequency 
range.   

B.2.6 Multi-Point Controlled Response 

B.2.6.1 Where a single point cannot adequately be used to control all the modes of the specimen 
within the test frequency range then multi-point control should be used. For example a missile 
with a high L/D ratio may not be adequately controlled at its extremities if a single point 
control strategy is adopted. Here it may be necessary to control at the seeker, warhead and 
rocket motor locations. Where multiple control locations are used then an appropriate 
analysis strategy will need to be adopted such as averaging or extremal control. Multi-point 
controlled response can also adopt limit control strategies to protect the specimen from the 
effects of non-linear behaviour, unrepresentative fixturing and modes that have been 
inadequately controlled. 
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B.2.6.2 Where extremal control is used each spectral line is considered and the highest level 
achieved at any of the control positions is used. The effect of this type of control analysis is to 
drive down the overall vibration level seen by the specimen which can result in an under test. 
Therefore, it is essential to consider each control location response and compare it with the 
vibration response measured during operational use to ensure an adequate test has been 
conducted.  

B.2.6.3 Where average control is used the control transducers will directly affect the overall vibration 
levels seen by the specimen. For example if a transducer were to be located at a node the 
overall levels may be driven down. Furthermore, if non-linear effects are exhibited in the test 
such as rattling (because of the adoption of accelerated test levels) then again the overall 
vibration level seen by the specimen will be directly affected. When an average control 
strategy is adopted it is necessary to compare each control location dynamic response with 
that measured under operational use. 

B.2.6.4 The use of limit control in conjunction with extremal or average control is essentially a safety 
feature to ensure that the specimen is not subject to significant overtest or the effects of 
uncontrolled modes. Generally the location of limit control transducers will be at positions 
where the largest specimen response occurs. This is frequently at the extremities of the 
specimen. However, when using limit control the control limit level should not be set such that 
the overall control specification is limited. 

B.2.6.5 Weighted control can be used for either the extremal or average control case. 

B.2.6.6 The increasing use of multi-point response control methods can mean that under certain 
circumstances the specimen can be more representatively tested than was the case for 
controlled input testing.  

B.2.6.7 Such arrangements can more closely reproduce the in-Service mounting and therefore the 
specimen dynamic response. Use of tailored data gathered at the control points during 
operational conditions guards against the application of unrepresentative vibration levels and 
inappropriate energy distribution within the specimen. However, care is required when 
deriving the test severity to ensure that safety factors and accelerated test levels are kept 
within reasonable levels to prevent over testing and the introduction of non-linear cliff edge 
effects. 

 

B.3 CONTROL TERMINOLOGY 

The following terms are applicable for the purpose of this section: 

B.3.1 Adaptive Control: Most test controllers incorporate adaptive control. The servo-control loop 
characteristics are changed during a test to adjust for changes in specimen response. It is 
typically used to improve control with potentially non-linear specimens.  

B.3.2 Alarm & Abort Levels: Alarm and abort levels are normally specified in order to protect the 
specimen from damage. The alarm levels are use to give warning that the test is outside of 
the specified tolerance levels.   
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B.3.3 Combination Control: A form of vibration system control that combines multiple forms of 
feedback (e.g. response control combined with force limit control) in order to ensure 
measured or specified test spectra levels are optimised without inputs that provide for 
substantial overtest or undertest.  

B.3.4 Control Strategy: A control strategy will need to provide the specified vibration at the required 
location(s) in or on the test item. This selection can be based on the characteristics of the 
vibration to be generated and platform / specimen interaction.  The following vibration control 
strategies are commonly considered for vibration testing: 

B.3.4.1 Acceleration Input Control: Input control is the traditional approach to vibration testing. Control 
accelerometers are mounted on the fixture at the test item mounting points. Exciter motion is 
controlled with feedback from the control accelerometer(s) to provide defined vibration levels 
at the fixture / test item interface. Where appropriate, the control signal can be the average or 
maximum of the signals from more than one test item/fixture accelerometer. This represents 
the platform input to the specimen and assumes that the specimen does not influence the 
platform vibration. 

B.3.4.2 Acceleration Response Control:  

a) Vibration Control criteria are specified for specific points on, or within the test item. 
Accelerometers are placed at these points and are used for control purposes. 

b) Vibration criteria are specified for specific points on, or within the test item. Control 
accelerometers are mounted at the vibration exciter / fixture interface. Monitoring 
accelerometers are mounted at the specified points on or within the test item. A low level 
vibration, controlled feedback from the control accelerometers, is input to the test item. The 
input vibration level is experimentally adjusted until the specified levels are achieved at the 
monitoring accelerometers. This strategy is commonly used with assembled aircraft stores 
where store response to the dynamic environment is measured or estimated. It is also 
applicable for other specimens when field measured response data is available. 

c) Acceleration Limit Strategy: Vibration response limits at specific points on the specimen 
are defined (typically based on field measurements). Monitoring accelerometers are located 
at these points. The test item is excited. The input criteria are experimentally modified as 
needed to limit responses at the monitoring accelerometers to the predefined limits. 
Changes to the specified input criteria are limited in frequency bandwidth and in level to the 
minimum needed to achieve the required limits. 

d) Force Control: Dynamic force sensors are mounted between the exciter / fixture and the 
test item. Exciter motion is controlled with feed back from the force sensors to replicate field 
measured interface forces. This strategy is used where the field (platform / specimen) 
dynamic interaction is significantly different from the laboratory (exciter / test item) dynamic 
interaction. This form of control inputs the correct field measured forces at the interface of 
the laboratory vibration exciter and test item. This strategy is used to prevent overtest or 
undertest of specimen mounts at the lowest structural resonances that may otherwise occur 
with other forms of control. 
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e) Time Waveform Replication Control: Control accelerometers are mounted at locations 
on / in the test specimen for which measured data are available. The exciter is driven by an 
appropriately compensated time / voltage waveform obtained directly from field measured 
data, or a specified digitized waveform, and monitor acceleration responses are measured. 
The first estimate of the compensated voltage waveform will be determined with traditional 
system identification techniques (transfer function), i.e. from convolution of the desired 
response waveform with the system transfer function. Subsequent estimates are based on 
the error function spectrum from the control location feedbacks relative to the time domain 
reference.  This strategy is particularly useful for control of transient or short duration, time 
varying random vibration. 

B.3.4.3 Extremal Control or Maxi-Max (Applicable to Random or Sine): Extremal control is a multi-
channel control strategy, which selects the largest response at each frequency from the 
measured reference spectrum at control points to generate a combined spectrum to be 
used in the control loop. The technique assures that no over testing occurs at any 
frequency from any of the control channels. This is a very cautious form of control, which is 
commonly used to avoid overtest at any point of interest in the structure. 

B.3.4.4 Average Control: The conventional average control computes the arithmetic average of 
each spectral line from all the control measurement locations. 

B.3.4.5 RMS Average Control: The rms average computes the root-mean-square of each spectral 
line from all control measurement locations. The rms average effectively applies more 
weight to channels with higher response levels and will run the test described at a lower 
level on the shaker.  

B.3.5 Resonance Searches: Resonance searches and/or modal analyses are performed as part of 
precursor testing to determine the resonant frequencies and damping or to determine critical 
frequencies at which either malfunction and / or deterioration of performance occurs, or 
mechanical resonance and other response effects occur which have an effect on the ability to 
control to the specification. Searches may be performed using sinusoidal, random or transient 
excitation. The excitation is usually applied separately in each orthogonal axis applicable to 
the specimen. Non-linear effects can be assessed by carrying out searches at different 
excitation levels. Transient excitation is generally applied by striking the test object with a 
hammer. Damping can be measured using half-power point, damping plane or log decrement 
methods. For test objects having resonances at frequencies which are close to each other, the 
damping values can be found using curve fit techniques.  

B.4 CONTROL METHODOLOGIES 

B.4.1 Broadband Random Control 

B.4.1.1 There are two methods in common use to control a broadband random vibration test. The 
more traditional method is a Fast Fourier Transform (FFT) based method and is described in 
the following text. The second method is a continuous convolution method, which is now 
more frequently used for time history replication. This second method is described under 
shock testing. 

B.4.1.2 Both the controlled input and response strategies described above provide a signal of the 
dynamic structural response. The controller accepts this signal via an analogue to digital 
converter (ADC).  
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B.4.1.3 The control process needs to be initiated so that the controller establishes a good ‘model’ of 
the frequency characteristics of the amplifier / vibrator / fixture / specimen. This model is in 
the form of a frequency response function. It is normally established by using low-level 
broadband random signals covering the test frequency range. The low level is stepped up to 
the full level to allow for compensation of any non-linearities.  

B.4.1.4 The response signal from the ADC is converted into a Power Spectral Density (PSD) by 
means of an FFT. This PSD is compared with the required test spectrum and an error 
spectrum computed. Using this error spectrum and the frequency response function for the 
amplifier / vibrator / fixture / specimen a drive spectrum is derived. The drive spectrum is 
randomised and an inverse FFT computed. This creates a drive voltage signal time history, 
which is applied to the vibrator amplifier via a digital to analogue converter (DAC). This 
process is then repeated until an acceptable reference spectrum is achieved. This control 
process is illustrated in Figure B1. 
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Figure B1 Control System for Random Vibration Testing 

 

B.4.1.5 When the controller uses multiple point control strategies (average, extremal etc.) the 
required signal manipulation is undertaken prior to the derivation of the drive signal in the 
spectrum analysis phase. The specific issues associated with multi-point control have been 
discussed above and apply to all the techniques discussed below. 

B.4.1.6 The control process described above has a number of areas from which a poor test can 
result:  
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a) The control process is very sensitive to the quality of the control feedback signal 
from the test specimen. As such it is necessary to ensure this is good quality data 
with minimum spurious signals and noise contamination (e.g. spikes, clipped signals 
and electromagnetic contamination). It is also important that the calibration of this 
signal is correct as the controller solely uses this to quantify the test severity. For the 
same reason care needs to be taken to ensure that the transducer is not faulty or 
inappropriately attached (e.g. not dropped off the specimen).  

b) Most modern random vibration controllers ensure that the ADC rate and range   
are appropriately set to meet the test specification. Nevertheless quantisation and 
clipping errors can arise from inappropriate ADC range settings.  

c) The normal considerations associated with computing PSDs are generally preset 
within the frequency analyser component of the controller. Most controllers allow the 
user to set the method of windowing as well as the type and number of averages. 
The number of averages is a compromise between longer loop times and improved 
accuracy. For non-linear systems improved accuracy may be more significant than 
increased loop time to ensure a stable control loop. 

d) When comparing the spectrum from the response signal to the required test 
spectrum most controllers undertake a number of safety checks. That is to ensure 
the spectrum has not changed drastically from loop to loop. These checks would 
cause an immediate shutdown of the system if there is a loss of response signal, 
abort spectral limits exceedance or RMS limit exceeded etc. At this stage the 
controller displays the difference between the test specification and the response 
spectrum achieved. This permits the user to take manual intervention to either 
improve the control or to protect the specimen. If the difference between the 
specified and measured PSDs changes markedly from loop to loop then this could 
be indicative of significant non-linear behaviour. Most controllers also provide a 
specific error function to aid interpretation of the comparison between the specified 
and measured PSDs. 

e) Most controllers ensure that the derived drive spectrum is within the capability of 
the amplifier and vibrator. However, it is possible for the drive spectrum to fall to 
zero over specific frequency ranges. When this occurs the controller is effectively 
not in control of the frequency range. This behaviour is indicative of lightly damped 
resonances or non-linear behaviour. 

f) As the loop times normally exceed the duration of a single random vibration time 
history block it is necessary to fill in the difference by repeating elements of the 
original block. This can be achieved in several ways to ensure that a good random 
output signal is produced. Most controllers will attempt to overcome this problem by 
randomising the output. However, techniques vary from controller to controller. 
Since modern computers are now extremely fast this is now far less an issue than 
was historically the case. 
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g) The DAC through which the output signal is projected to the amplifier can be a 
weak link in the control loop. This is because the output signal can be distorted and 
clipped by incorrect setting. A clipped signal will result in a reduced range of the 
Gaussian distribution associated with the output signal. Normally the crest factor, 
that is the ratio between the RMS and the peak level, is set to 3 to limit this problem. 
However, if this value falls below 2.7 an unacceptable test can result. The 
consequence of a distorted signal is usually apparent as an increase in the out of 
test frequency range response, which should normally be very small or zero. 
Another characteristic of distorted signals is the generation of a large number of 
harmonics in the control spectrum. 

B.4.2 Sine & Swept Sine Control 

B.4.2.1 Both analogue and digital sine and sine sweep controllers are still in common use. Largely 
the process and issues related to the use of digital controllers have been addressed under 
random control. As such only specific additional issues will be considered here. 

B.4.2.2 Whilst analogue systems are now being replaced by digital controllers the principle of 
operation is largely similar for both. The sine signal from an analogue controller is usually 
generated by a sine or sine sweep oscillator. This is modified by a servo-control circuit. 
This has the effect of applying variable amplitude compression to the signal. Under normal 
conditions the servo applies a degree of amplitude attenuation to the signal. As the output 
from the feedback signal is raised, compression is increased. As the feedback signal 
increases, compression is removed. Unfortunately any noise present in the feedback 
signal will act to control the servo control unit. Such noise can include mains hum, 
instrumentation noise or that resulting from non-linear structural effects. Furthermore, if a 
drive frequency contains a harmonic, which coincides with a structural resonance, the 
influence of the harmonic will be magnified. This distortion will also add to the sine wave 
controlling the servo unit. Such harmonic distortion may be present in the sweep oscillator, 
servo control unit, power amplifier, accelerometer and or signal conditioning. In order to 
control this potentially significant source of error, a tracking filter is usually included in the 
controller. Analogue systems require careful consideration of the relative response times 
of the tracking filter and the servo controller in order to prevent the system from becoming 
unstable. 

B.4.2.3 For sine sweep applications the sweep rate may be linear providing a uniform frequency 
variation (traversing all frequencies at the same rate), or logarithmic where lower 
frequencies are traversed more slowly than higher frequencies. The principle of a 
logarithmic sweep rate is to preserve the number of stress cycles per unit time as the 
frequency increases. Logarithmic sweep rate is normally specified in octaves per minute. 

B.4.2.4 The application of a sine wave requires a finite time to build up to a maximum amplitude. 
For a sweeping excitation, frequency resonances are never able to reach their maximum 
value. This error can be minimised by using a slowly varying sweep rate allowing a 
minimum number of cycles at each frequency. Some test specifications call for multiple 
sine sweeps with sequentially increasing and decreasing frequencies. Under these 
circumstances, too fast a sweep rate may result in a positive followed by a negative 
frequency bias known as slew rate error. This has the effect of smearing the test 
spectrum. 
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B.4.2.5 If the servo compressor speed is too slow there is a possibility that a high ‘Q’ resonance 
and or fast sweep rate may not allow sufficient time for the system to achieve control. If the 
servo speed is too fast it will try to compensate for peaks and troughs in low frequency 
sine waves, resulting in hunting and instability. Thus a gradually increasing servo 
response rate with frequency is often specified. 

B.4.2.6 In practice the compression speed may be fixed, variable (where the rate increases with 
frequency) or adaptive (where a range of curves are available with automatic selection 
dependant on the predicted resonance ‘Q’). 

B.4.2.7 The servo compressor speed must be slower than the response time of the tracking filter 
in order that the servo does not react to changes taking place during the response time of 
the tracking filter. Modern digital tracking filters generate a band pass tracking filter centred 
on the sweep frequency. The response time of the tracking filter is inversely proportional to 
the filter bandwidth. Thus for logarithmic sweep rates, where the servo compressor speed 
increases with frequency, the tracking filter must also increase with frequency. This is 
accomplished by increasing the filter bandwidth. Digital processing allows both fixed and 
proportional bandwidths with relative ease. 

B.4.3 Shock Control 

B.4.3.1 The process used to control shock events is also used for transient time histories and 
extended time history replication. The control process is broadly similar to that previously 
described for random vibration with the exception that it works principally in the time 
domain rather than the frequency domain. 

B.4.3.2 The control response signal is sampled by an ADC in the same way as previously 
described. The time history is convolved with the impulse response function for the 
amplifier / vibrator / fixture / specimen. This results in a drive signal, which can be applied 
to the vibration amplifier by a DAC. The impulse response function is continuously up 
dated using the measured response signal and the previously output drive signal. 
Additionally error correction algorithms may be included to allow for the effects of non-
linearity.  

B.4.3.3 In this case the impulse response function is employed to describe the characteristics of 
the amplifier / vibrator / fixture / specimen. It is the time domain equivalent of the frequency 
response function and is used in a similar fashion. Measurement of a nominal input drive 
d(t) and output drive signal c(t) enables the impulse response function h(t) to be computed 
using the convolution integral: 

   c(t) = h(t) * d(t) 

B.4.3.4 As the control requirement is to provide an input drive signal dnew(t) which will produce a 
specified reference control output r(t) then: 

   r(t) = h(t) * dnew(t) 

B.4.3.5 Thus the required input drive is given by: 

   dnew(t) = h(t)-1 * r(t) 
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B.4.3.6 The control process described above has a number of areas from which a poor test can 
result. Specific areas are addressed below but many of the problems addressed under 
random vibration control are also applicable. 

a) As this type of controller utilises a specified time history as the test 
requirement the result is dependent upon the quality of the time history data. Bad 
data must be removed or filtered. Where the test facility cannot reproduce either 
low and or high frequencies these must be removed. Windowing should be 
applied to avoid discontinuities in the time data. Similarly the velocity and 
displacement should be verified to ensure that the time history stays within the 
capability of the test facility. 

b) The convolution process is very sensitive to the quality of the impulse 
response function. In particular errors due to non-linearities can propagate into 
the drive signal. Therefore, it is important that sufficient low level precursor tests 
are undertaken to obtain a good impulse response function. This will need to be 
achieved ranging from low to full shock test amplitude level. For shock testing this 
may necessitate the use of a representative specimen to prevent damage during 
precursor testing. 

c) The potential for damaging the specimen is significantly greater than for the 
random test method. Warning and abort levels need to be set carefully to avoid 
this. Test equalisation should be conducted to minimise the likelihood of damage 
due to non-linearities and poor impulse response function definition. 

d) Establishing that the required test time history has been achieved can be 
particularly difficult with this method and initially relies on a visual comparison. 
However, this can be difficult to quantify and alternative methods such as shock 
response spectra, energy spectra, temporal moments etc may need to be 
employed. 

B.4.4 Mixed Mode Control 

B.4.4.1 Mixed mode control encompasses a number of test types including: 

a) Fixed frequency narrowband random on broadband random, 

b) Swept narrowband random on broadband random, 

c) Fixed sine on broadband random, 

d) Swept sine on broadband random. 

B.4.4.2 Historically different types of control software were used to undertake each of these tests. 
However, today all combinations of the above are usually possible using the same software. 
The basic control arrangement is that of the broadband random controller, but modified to 
allow the addition of the narrowband and sine components. 
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B.4.4.3 The narrowband components whether fixed or swept are generally included in the random 
control process by modification of the requirement spectra. In such cases the control loop 
remains broadly unchanged. The addition of sine components is more problematic and these 
are usually added outside the random control process essentially using a parallel control 
procedure. However, some controllers use the convolution process to achieve this type of 
control. 

B.4.4.4 Specific problem areas are addressed below, although many of the problems addressed 
under random vibration control are also applicable. 

 a) The bandwidth of the narrowband components needs to be selected such that it 
encompasses sufficient spectral lines so that the controller can adequately define 
the narrowband. This arises because practical limitations in the FFT analysis results 
in a limit on the rate of change of spectral amplitude that can be achieved.  

b) The loop time of the random controller will limit the sweep rate of the 
narrowbands. Therefore very fast sweep rates cannot usually be achieved. 
Additionally, fast sweeps result in high Bias errors on the narrowband amplitudes. It 
is for this reason that the tolerance levels on narrowband components may need to 
be greater than those specified for the broadband random. 

c) The ability of modern controllers to allow each swept narrowband component to 
have its own amplitude frequency profile has made verification that the test has met 
the specification difficult. It may be necessary to use a separate analyser capable of 
processing the entire duration of the test as part of the verification process. Normally 
controllers are only able to sample a short duration of the test for this purpose. 

d) The sine component whether swept or fixed frequency is combined with the 
broadband random as either the sum or maximum of the two signals for a specific 
spectral line. Which of those two combination methods is adopted to specify the test 
level should be based upon how the original test spectra were analysed. This has a 
direct effect on the limit, which can be applied to the sine component since the 
random process has a wider variation than the sine component.  Caution should be 
exercised by the control system operator to fully understand the method in which 
various control system vendors define narrow bands and sweep bands to ensure 
test specifications are met. 

B.5 VERIFICATION 

B.5.1 Principles of Verification 

B.5.1.1 The verification process is an essential activity in the control process for vibration and shock. 
It is undertaken to demonstrate that the required test severities have been achieved within 
the specified test tolerance bands. The results of the verification process should be included 
in the test report. Verification shall be undertaken over the full test frequency range for 
vibration and over the required frequency response range for shocks. Where swept vibration 
components are included in the test severity, then verification shall include the complete 
sweep. For vibration tests that include swept components and for shock tests this may 
necessitate the use of a separate signal analyser to that used to control the test.  
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B.5.1.2 The format used in the presentation of the verification process results shall be the same as 
that used in the specified test unless otherwise specified. That is, if the test severity is defined 
in terms of random vibration, then the verification shall also be in the Power Spectral Density 
format. Conversely if sinusoidal components are defined they must be verified as sinusoidal 
amplitudes. 

B.5.1.3 Different aspects of the verification process are undertaken pre-test, during the test and post-
test. Verification during the test has the advantage that it allows automatic checks to be 
performed which would detect any changes in behaviour or failures of the rig / specimen to be 
detected and the test stopped in a safe manner for investigation. Options for undertaking 
automatic online checks include: 

a) Hardware control limits – Most controller hardware allows limits trips to be set. 
Limits can be set on displacement, load and control loop error for each actuator and 
also on general parameters such as current, voltage and oil pressure, level and 
temperature. 

b) Response signal limits – Maximum limit trips can be set on signals obtained from 
the specimen which will halt the test in a similar way to the hardware control limits. 
These protect against specimen failure. 

c) Response signal trend monitoring – Some controllers allow mean and standard 
deviation values of the response signals for a sequence to be monitored and 
checked for trends. This is intended to check for specimen degradation. 

d) Simulation check – In some cases measured response signals can be compared 
with measured data. Where in-Service data are available for transducers locations 
which are not being used as part of the iterative control loop, these transducer 
responses should be monitored to ensure that they are not significantly larger than 
the measured levels. 

e) Specimen monitoring – The test should be halted from time to time to check for 
potential damage. This could also include monitoring of mount or isolator 
temperatures.  

f) Amplifier soft limits - Most current power amplifiers allow voltage and current limits 
to be set to prevent damage to the complete system. 
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B.5.2 Pre-Test Verification 

B.5.2.1 Pre-test verification is principally undertaken to verify that the test setup parameters are 
correct and that the feedback signal, against which the test will be controlled, are of good 
quality and quantitatively correct. Pre-test verification includes: 

a) Ensuring that the signal processing parameters are correctly set to meet the      
test signal characteristics. 

b) Ensuring that the statistical parameters set to achieve the desired test 
specification are adequate to achieve the desired test stability and accuracy. 

c) Signal checks to ensure that the response signal is present, correctly calibrated 
and free from noise contamination. Also verification that the input and output signals 
are sensibly phase related. 

d) Checks should be made to ensure that the specimen is behaving as expected. 
That is attachments are correctly maintained, transducers remain attached and 
motions of transducer cables are not excessive etc. 

e) Verification that the required distortion criteria have been met and, if appropriate, 
that the correct Gaussian distribution can be achieved. Specifically for random 
vibration, also checks for out of range frequency response effects. 

f) Pre-test equalisation to establish that a consistent frequency response function 
has been generated. This is to ensure that no high ‘Q’ rig responses are present 
which could prevent an accurate test, that the desired degree of accuracy has been 
achieved and that no significant non-linear response are present etc.  

g) Ensuring that all setup data has been entered into the computer accurately. 

B.5.3 Verification During the Test 

B.5.3.1 Verification during the test is principally undertaken to verify that test specification is being 
met and to ensure that the specimen is not over or under tested. Verification during testing 
includes: 

a) During equalisation, checks that the required spectral shape is developing 
correctly when compared with the test specification. At this stage the analyst is 
looking to prevent any likely serious overtest and that the specimen is suitably 
dynamically behaved. 

b) Verification that the computed drive signal is within the capability of the vibration 
generator i.e. acceleration, velocity and displacement. Problems can occur where 
excessive accelerated test levels have been specified either to reduce the test time 
or by the inclusion of excessive test factors. 
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c) Comparisons between the feedback signal and the test specification in the 
frequency and/or time domains. In the frequency domain this would include checks 
on signal quality, rms, PSD, and whether they are within tolerance, alarm or abort 
limits etc. In the time domain this would include signal quality, rms comparisons of 
waveform shape, level, number of reversals and decay rate etc.  

d) Verification that the drive signal is within a sensible range and there are no zero 
data points within the drive spectra.  

e) Checks should be made on the error signal to ensure that it is minimised. In the 
case of shock the error signal is based upon absolute measurements and therefore 
is a direct measure of the error achieved. Checks should be made to ensure this is 
minimised. In either vibration or shock where the error cannot be minimised to an 
acceptable level consideration should be given to the following: 

* Reduce loop time. 

* Check for faulty transducers. 

* Check rig performance, including any rig resonances. 

* Check rig configuration. 

* Check transducer setup. 

* Compare the desired and achieved spectra and determine if certain problematic 
frequency bands can be eliminated.  

f) Throughout the test period checks should be made to demonstrate that the control 
remains stable and consistent. Variations in control during the test may arise from 
damage to the specimen, non-linear behaviour and any event, which causes the 
control to depart from stability. The latter may also arise if inappropriate settings for 
running average and weighting have been used. 

g) Verification should normally be undertaken at the beginning, middle and end of 
the test. 

B.5.4 Post Test Verification 

B.5.4.1 Mostly post-test verification utilises derived analytical functions to verify that the test has 
been completed to the specified requirement. However, in some cases more pragmatic 
subjective comparisons may also be necessary especially for complex shock waveforms. 

a) In the case of vibration typical derived analytical functions include PSDs (spectral, 
shape and level), rms, narrowband amplitudes over full sweeps, FDS and Rainflow 
counting etc.  
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b) In the case of shock these include time domain functions (shape / level/ 
reversals), SRS, Temporal Moments, Rainflow counting and FDS etc. Subjective 
comparisons may include overlaying the respective time histories and coming to a 
judgement of similarity based upon overall shape, reversals, peak levels and decay 
characteristics. 

c) Other checks include out of frequency range responses actually achieved, 
Gaussian distribution and distortion checks etc. 

d) Checks should be made to ensure that the specimen attachments were correctly 
maintained throughout the test, that transducers remained attached and the 
specimen was undamaged. 
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