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Abstract: The vibration load subjected to many products is the 
combination of several random processes corresponding to different 
application conditions, such as the various field road load inputs for 
automotive components. Sometimes the input loads are the combination 
of random and sinusoidal vibration. Due to the convenience of test setup 
and monitoring, the sinusoidal vibration sweep tests are often used for 
product durability validation by many automotive and consumer product 
manufacturers. It is therefore important to correctly correlate the sweep 
test to the field vibration. This work presents a tool for transferring the 
measured field random vibrations into a sinusoidal sweep test by using 
the damage equivalence technique. This requires that fatigue damage 
generated in the sinusoidal sweep be equivalent to the damage during the 
desired lifetime in the field operation. Based on this approach, a 
correlated lab-test specification, including the vibrations level and test 
duration, can be determined according to the field random load input, the 
desired product life goal of a product, and the material structural 
properties. 

Keywords: FDS, Equivalence, Sinusoidal Sweep, PSD, MIL-STD 810F, 
IEC-STD, and MATLAB. 
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1 Notation 

A                    Acceleration amplitude in real time 

 B                   Fatigue Strength Co-efficient 

0B                  New Fatigue Strength Co-efficient 

 b                   Wholer Exponent 

 c                   Viscous Damping 

C                    Fatigue Strength Co-efficient  

 D                  Displacement 

sD                  Standard Deviation 

TD                 Total Damage 

E                    Exaggeration factor 

ED                 Fatigue Damage    

f                     Frequency 

F Force 

g Acceleration of gravity 

G                   Power Spectrum Density  

pG                 Equivalence  

K                   Time reducing Factor 

k                   spring constant 

m                   Material Fatigue Strength 

M                  Mass of body 

N                   Mean Number of Cycles 

P                    Population (reliability) 

Q                   Resonance Gain   

S                    Stress Amplitude     

V                   Velocity 
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W                   Sample Size   

Z                     Acceleration amplitude in service time 

eσ                  Stress Amplitude 

mσ                  Stress  

f∆                 Frequency interval 

n∆                 Total number of cycles 

eS                   Equivalent Tensile Strength 

uS                   Ultimate Tensile Strength 

γ                     Confidence level 

f0                    Natural frequency 

ξ                     Damping 

ω Angular frequency 

 

Abbreviations 

FDS                       Fatigue Damage Spectrum 

SDOF                                 Single Degree of Freedom System 

PSD                       Power Spectrum Density 

SRS                                    Shock Response Spectrum 

MIL-STD-810F Military Standards 

ISTA                       International Safe Transit Association 

ISO                       International Standard Organisation 

IEC                       International Electro-technical commission 

EMF                                   Electromotive Force 
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2 Introduction 

2.1 Background 

Shipping containers carrying Military, civilian hardware and the engine 
mounted equipments assembled on the vehicle, during any operations can 
be subjected to infrequent vibrations. When the vehicle travels off road 
being delivered to remote fields of operation, the ride can be quite rough. 
Items that see rough road duty may be encased engine components, 
telephones, laptops, missiles or medical equipment, regardless of the 
journey, the gear has to work upon arrival. This requires the fatigue damage 
generated in the sinusoidal sweep to be equivalent to the damage during the 
desired lifetime in the filed operation. Based on this approach, a correlated 
lab-test specification, including the vibration level and test duration, can be 
determined according to the field random load input, the desired product 
life goal of a product, and the material/structural properties. If a generic test 
specification is required without knowing the material/structural properties, 
an approximation approach is proposed based on some engineering 
assumptions [1]. 

The basic assumption is that the product can be modelled as a linear 
structure with local nonlinear plasticity and that fatigue damage is a major 
concern. In this thesis work, the development of test specifications for a 
truck at different driving conditions is demonstrated as an application 
example. 

2.2 Aim of the work 

The aim of the project is to study the theoretical background for the 
correlation, vibration tests, treatment of the problem in different standards 
and suggested methods. As a practical example, recorded vibration signals 
from a truck at different driving conditions can be used.  

 

 

 

 



 9

2.3 Description of the work 

The thesis work has been divided into five stages.  

• Theoretical study of different vibration tests for correlation. 

• Understanding of FDS. 

• Study of various methods described in different standards. 

• Theoretical study of experimental field data and understanding 
of field measurement data in MATLAB. 

• Performing calculations to obtain curves and results in 
MATLAB. 

This thesis report primarily tries to introduce different vibration tests. 
Fatigue damage spectrum is defined and dealt in chapter 4 followed by 
explanation of various standard tests and methods studied. In chapter 7 a 
vehicle is taken as an example for better understanding of the actual 
positions of excitation and measurements of the field data obtained from a 
truck. Various curves obtained while analysing the measured field data are 
plotted in chapter 8 followed by the results. 
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3 Vibration Tests 

3.1 Introduction 

The purpose of this vibration tests is to determine mechanical weakness 
and/or degradation in specified performance and to use the information, in 
conjunction with the relevant specification, to decide whether an equipment 
or component, is acceptable or not. It may be used, in some cases, to 
determine the structural integrity of specimens and/or to study their 
dynamic behaviour. Categorization of components can also be made on the 
basis of a selection from within the severities quoted in the test. 

In order to begin adequately addressing the question of vibration testing 
equivalence, we need to be specific about the types and conditions of 
transport. These tests are applicable to engine components, equipments and 
other articles affected by vibrations generated by rotating, harmonic, 
pulsating or oscillating forces, which for example, occur in transport trucks, 
land vehicles, ships, aircrafts, rotorcrafts and space applications. 

3.2 Vibration testing 

The basis for vibration testing is closed loop control of vibratory excitation, 
more commonly know as vibration control.  

Three groups of hardware which are common: 

1) An excitation group comprised of a signal generator (output module), a 
power amplifier and an electro-mechanical shaker.  

2) A feedback circuit made up of an accelerometer, some signal 
conditioning and a monitoring unit (input module). 

 3) A control unit.  

As shown in the figure 3.1, to perform the test, you send a drive signal from 
the signal generator to the power amplifier and hence to the shaker. The 
shaker shakes the test article. The level of vibration is sensed by the control 
accelerometer, which is monitored in the input module. The controller then 
makes the necessary adjustments to the drive signal so that the vibration 
level meets the test specifications. 
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               Figure 3.1 Vibration Control System. 

3.2.1 Categories of Tests 

There are categories of commonly-used tests in the transport packaging 
field, and sub-categories of each.  

• Bounce test 

• Sinusoidal sweep test 

• Random noise test 

• Shock test 

3.2.2 Bounce Test 

First is the “bounce” test, technically this is not vibration, but a repetitive 
shock(“bounce”) test where the specimen repeatedly leaves the surface-as 
evidenced by the ability to insert a thin shim under it. 

The military designed the “Loose cargo test” section in Mil-Std-810 to 
simulate the motion of an unrestrained container as it repeatedly collides 
with the walls and floor of a four-sided enclosure (and other cargo) in a 
semi-elliptical trajectory. This test usually runs for 45 minutes and will 
simulate approx. 240 kilometres (all three axis simultaneously) of transport. 
This process requires a special, low rpm (300), low (5) Hz, and 2.5 cm 
displacement test bed package tester. 
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The International Safe Transit Association (ISTA) developed a civilian 
package test procedure resembling the military test: 1A for products 
weighing less than 150 lbs and 1B for over 150 lbs. Additional tests in 
subsequent procedures such as 1C, 1D, 2A and further combine the loose 
cargo basic test with atmospheric conditioning and other factors. 

ISTA test duration are specified in terms of the total number of impacts 
(“bounces”), either 11,800 or 14,200.The test time varies depending on the 
actual frequency used, but usually is in the neighbourhood of 40 to 60 
minutes. 

ISO 2247 “Basic Test Intensities”, recommends basic test duration of 20 
minutes, with a range of from 10 to 60 minutes. The times of 10-20 minutes 
seem short by ISTA standards, but 60 minutes corresponding well. 

This test is usually conducted at the frequency where bouncing just begins 
(nominally 4.6Hz.). 

3.2.3 Sinusoidal Sweep Test 

Swept sine is the logical extension of fixed-frequency sinusoidal vibration.  
It is commonly used in product testing to expose a product to a full range of 
vibration excitation, but only one frequency at a time.  This frequency 
range is generally selected to cover those frequencies that the product might 
see in actual use, but the intensity of the vibration may be increased over 
real world expectations.  This is to help ensure appropriate design margin, 
as the testing will be very short in duration compared to the projected life of 
the product. 

One very specific use of swept sine is to determine resonant frequencies.  
All products have naturally occurring resonant frequencies.  At these 
frequencies, the applied vibration will be magnified by the natural structure 
of the device.  To parametrically evaluate resonance, a dimensionless 
number, transmissibility, which is the ratio of the acceleration experienced 
by the product to the acceleration input to the system, is used.  
Accelerometers mounted to the vibration table (or fixture) and to the 
product itself are used to record this data.  Any frequency where the 
transmissibility exceeds a predetermined cut-off (typically 2.00) is 
considered resonant.  As this may include a large number of frequencies 
within the range, this may be simplified to include only the local peaks 
ignoring those frequencies surrounding the peak.  Making this 
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simplification does incur some risk, but this risk is usually outweighed by 
practical testing requirements (time, money, resources, etc.). 

To understand clearly about sinusoidal sweep test, first we have to know 
the relationship between acceleration, velocity and displacement, one of 
this is fixed and frequency dependent. It is not possible to vary any one of 
these three parameters without affecting another, and for this reason, one 
must consider all of them simultaneously when specifying or observing sine 
vibration.   The three parameters of acceleration, velocity and displacement 
are all linear scalar quantities and in that respect, at any given frequency, 
each has a constant, proportional relationship with the other. In other 
words, if the frequency is held constant, increasing or decreasing the 
amplitude of any one of the three parameters results in a corresponding 
proportional increase or decrease in both of the other two parameters. 
However, the constant of proportionality between the three parameters is 
frequency dependent and therefore not the same at different frequencies.  

Dynamic deflections of materials caused by vibration can cause a host of 
problems and malfunctions including failed electrical components, 
deformed seals, optical and mechanical misalignment, cracked or broken 
structures, excessive electrical noise, electrical shorts, chafed wiring. 
Because sine vibration is basically a certain fundamental frequency and the 
harmonics of that fundamental, in its pure state, this type of vibration is 
generated by a limited but significant number of sources. Expressed as 
amplitude versus frequency, sine vibration is the type of vibration 
generated in the field by sources such as engine rotational speeds, propeller 
and turbine blade passage frequencies, rotor blade passage and launch 
vehicles. 

While much of "real world" vibration is random, sine vibration testing 
accomplishes several important goals in product qualification and testing.  

Much material and finished product was modelled on some type of sine 
vibe signature. A sine sweep of frequencies will determine whether the 
assumptions were correct and if the deviations are significant enough to 
cause design changes. In other words, sweep will establish if the anticipated 
frequency has been met and/or discovers the test item fundamental 
frequency. 

Similarly, a sweep will help identify the test subject resonance frequencies, 
which may be the points at which the item experiences particularly stressful 
deflections. By dwelling at those frequencies in subsequent tests, premature 
failures due to the properties of the material may come to light before the 
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item sees field use. Some of the following tests include fixed frequency at 
higher levels of the controlling variable (displacement, velocity, 
acceleration), and random vibration. Per customer request, we should run 
sweeps in one direction, decreasing, increasing or bi-directionally and can 
change frequency logarithmically or linearly. 

Test Procedure 

In general, sinusoidal vibration testing uses the following conventions for 
measurement of vibration levels. Acceleration is normally specified and 
measured in its peak sinusoidal value and is normally expressed in 
standardized and normalized dimensionless units of ‘g’s peak. In fact, a ‘g’ 
is numerically equal to the acceleration of gravity under standard 
conditions, however, most engineering calculations utilize the 
dimensionless unit of g’s and convert to normal dimensioned units only 
when required.   Velocity is specified in peak amplitude as well. Although 
not often used in vibration testing applications, velocity is of primary 
concern to those interested in machinery condition monitoring. The normal 
units of velocity are inches per second in the English system or millimetres 
per second in the metric system of units.   Displacement is usually 
expressed in normal linear dimensions; however, it is measured over the 
total vibration excursion or peak to peak amplitude. The normal units of 
displacement are inches for English or millimetres for the metric system of 
units.   As mentioned previously, these quantities are not independent and 
are related to each other by the frequency of the vibration. Knowing any 
one of the three parameter levels, along with the frequency of operation, is 
enough to completely predict the other two levels. The sinusoidal equations 
of motion stated in normal vibration testing units are as follows. 

Inspection of the above equations shows a couple of important relationships 
that, if understood, will make using and specifying vibration tests easier.   
The first is the squared frequency relationship between displacement and 
acceleration. Analysis shows that for normal sine testing, the displacements 
above 80 or 100 Hz are generally small. Conversely, if acceleration is held 
constant and the frequency is lowered, displacement increases rapidly with 
the frequency change. This can come as a surprise to those new to vibration 
and has resulted in more than one damaged system and test article.   The 
second is that velocity has a proportionally increasing (or decreasing) 
relationship with either displacement or acceleration. In other words, the 
velocity will increase (or decrease) in direct proportion to the frequency if 
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either of the other parameters is held constant. Velocity is of interest when 
damping components or back EMF issues are important to the testing.  

 

Sine Tests by far the most common type involves a logarithmic frequency 
sweep holding a specified acceleration constant at the base of a test article 
or its mounting bosses on the test fixture. A control feedback accelerometer 
is mounted in the desired position on the fixture and the level is maintained 
as the frequency of vibration is swept. This method insures excitation at all 
frequencies between the sweep end frequencies. This type of testing usually 
will cycle up and down repetitively between frequency limits for a 
specified time or number of sweep cycles to ensure that adequate reliability 
levels are attained.   If the testing requires low frequencies, the limitation of 
the shaker/system available displacement may require lowering the test 
acceleration. 

From the nomogram above, displacement limitations are often required and 
specified. A typical sine test specification might be as follows. 

Sinusoidal vibration with bidirectional 1.0 octave/minute logarithmic swept 
frequency between 5 and 1000 Hz, maintaining a level of 10 g’s pk except 
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as limited by (Figure 3.2).75 inches pk-pk, 20 sweep cycles total.   It can be 
seen from the graph above and the previous engineering equations that the 
vibration level should be 10 g above 16.2 Hz and .75 inches pk-pk below 
this “Crossover frequency”. Most servo sweep oscillators are designed to 
facilitate this type of testing. 

Also common are single frequency dwell tests that specify a single critical 
frequency and acceleration or displacement level and a dwell time. Less 
common are manual resonance survey, automatic resonance dwell, sine-on-
random and many other sine test specifications requiring sophisticated 
control systems often involving multiple feedback accelerometers. 

 Force Requirement Once the vibration level requirements are defined for 
testing purposes, a vibration system can be specified. Since 
electrodynamics shakers are primarily force generators, the available 
systems use force output as their primary rating. The maximum required 
force for any given specification generally will correspond to the portion of 
the specification having the highest acceleration. It is common to size a 
shaker system for a given test by assuming that the load is non-resonant and 
calculating the requirement for a dead mass load of equivalent weight.   All 
of the elements connected to the armature must be considered part of the 
dynamic load. This includes the shaker armature itself, any test article 
mounting fixture and the test article itself. 

Accelerometers placement and force limiting instrumentation are very 
important considerations in experimentations. Generally a frequency range 
of 0 to 200 Hz is obtained in hydraulic shakers, and up to 5000 Hz in 
electro-dynamic shakers. Due to a large number of advanced, well 
maintained electro-dynamic as well as hydrodynamic vibration equipment, 
a right combination of frequency, displacement and acceleration can be 
developed to satisfy test requirement. 

Sinusoidal sweep test are intended to vibration environmental test and is 
commonly used in transport packaging field. 

Another typical sinusoidal vibration test, sine burst such as the teardrop, 
goes rapidly to peak pulse and then decays at lower rate (to prevent damage 
to the unit). The burst test puts a maximum load into an article at a rapid 
rate and particularly stresses joints and seams to identify workmanship and 
design issues.  
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Figure 3.2 Sine Sweep Test. 

3.2.4 Random Noise Test 

Most vibration in the real world is random. For example, vehicle travelling 
over roads experiences random vibration from the road’s irregularities. A 
ground-launched rocket vehicle experiences non-stationary vibration during 
its flight – the motor ignites, the rocket travels through the atmosphere, the 
motor burn ends, and so forth. Even a wing, when subjected to turbulent 
airflow, undergoes a random vibration response. Among items typically 
tested with random vibration are motorcycle component, jet engines, cruise 
missiles, catalytic converters and any products that will see transportation. 

Random vibration is composed of multitude of a continuous spectrum of 
frequencies. It can be presented in the frequency domain by a power 
spectral density function [G2/Hz where G is GRMS]. A general predicting 
method for PSD is [6]. 

   PSD = g2/Hz. 

As discussed in sine sweep test, the test is done with Analog oscillators, 
shock tests are done with drop tables and random vibration tests are done 
with banks of Analog filters.  

Procedure 

Analog random vibration control systems provide the first random noise 
vibration testing capability. Banks of fixed Anlog filters, 40 to 100 of them 
in a rack (Figure 3.3) allow shaping of the drive spectrum to suite the need, 
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much like an audio equalizer. It can be considered that each filter 
equivalent to a line of frequency resolution in a digital system. A tracking 
filter sweeping through the frequencies provide the response spectrum, 
which is measured at the test article. These systems have two advantages 1) 
lower cost and 2) a simple, easy to understand concept adjust the gain of 
the appropriate filter until the response is at the desire level. 

The greatest weakness of the Analog random vibration systems is that 
setting up a test takes a long time. An Analog system would require 
anywhere from 20 minutes to 8 hours to equalizer before a test could be run 
if the test were even controllable. Equalization is a long trial and error 
effort since gain adjustments are poorly calibrated and tracking filters take 
a long sweep through each trial, with digital systems, more tests are 
controllable and equalization can be achieved in seconds, minutes at most. 
The greater dynamic range and more lines of control permit finer 
adjustments to the drive spectrum. The computer provides speedy and 
accurate control. 

 

             
Figure 3.3 old system for Random Noise Test. 

3.2.5 Shock Test  

Shock testing of products and materials determines to what degree the 
items can physically and functionally withstand a relatively infrequent, 
short time, moderately high level force impulse that would be encountered 
in handling, transportation, and service environment 
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• Pyro Shock Mil-Std-810 

Pyrotechnic shocks are usually detailed in terms of a Shock Response 
Spectra (“SRS) and are expressed in terms of acceleration (g) and natural 
frequency (fn). Electro-dynamic exciters used for Pyroshock simulation can 
accept loads of up to 1000 pounds and produce peak shock spectra up to 
4000 g. Shock spectra can be controlled with ½ octave equalization. 

Components that might experience this shock environment include devices 
used in satellites and launch vehicles, as stage separation and satellite 
ejection often involve pyrotechnic events, e.g. explosive bolts. A second 
group of components requiring Pyroshock testing may be those mounted in 
close proximity to the event or mounted on the skin of structures, such as 
brackets, sensors, cameras and other equipment. 

Mechanical shocks are generally limited to a frequency range of up to 
10,000 Hz and time duration of not more than 1.0 second. This type of 
testing stresses the materials, and test mechanical, electrical, hydraulic and 
electronic parts to asses the physical integrity, continuity and functionality 
of the material. Mil-Std-810 tailoring mechanically induced shock to 
particular situation: steel to steel, steel to lead, low g’s with moderate 
duration, high speed with long duration and ½ sine wave form, jolt and 
tumble, classical shock, drop towers delivering to 20,000 Gs and a unique 
hammer device producing a metal to metal shock on 3 axes simultaneously.  

• Shipboard, Mil-S-901 testing 

Equipment on Naval surface ships and submarines experiences many 
different types of shock. Aircraft launch mechanism, steam catapults, tail 
hook arresting cables, and missile launchers generate various types of 
shocks, as may combat situations including a direct hit by enemy ordnance. 
Shipboard testing looks at Grade A items, essential to the safety and 
continued combat capability of the ship and Grade B items, which could 
become hazard to personnel or the ship as a whole. Type A through Type C 
classifications of equipment divides shipboard equipment into systems and 
subsystems, such as a diesel generator versus an electric motor of the diesel 
generator. Special shock test machines are required to perform lightweight 
and medium weight shock test per Mil-S-901 tests; heavyweight shock test 
requires barge testing with ordnance. 

Used in test Missiles, generators, radio equipment, gauges, storage vessels 
or any other shipboard system, MIL-STD-901 complaint shock test 
program with MIL-STD-810 transportation/handling. 
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Procedure 

Shock test in earlier days a drop tables were conceived .A drop table is 
basically a pair of stiff columns, a good heavy base and an adjustable drop 
which holds the test article (Figure3.4). An accelerometer mounted on the 
drop plate records the event on a chart recorder. The trace is the document 
which indicates whether or not the proper shock has been applied to the test 
article. The number and shape of lead energy absorbers placed under the 
drop plate deter mines the shape of the shock. The shaping of the absorbers 
was and is an art .Each new setup and sometimes, each new test article, 
requires a number of trial drops to get the right combination. Digital system 
with an electro-dynamic shaker and amplifier has already replaced many 
drop tables. Digital systems pro video pre-programmed waveforms or 
pulses which can be output one at a time or in a series. They permit 
transient tests to be run using recorded data as the control pulse not at all 
possible with drop table. From test to test, the pulses are more repeatable 
with digital system drop table tests will not go away, however many of 
these tests require displacement or very high energy levels, shakers cannot 
provide these. Since most digital systems also have a measurement 
capability, they can still be used to document the tests and thus, save the 
time in reducing the data. 
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      Figure 3.4 Shock Test. 
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4 Fatigue Damage Evaluation 

4.1 S-N Curve 

Material fatigue properties are usually measured in terms of S-N curves, a 
graph plotting stress amplitude, S versus mean number of cycles to failure, 
N for a fatigue test (figure 4.1). A variety of laboratory tests exists to 
produce such data, including rotating bend, cantilever bend, torsion, etc.  

Some materials, notably low carbon steels exhibit a fatigue limit, below 
which stress, failure never occurs. More commonly, no such limit exists 
and an endurance limit must be defined as the stress required causing 
failure after 108 cycles. 

 

                       

Figure.4.1 S-N Curve. 

Fatigue considerations are important because the consequent failure is 
generally sudden and at a stress level much lower than the ultimate stress.  

Fatigue properties of materials are generally determined by producing 
Wohler /S-N Plots. These are simply plots with stress as the vertical axis 
and log (number of complete stress reversals) as the horizontal axis. A 
number of material specimens were tested and the points at which they 
break, plotted on the S-N curve (figure 4.1).  

It is a useful property of steel (and titanium) that when the stress level fall 
below a certain value the specimen is effectively never likely to fail. 
Generally, other materials do not exhibit this effect.  

The fatigue strength is the maximum completely reversed stress under 
which a material will fail after it has experienced the stress for a specified 
number of cycles. (The strength accompanied by the number of cycles). 
Fatigue Strength (fixed number of cycles) = Sn. 
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The Fatigue limit is the maximum completely reversed stress, which 
assumes that the material will never fail regardless of the number of cycles. 
Fatigue Limit = S’n. 

4.2 Fatigue life      

Cyclic loading life consideration 

A component is stressed to some extent in its operating life. In all loading 
scenarios it is desirable to design the component to minimize stress 
concentrations and maximum the strength of the component material using 
good design practices. 

1) Static loading: 

 If the component is stressed to a constant stress level for its operating life 
then fatigue loading design is not appropriate and for ductile materials the 
stress concentration factors are not important. If the component is brittle 
e.g. Cast Iron, then the stress concentration factors need to be considered in 
the design process. Design using the material yield strength and ultimate 
strength using the appropriate strength formulae and Factors of Safety can 
be completed. 

2) Low life Loading -Stress cycles < 103 stress cycles over the design life. 

This condition is approached in a similar manner to the static loading 
scenario. There is a need to review the loading with respect to the material 
fatigue properties. 

3) Finite life Loading - Stress cycles 103 to 106 stress cycles over design 
lifetime. 

Use S-N (Wohler) curve for relevant material and determine the relevant 
fatigue stress level at the relevant design life Sn. The fatigue modifying 
factors must be considered and the stress concentration factors should also 
be considered. If the cyclic stress level at different values over the 
operating lifetime then it may be appropriate to use the Palmgren-Miner 
rule. (Discussed in the next chapter). 

4) Infinite life Loading - Stress cycles >106 stress cycles design lifetime 
for ferrous metals and titanium alloys the endurance limit may be used S'n.  
For non ferrous the fatigue strength limit S'n may be used, with care, as a 
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design material strength (assuming the n-cycles. Used is similar compared 
to the projected life).    

The S'n value to be modified by the appropriate fatigue modifying factors 
and the design should apply appropriate stress concentration values and 
factors of safety. 

4.3 Palmgren-Miner Rule 

In actual service, parts are seldom stressed repeatedly at only one stress 
level and, hence, the problem arises as to the cumulative damage effect of 
operations at various levels of stress reversal.    Consequently, the linear 
cumulative damage rule or the Palmgren-Miner rule has come into common 
usage.   It assumes that the total life of a part may be estimated by merely 
adding up the percentage of life consumed by each stress cycle. 

4.3.1  Estimating Cumulative Damage in the Field:  

Fatigue Damage under random vibration can be estimated based on Miner’s 
rule: [1] 

[ ] ∑∫
=

∞

==
nc

i Ai

Ai
A

A

A

SN
Sn

dS
SN
Sn

ED
10 )(

)(
)(
)(

                                                   (4.1)

  

Where )( ASn  is the number of cycles applied at the stress amplitude 
level )( AS , and )( ASN  is the mean cycle to failure at the applied stress 
amplitude )( AS , nc is the total number of the cycling load cases. The 
geometrical and surface conditions of a component will be determined 
according to the local design features of the test specimen, and will be used 
to modify the fatigue damage model. 

The mean stress effect on the accumulated fatigue damage of the 
component is treated as correction to above fatigue analysis, by using the 
following Gerber equation 
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 Where eσ  is the stress amplitude, mσ is the stress, eS  is equivalent tensile 
strength and uS ultimate tensile strength for 0=mσ . 

Usually, the relationship between )( AS  and )( ASN is expressed as follows 

m
ACSN −=                                                                                            (4.3) 

“C” fatigue strength co-efficient and “m” material fatigue strength 
exponent for the given temperature, mean stress, and surface condition. The 
material fatigue constants m and C are estimated by using the least squares 
analysis of test sample data pairs of (S-N), based on log-log scales. The 
mean S-N curve is therefore shown as a straight line on the log-log scale. 
Thus, if a specimen, stressed at s1, has a life of N1 cycles, the damage after 
n1 cycles at s1 will be n1 / N1 of the total damage, ED, at failure.   Similarly, 
for a two stress level test, where the lives at s1 and s2 are, respectively, N1 
and N2, the corresponding damages, per cycle, being ED/N1 and ED/N2 the 
total damage at failure becomes = ED . n1 / N1 + ED. n2 / N2 or 1 = n1 /N1 + 
n1 / N2 where n1 and n2 are the total number of cycles at s1 and s1, 
respectively. 

For a multi-level test, Palmgren - Miner rule states  

Failure if n1 / N1 + n2 / N2 + n3 / N3...... > 1 

4.3.2  Example  

A component is designed for  

• A stress of 360MPa for 8,000 cycles. Life N1 from S_N curve = 
20,000 cycles  

• A stress of 340MPa for 10,000 cycles. Life N1 from S_N curve = 
40,000 cycles  

• A stress of 280MPa for 40,000 cycles. Life N1 from S_N curve = 
200,000 cycles. 
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8,000 / 20,000 + 10,000/40,000 + 40,000 / 200,000 = 0.8 

 (This is less than 1).The part will probably not fail in fatigue. 

4.3.3 Reliability Model for Fatigue Test 

As discussed earlier that material fatigue test samples pairs of (S-N) are 
randomly scattered on their stress(S) and number of cycles (N) plots. A 
mean S-N curve can be estimated by using the ‘Least square analysis’ of all 
test sample data pairs of  (S-N) on the log-log scales, based on a data 
sample size of W,  as illustrated in (figure 4.2). The material fatigue model 
in equation(4.2) is therefore only a medium S-N curve ,estimated from the 
limited sample size(W).It is also know that the fatigue life log(N) of set a 
S-N fatigue test data has a random distribution, corresponding to a given 
fatigue strength level log(S). 

Assuming log (N) as normally distributed for given log(S), and its variance 
is a constant, the uncertainties in S-N estimators can be then accounted by 
using the tolerance interval technique. That is, the new design S-N curve 
can shift to left (safe side of Data) by amount of margin, which is 
determined from reliability requirements and statistical properties of the 
fatigue sample data. The new design S-N curve is  

 sp DWKBB )()log()log( ,0 γ−=                                                           (4.4) 
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             Figure.4.2 Fatigue S-N Data. 

Where 0B  is the new fatigue strength co-efficient replacing B in equation 
(4.4), sD  is the standard deviation of the test sample data in log (N), and 

)(, WK p γ  is the factor for a one-sided tolerance interval, corresponding to a 
proportion p of the population (reliability), confidence γ  and sample size 
W. For a given set of reliability parameters, that is, the sample size W, 
confidence level γ  and reliability goal p, the factor )(, WK p γ  can be found 
in the table of factors for one-sided tolerance limits for normal distributed 
from “Experimental statistics, NBS handbook 91”. 

4.4 Fatigue Damage Spectrum      

Definition: 

The fatigue damage spectrum (FDS) is the curve giving the variations or 
Damage versus natural frequency, by taking into consideration of material 
constants and Wohler exponent (b) [2]. 

This is a curve representation of the variations of the damage by fatigue 
suffered by a Single degree of freedom linear mechanical system (natural 
frequency ‘f0,’ damping ‘ξ’) subjected to a vibration of duration T, for a 
given value ofξ, Q and b, according to f0. 
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General expression for damage 

In the same way as for the extreme response, with the same notations, a 
more general relationship appropriate for an excitation defined by 
acceleration, a velocity or a displacement can be expressed [2]. 
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These spectra can be used: 

• To compare random vibrations, sinusoidal vibrations, swept sine, 
and even shocks 

• To view Fatigue damage suffered by a system related to the 
accumulation of the stress cycles over a long duration. 

• To transform the whole of vibrations and shocks to which a 
material is subjected during its real use (life cycle profile) into a 
sizing or test specification with possibly reduced duration. 
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Figure 4.3 Principle of FDS, Fatigue Damage spectrum. 

The basic principle used to plot Fatigue damage spectrum can be seen in 
Figure 4.3. The response obtained from the SDOF system as a time 
function z(t) is observed and all the amplitudes of the peaks are noted as zi 
and then a histogram is drawn between the amplitudes(zi) and the number 
of peaks(ni), possessing the amplitude. The stresses σ  in the system are 
calculated and the number of cycles (N) is calculated using the obtained 
stress. A plot between logarithms of S and N for displacement is as shown 
in (Figure 4.3). The equations in the figure 4.3 are clearly explained in 
section (4.3.1). 

4.4.1 Fatigue damage by a swept sine vibration on a SDOF 

General case 

If Miner’s rule and Basquin’s representation ( CN b =σ ) are adopted to 
describe the S-N curve, the fatigue damage ED is expressed [2]. 
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Where mz is the maximum response displacement (function of f), or 

( )[ ] dtfHltf
C
K

ED
bt

m

b b

∫=
0

)(                                                              (4.8)     

H (f) being the transfer function of the system. If we can suppose that the 
sweep rate is rather low so that the response reaches a high percentage of 
the response to a steady state excitation, the transfer function H if a single 
degree-of-freedom system can be written [3]. 
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The fatigue damage spectrum of a random vibration is obtained by plotting 
the variations of damage to a single degree-of-freedom linear system versus 
its natural frequency 0f , for a given damping ratio ξ . 

The damage at a given natural frequency 0f resulting from the application of 
a test defined by a swept sine excitation, swept partially at constant 
displacement and practically at constant acceleration, is equal to the sum of 
each of the two damages created separately by these two sweeps. 

4.4.2 Logarithmic Sweep 

Log sweep can be defined as in Equation. The sweeping is continuous and 
the frequency changes exponentially with time. During sweeping, the 
frequency is required to change exponentially with time so that [2]. 
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Where 
0

1
1 f

f
h =  and 
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2
2 f

f
h =  

Where: 

  f = frequency 

1f = lower frequency limit of the sweep 

k = factor depending on sweep rate 

t = time 

The sweep rate is one octave per minute and thus k = loge2=0.693, if the 
time is expressed in minutes. 

The number of octaves for a sweep cycle is given by: 
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Where 

N = number of octaves 

2f = upper frequency limit of the sweep      

The logarithmically swept sine for field test is generally used for more 
suitable time measurements 

• The logarithmic sweep uses the same time (and energy) for every 
octave. A good S/N ration for all frequencies in typical field data 
measurements can be achieved. 

The logarithmic sweep also provides a sweep rate, which is low at 
frequencies but increases with the frequency hence can be used to measure 
distortion also at low frequencies without making the whole sweep very 
slow. 
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Logarithmic sweep at constant acceleration  

In this case, 2
0

24 f
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Logarithmic sweep at constant displacement  

This case, 
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Linear Sweep: 

The linear sweep is not very ideal, if the measurements shall cover a broad 
frequency range [2]. 

• Often the S/N ratio at low frequencies is critical, but the linear 
sweep has relatively little energy at low frequencies. In order to 
achieve a sufficient S/N ratio, at low frequencies a very slow sweep 
has to be used, wasting time (and energy) at high frequencies. 

• The linear sweep also becomes very slow, if the swept rate is 
required to be kept very low in order to measure distortion at low 
frequencies. 
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4.4.3 Estimating Cumulative Damage in a Lab Test 

In a lab test, a logarithmic sweep is conventionally conducted at a constant 
rate. By definition, we have [1] 

  Log f = At+B                                                                                   (4.19) 

A and B are constants to determine the sweep rate. From equation (4.1), we 
have 

df
fA
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10ln
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=                                                                                (4.20) 

The actually number of cycles for each frequency interval can then be 
estimated by 
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Writing n∆ as )( Ai Sn and substituting equations (4.2) and (4.5) into 
equation (4.1), then the total damage in the log sweep test, 
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)( fGT  is the amplitude of the input acceleration in the test, and wN  us the 
required test duration in terms of number of sinusoidal sweeps (from low to 
higher frequency and back from high to low frequency).For example, 
sweeping from 5Hz to 200Hz for 10min (f=5Hz at t=0, and f=200Hz at t 
=600), results in the values of the constants A=0.00267 and B=0.7, which 
gives the total damage in the test. 
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4.4.4 Fatigue Damage Equivalence   

With the help of equation (4.1) for a given fatigue test stress loading )( AS , 
the accumulated damage [ ]),( AA nSED  can be evaluated, corresponding a 
test cycle number An (duration).Similarly, for another set of fatigue stress 
loading BS  and test cycle number Bn (duration), the accumulated damage  
[ ]),( AA nSED  can be calculated in the same way. For the same material, if 
any two sets of stress loading (S) and test cycles (n) results in the same 
accumulated damage [ED], they will then be called the equivalent fatigue 
damage loadings [1]. 

[ ]),( BB nSED = [ ]),( AA nSED                                                             (4.24) 

The goal is to specify a lab test with certain test duration, let’s say it TD , so 
the damage generated is the same as that generated in the field for the 
desired product lifetime, FD .That is  

TD (Test profile, Test Duration)= FD (Field Load, Life Goal)      (4.25) 

For example a 10min-sweep from 5Hz to 200Hz, substituting equation 
(4.10) in equation (4.12),the required test level in the lab can be calculated 
if an appropriate test duration can be determined if appropriate test levels 
are specified. In order to correlate the sinusoidal sweep test to filed random 
vibration, a method to specify the durability test specification can be 
determined based on the damage equivalence technique using the field 
loading measurement as the input. If a product survives in the lab test 
environment, it can survive in the field during the desired life time. 

In figure 4.2 the mean S-N curve line is a baseline curve, which defines an 
equivalent damage level line with 100%fatigue damage and 50% reliability. 
The new S-N is obtained from shifting of the base S-N curve to left by 
certain amount of reliability margin. This reliability margin is, as shown in 
Equation (4.4), derived from the reliability requirements and test data 
parameters, such as reliability target, confidence level, standard deviation in 
fatigue life, and test sample size. 

The step for calculation of the fatigue damage spectra (F.D.S.) is 
logarithmic and these spectra are plotted with 500 points between 1Hz and 
500Hz frequency.   
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4.4.5 Method for calculation of Fatigue Damage spectrum and 
Correlation with Field data 

Figure 4.4 is the time signal for field tests conducted on the truck. Field test 
24 is plotted here; MATLAB function “maketime” (Appendix A) was used 
to obtain the time axis which was plotted against the given data. This signal 
is used as an input signal to calculate the Damage spectrum; Figure 4.5 
represents FDS-Displacement. ‘fdsdispl’ function is used to plot the graphs 
in MATLAB® shown in (Appendix A). 

 

Figure 4.4 Time signal for truck vibration (Test24). 
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Figure 4.5 Fatigue Damage Spectrum (Displacement) for (Test24). 

Fatigue damage spectrum can be plotted in log-log and log-linear scales.  
The logarithmic swept sine was swept for frequencies from minimum to 
maximum in a time limit; the other inputs required are ‘sampling 
frequency’ and a “Wohler exponent”. The damage was calculated by a 
swept sine excitation, partially swept at constant displacement and partially 
at constant acceleration (figure4.6). The damage spectrum of field data was 
calculated and plotted as scatter plot (figure4.7). To enhance the results the 
service life and test time are increased. 
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Figure 4.6 Scatter plot Fatigue Damage Spectrum (Displacement). 

 

Figure 4.7Correlation of sinusoidal sweep test to field tests. 

When Correlating the FDS value of sine test is plotted along with the FDS 
of field data the damage curve of field data should be below the sweep test, 
which   indicates safe test conditions i.e. the components can be considered 
undamaged and fit for further use. The amplitude of the FDS from field 
data is determined according to the mechanical conditions. Due to the 
Displacement limitations of Electro-dynamic shakers (Section) both 
displacement and acceleration values have to be considered. 
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5 Standard Tests and Methods 

Reliability testing for vehicle parts and environmental endurance testing are 
fully considered and set according to the established standards. There are 
many available standards that defined mechanical shock and vibration tests. 
However, many of these standards are taken from previous documents with 
some changes. Not all of the standards have the same importance. In this 
chapter two of those standards, MIL-STD-810F and IEC standards are 
defined. 

This thesis is based on vibrations and shocks produced during various field 
road load inputs for automotive components and correlate the field data 
with the standard values; hence two of the methods vibration and shock are 
defined in both MIL-STD-810F and IEC standards. 

5.1 MIL-STD-810F  

This standard provides: 

• Guidelines for conducting environmental engineering tasks to tailor 
environmental tests to end-item equipment applications.  

• Test methods for determining the effects of natural and induced 
environments on equipment used in military or commercial 
applications.  

As MIL-STD-810F [8] has adopted the tailoring process, it has involved a 
wider range of managerial and technical interests.  This revision orients 
environmental design and test direction toward three basic types of users. 
Program managers who, among other responsibilities, ensure proposed 
concepts and systems are valid and functional in intended operational 
environments, environmental engineering specialists (EES), who enter the 
acquisition process early to assist combat and materiel developer tailoring, 
and the design, test, and evaluation community, whose analysts, engineers 
and facility operators use tailored designs and tests to meet user needs.  The 
most visible difference in the "F" revision is that the overall document is in 
two parts. 

Part I describes management, engineering, and technical roles in the 
environmental design and test tailoring process.  It focuses on the process 
of tailoring materiel design and test criteria to the specific environmental 
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conditions a materiel item is likely to encounter during its service life.  New 
appendices support the succinctly presented text of Part 1.   

Part II contains environmental laboratory test methods to be applied 
according to the general and specific test tailoring guidelines described in 
Part I,  it is important to emphasize that these methods are not to be called 
out in blanket fashion nor applied as unalterable routines, but are to be 
selected and tailored to generate the most relevant test data possible. 

To support the tailoring process described in Part I, each test method in Part 
II contains some environmental data and references, and identifies tailoring 
opportunities for the particular method.  Some methods afford wide latitude 
for tailoring. Whenever possible, each method contains background 
rationale to help determine the appropriate level of tailoring.  Each test 
method supports the test engineer and test facility operator by describing 
preferred laboratory test facilities and methodologies.   

 
PART TWO: LABORATORY TEST METHODS  

500 Low Pressure (Altitude) 

501 High Temperature 

502 Low Temperature 

503 Temperature Shock 

504 Contamination by Fluids 

505 Solar Radiation (Sunshine) 

506 Rain 

507 Humidity 

508 Fungus 

509 Salt Fog 

510 Sand and Dust 

511 Explosive Atmosphere 

512 Immersion 

513 Acceleration 

514 Vibration 

515 Acoustic Noise 

516 Shock 
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517 Pyroshock 

518 Acidic Atmosphere 

519 Gunfire 

520 Temperature, Humidity, Vibration, Altitude 

521 Icing/Freezing Rain 

522 Ballistic Shock 

 
5.1.1 Method 514-Vibration 

Vibration analyses and tests performed are to: [8] 

a. Define the vibration environments of a materiel life cycle. 

b. Develop materiel to function in and withstand the vibration 
exposures of a life cycle including synergistic effects of other 
environmental factors, materiel duty cycle, and maintenance. 

c. Verify that materiel will function in and withstand the vibration 
exposures of a life cycle. 

Tailoring Guidance: 

Essentially all material will experience vibration, whether during 
manufacture, transportation, maintenance, or operational use.  The 
procedures of this method address most of the life cycle situations during 
which vibration is likely to be experienced.  Select the procedure or 
procedures most appropriate for the material to be tested and the 
environment is simulated. 

Effects of environment: 

Vibration results in dynamic deflections of and within materiel.  These 
dynamic deflections and associated velocities and accelerations may cause 
or contribute to structural fatigue and mechanical wear of structures, 
assemblies and parts.  In addition, dynamic deflections may result in impact 
of elements and/or disruption of function. 

There are different kinds of categories under vibration environments but 
only transportation is required for this thesis and described below. 
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Truck/trailer/tracked - restrained cargo: 

These transportation environments characterized are by broadband 
vibration resulting form the interaction of vehicle suspension and structures 
with road and surface discontinuities.  Representative conditions 
experienced on moving materiel from point of manufacture to end-use 
depicted are in Part One.  This environment may be divided into two 
phases, truck transportation over U. S highways and mission/field 
transportation.  Mission/field transportation is further broken down into:  
Two-wheeled trailer and wheeled vehicles, and tracked vehicle categories. 

Fatigue relationship: 

The following relationship may be used to determine vibratory fatigue 
equivalency between vibration exposures, to sum vibratory fatigue damage 
of separate vibration exposures, and to define accelerated test levels for 
vibration endurance tests: 

(W0/ W1) = (T1 /T0)
1/4     or     (g0/g1) = (T1/T0)

1/ 6 

W = random vibration level (acceleration spectral density, 
g2/Hz)  
g = sinusoidal vibration level (peak acceleration, g)  
T = Time 

This relationship is a simplified expression of linear fatigue damage 
accumulation.  The exponent is the material constant (slope of a log/log 
fatigue or s/N curve).  The values given are widely used for Air Force 
avionics.  Other values are used for other types of materiel.  For example, 
missile programs have used exponents ranging from 1/3.25 to 1/6.6.  Space 
programs sometimes use 1/2.  Many materials exhibit exponents between 
1/6 and 1/6.5.  This wide variation is based on degree of conservatism 
desired as well as material properties.  More sophisticated analyses, based 
on fatigue data (S/N curves) for specific materials should be used for 
practical applications.  Note that using material s/N curves results in 
different equivalencies for different parts in a given materiel item.  A 
decision will be required as to which equivalency to use to establish test 
criteria. 

Vibration characterization: 

The majority of vibration experienced by materiel in operational service is 
broadband in spectral content.  That is, vibration is present at all 
frequencies over a relatively wide frequency range at varying intensities.  
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Vibration amplitudes may vary randomly, periodically, or mixed random 
and periodic.  Usually, random vibration best simulates these environments.  
Situations do occur where combined sinusoidal and random vibration and 
sinusoidal alone are appropriate.  Most vibration tests run with steady state 
excitation.  Steady state vibration is appropriate at times in simulation of 
transient events.  However, there are cases where transient events can only 
be satisfactorily represented by transient vibration excitation. 

Random vibration: 

Random vibration is expressed as acceleration spectral density (also 
referred to as power spectral density, or PSD) spectra.  The acceleration 
spectral density at a given frequency is the square of the root mean square 
(rms) value of the acceleration divided by the bandwidth of the 
measurement.  This gives a value expressed in terms of a one-Hertz 
bandwidth centered on the given frequency.  Accuracy of spectral values 
depends on the product of the measurement bandwidth and the time over 
which the spectral value is computed.  1 / (BT) 1/2, where B is the analysis 
bandwidth give the normalized random error for a spectral estimate in Hz. 
and T is the averaging time in seconds.  In general, use the smallest 
practical bandwidth or minimum frequency resolution bandwidth, with 1 
Hz being ideal.  Acceleration amplitude has a normal (Gaussian) 
distribution.  Other spectral distributions may be appropriate in specific 
cases.  Ensure that test and analysis hardware and software are appropriate 
when non-Gaussian distributions are encountered. 

a. Frequency range:  Acceleration spectral density is defined over a 
relevant frequency range.  This range is between the lowest and 
highest frequencies at which the material may be effectively 
excited by mechanical vibration.  Typically, the low frequency is 
one-half the frequency of the lowest resonance of the materiel or 
the lowest frequency at which significant vibration exists in the 
environment.  The high frequency is two times the highest 
materiel resonant frequency, the highest frequency at which 
significant vibration exists in the environment, or the highest 
frequency at which vibration can be effectively transmitted 
mechanically.  It is generally accepted that the highest frequency 
for mechanically transmitted vibration is 2000 Hz although 
practically it is often lower.  (When frequencies around and above 
2000 Hz are needed, it is generally necessary to drive the 
vibration with acoustic noise - see Method 515.5.) 
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b. Rms values:  The use of rms values to specify random vibration is 
not valid.  The spectrum rms value is the square root of the area 
under the spectral density curve over the total frequency range.  It 
contains no frequency information.  Rms values are useful as a 
general error check and as a measure of power needed to run a 
vibration shaker.  Definitions of vibration should always include 
frequency spectra. 

Sinusoidal vibration: 

Sine vibration is expressed as acceleration and a frequency.  An 
environment dominated by sine vibration is characterized by a fundamental 
frequency and harmonics (multiples) of that fundamental.  Often there will 
be more than one fundamental frequency.  Each fundamental will generate 
harmonics.  The service vibration environment in some cases (low 
performance propeller aircraft and helicopters for example) contains 
excitation that is sinusoidal in nature and with a very low broadband 
background.  The excitation derives from engine rotational speeds, 
propeller and turbine blade passage frequencies, rotor blade passage, and 
their harmonics.  Environments such as this may be best simulated by a 
sinusoidal test.  Ensure that the frequency range of the sinusoidal exposure 
is representative of the platform environment. 

Random versus sinusoidal vibration equivalence: 

In the past, most vibration was characterized in terms of sinusoids.  
Currently, most vibration is correctly understood to be random in nature 
and is characterized as such.  This results in a demand to determine 
equivalence between random and sine vibration.  This demand is generated 
by the need to utilize materiel that was developed to sine requirements. 

a. Sine and random characterizations of vibration are based on 
distinctly different sets of mathematics.  In order to compare the 
effects of given random and sine vibration on materiel, it is 
necessary to know the details of materiel dynamic response.  A 
general definition of equivalence is not feasible. 

b. Often, attempts are made to compare the peak acceleration of sine 
to the rms acceleration of random.  The only similarity between 
these measures is the dimensional units that are typically 
acceleration in standard gravity units (g).  Peak sine acceleration 
is the maximum acceleration at one frequency.  Random rms is 
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the square root of the area under a spectral density curve.  These 
are not equivalent! 

Equivalent Sine Magnitude: 

Sine Sweep or Dwell Peak Equivalence: [6] 

fPSDRMSG NBp ∆== *668.3*668.3                                         (5.1) 

Sine Sweep or Dwell RMS Equivalence: 

fPSDRMS
G

nb
p ∆== *
2

                                                               (5.2) 

fPSDGp ∆= **2                                                                            (5.3) 

Equivalent Response: 

Sine Sweep or Dwell Peak Equivalence: [6] 

Q
PSDf

equivG p *2
**

668.3)(
π

=                                                     (5.4) 

Sine Sweep or Dwell RMS Equivalence: 

Q
PSDf

Gp
**

668.3
π

=                                                                   (5.5) 

5.1.2 Method 516-Shock 

Shock tests are performed to assure that material can withstand the 
relatively infrequent, non-repetitive shocks or transient vibrations 
encountered in handling, transportation and service environment. 

Effects of shock/transient vibration: [8] 
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In general, mechanical shock/transient vibration has the potential for 
producing adverse effects on the physical and functional integrity of all 
materiel.  In general, the level of adverse effects increases with both the 
magnitude and the duration of the shock/transient vibration environment.  
Durations of shock/transient vibration that correspond with natural 
frequency periods of the materiel will magnify adverse effects on the 
materiel's overall integrity.  In addition, periods of major frequency 
components in excitation environments corresponding with natural 
frequency periods of the materiel will also tend to enhance adverse effects 
on the materiel's overall integrity. 

5.2 IEC 60721 

The IEC (International Electro-technical Commission) is a worldwide 
organization for standardization comprising all national electro-technical 
committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the 
electrical and electronic fields. To this end and in addition to other 
activities, the IEC publishes International Standards [9]. 

IEC 60721 consists of the following parts, under the general title 
Classification of environmental conditions: 

            Environmental parameters and their severities 

Environmental conditions appearing in nature 

Classification of groups of environmental parameters and their 
severities. 

5.2.1 IEC 60721-4-2 

This part of IEC 60721 is a technical report dealing with the correlation and 
transformation of the conditions given in IEC 60721-3-2 to the 
environmental tests defined in IEC 60068-2 [9]. 

An environment may consist of a number of environment conditions such 
as dynamic, climatic, biological, and other effects due to chemically and 
mechanically active substances. In this report, only dynamic and climatic 
conditions have been considered. 
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The purpose of this technical report is to provide the specification writer 
with guidance together with a set of easy-to-use tables that correlate and 
transform these conditions. 

IEC 60068-2 establishes a series of environmental test procedures and 
appropriate test severities. Selection of test severities depends upon the 
failure consequences of the product. Two types of product may be placed at 
locations covered by the same environmental class. However, one type of 
product may be tested under significantly more severe conditions than the 
other because of its different failure consequences. This report only 
addresses normal failure consequences; for higher failure consequences, the 
test severity may need to be increased based on specialist knowledge of the 
product. 

Environmental tests for transportation classes: 

IEC 60721-3-2 classifies groups of environmental parameters and their 
severities to which products are subjected while being transported from one 
place to another, on ground, water and in air, including loading and 
unloading, after being made ready for dispatch from the manufacturing 
factory. If the product is normally packaged for transportation, the 
environmental conditions apply to the packaged product. 

Dynamic Conditions: 

Most of the IEC 60068-2 tests state that the test is primarily intended for 
unpackaged items. How ever, this would produce an unrealistic test for 
specimens normally transported in the packaged state. It is therefore, 
recommended that this test is conducted on products in the state in which 
they are normally transported. 

The below table describes the Mechanical conditions and IEC 60068-2- 
Dynamic tests, depending upon the mechanical condition the test severity is 
selected. 

5.2.2 IEC 60721-4-5 

Environmental tests for ground vehicle installations: 

The ground vehicle classes specify the environmental conditions to which a 
product is exposed whilst being used. Environmental conditions created by 
co-located product within an enclosure are not included in these classes. 
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Although these classes are not designed for products forming part of the 
vehicle, the environmental conditions may also be used for some 
exchangeable parts [9]. 

Table 5.1: IEC-60721-3-2. 
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5.3 IEC 60068-2-6 Test-Vibration (sinusoidal) 

This standard gives a method of test applicable to components, equipment 
and other articles which, during transportation or in service, may be 
subjected to conditions involving vibration of a harmonic pattern, generated 
primarily by rotating, pulsating or oscillating forces, such as occur in ships, 
aircraft, land vehicles, rotorcraft and space applications or are caused by 
machinery and seismic phenomena. It consists of subjecting a specimen to 
sinusoidal vibration over a given frequency or at discrete frequencies for a 
given period of time [10]. 

The purpose of this test is to determine mechanical weakness and/or 
degradation in specified performance and to use the information, in 
conjunction with the relevant specification, to decide whether an equipment 
or component, hereinafter referred to as a specimen, is acceptable or not. It 
may be used, in some cases, to determine the structural integrity of 
specimens and/or study their dynamic behaviour. Categorization can also 
be made on the basis of a selection from within the severities quoted in the 
test. 

The main part of this standard deals with the methods of controlling the test 
at specified points, and gives, in detail, the testing procedure. The 
requirements for the vibration motion, choice of severities, including 
frequency ranges, amplitudes and endurance times are also specified; these 
severities representing a rationalized series of parameters. The relevant 
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specification writer is expected to choose the testing procedure and values 
appropriate to the specimen and its use. 

5.4 IEC 60068-2-6 Test-Shock 

The test provides a method by which effects on a specimen comparable 
with those likely to be experienced in practice in the environmental to 
which the specimen will be subjected during either transportation or 
operation can be reproduced in the test laboratory. The basic intention is 
not necessarily to reproduce the real environment [10]. 

The parameters given are standardized and suitable tolerances are chosen in 
order to obtain similar results when a test is carried out at different 
locations by different people. The standardization of values also enables 
components to be grouped into categories corresponding to their ability to 
withstand certain severities given in this standard. 

Applicability of test:  

Many specimens are liable to be subjected to shock during use, handling 
and transportation. These shocks will be at widely varying levels and will 
also be of a complex nature. The shock test provides a convenient of non-
repetitive shocks. For repetitive shocks, Test Eb and Guidance: Bump (IEC 
Publication) is considered to be more appropriate. 

Test severity: 

Wherever possible, the test severity and the shape of the shock pulse 
applied to the specimen should be related to the environment to which the 
specimen will be subjected, during either transportation or operation, or to 
the design requirements in the object of the test is to access structural 
integrity. 

The transportation environment is frequently more severe than the 
operational environment and in these circumstances the test severity chosen 
may need to be related to the former. How ever, although the specimen may 
only need to survive the transportation environment it will normally be 
required to function during the operational environment, where appropriate. 
Therefore, it may be necessary to carry out shock tests under both 
conditions, with measurements of certain parameters after the 
‘‘transportation environment’’ test and functional checks during the 
‘‘operational environment’’ test. 
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 Displacement Limitations of shaker 

Electro-dynamic shaker armature displacement is limited only by the axial 
length of the armature coil and the physical limitations of the armature 
suspension system. Since most shakers are provided with an adequate axial 
coil length to maintain linear force generation at low frequencies, the 
primary limitation is that of physical interference of the suspension 
components. Since shakers have an available operating displacement 
window, it is most common to rate and discuss vibration test displacement 
in peak to peak terms. For this reason, most engineering equations of 
motion involving vibration test will utilize displacement peak to peak 
(sometimes called “double amplitude displacement”). 

The rated displacement of electro-dynamic shakers is usually the maximum 
relative displacement available between the armature and the shaker 
body/suspension. When considering the suitability of a shaker for a given 
test, it is important to consider the various factors that may reduce the 
available test article absolute displacement. 

Since the same force that is applied to the armature coil is also applied to 
the shaker body, the shaker body is also accelerated and has a displacement 
definable by the normal equations of motion. This body motion can have 
the exact opposite phase relative to the armature motion and therefore, must 
share the available relative (rated) shaker armature displacement with the 
armature and test article. In other words, the test article displacement added 
to the shaker body displacement must be less than the rated shaker 
displacement. 

Another factor reducing the available displacement is the natural deflection 
of the armature suspension when a test article and fixture are placed on a 
shaker in the vertical shaker orientation. The weight of this added load 
offsets the armature downward and therefore reduces the available 
downward armature displacement. Reducing the available stroke on one 
end of symmetrical alternating vibration reduces the allowable 
displacement by double the amount of the deflection. 

For most test articles, the shaker body weight is significantly heavier than 
the test article, fixture and armature and its displacement motion can be 
ignored. In that case, the required displacement equation found in the 
Systems 

Dreq=g/.0511 f2 + 2w/k.                                                                       (5.6) 
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A normal maximum unsupported load weight for a shaker in vertical 
orientation is that which will reduce the available test article absolute 
displacement to 1/2 the rated, neglecting shaker body motion. This 
corresponds to the weight that will depress the suspension by 1/4 of the 
rated displacement. Lab works shakers are all designed with unusually 
large relative displacements to better accommodate unsupported vertical 
operation. 

This chapter has presented a brief overview of environmental testing 
standards to provide an aid to understand the basics of those standards. 
While this chapter is an introduction, it doesn’t have all the standards 
incorporated. The reader is hence advised to refer to the MIL-STD-810F [8] 
and IEC [9, 10 and 11] standard books. 
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6 Environmental Conditions 

6.1 Theory 

The most important common mechanical interaction between a product and 
its surrounding environment is in the form field random vibrations 
(Vibration and shock).This environment can be very destructive and often 
requires significant efforts on the part of the product designer to overcome. 
Destructive vibration and shock energy can come from many sources. 
Different products are susceptible to damage from different sources. It is 
job of designers to identify product vibration and shock sources and 
determine their destructives capability. Various sources include as a follows 
[6]. 

6.1.1 Vibration Sources 

1) Aerodynamic 

2) Acoustic 

3) Mechanical 

4) Seismic 

5) Electro-mechanical 

6) Shock Events 

Aerodynamic: 

The vibrations caused by the passage of air over flight surfaces, this is the 
source of vibration for most aircraft applications. The dynamic pressure 
equations of MILSTD-810, method 514 provides limited default values for 
this type of vibration. For the special case of helicopters and turbo-prop air 
craft, a sinusoidal aerodynamic source of vibration occurs when a blade 
passes over an aircraft surface. For all other cases, aerodynamic noise is 
random vibration. 

Acoustic: 

Engines, whether turbine, rocket, or piston, create large amounts of noise 
which couples against product surface or structures, creating vibration. 
Another source of acoustic energy is the blast effects of gunfire. Acoustic 
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and aerodynamic vibration is similar in that the application of the energy is 
through a surface. 

Mechanical: 

The most common source of vibration for non-aviation products, 
mechanical vibration comes from numerous sources. Engines, pumps, valve 
actuations, etc. are all sources of vibration. Gunfire is also a form of 
mechanical vibration energy, in addition to its acoustic component. All 
mechanical vibration couples to a product through its mounting. When 
aerodynamic and acoustic vibration arrives at a product via its support 
structure, the effect is identical to mechanical vibration. 

Seismic: 

General of concern only to civil engineers, seismic is a low frequency 
source of mechanical energy. 

Electro-mechanical: 

A special sub-set of mechanical energy, electro-mechanical vibration is 
caused by electrical current passing transformer or motor windings. This 
vibration source is often over-looked and can destructive when the source is 
mounted on a vibration sensitive component, such as a circuit board. 

Shock Events: 

Transient in type, shock events are caused by product or platform impact, 
pyrotechnic events, ballistic impact, etc. Many sources of shock are not 
obvious, but can lead to product failure. Package handling, 910C, crash 
safety, etc. are typical shock test. 

6.1.2 Vibration Types  

Transient: 

Virtually all shocks events are transient in nature. Transient vibration is 
non-repetitive. While often severe, transient events generally do not last 
long enough to allow a product to fully develop resonant response. Some 
transient events occur on top of non-transient or steady state vibration. 
Example includes vehicle path-hole shock on top of road vibration, or stage 
separation during rocket flight. Transient events are difficult to categorize 
because they must be “captured”. A special analyzer is usually used to 
capture the event. The signal is then analyzed for frequency and amplitude 
content using with shock response spectrum technique. The analyzed 
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signals is used with computers to generate signals for synthesis on vibration 
exciters, or used for comparison with other test techniques [6]. 

Steady State: 

Where vibration occurs for a relatively long period of time, steady state 
vibration is the most common form of vibration damage for virtually all 
transportation platforms. Damage is caused by vibration induced fatigue. 
This fatigue is cumulative based on the repetition of the stress. In addition 
to cumulative stress, steady state vibration allows products to develop fully 
their resonance response. These resonances exaggerate fatigue and damage, 
particularly where the frequency of resonance coincides with a dominant 
vibration source frequency. 

Steady state vibration is easily to identify and characterize with spectrum 
analyzer, vibration controllers, oscilloscopes, strobe lamps, etc. Testing is 
performed on various vibration exciters. 

6.1.3 Vibration Forms  

Vibration, whatever it’s source or type, is composed of product motion at 
some frequency rate. There are three forms of vibration, plus combinations 
of the three: 

Sinusoidal: 

Where a single or a few frequencies of vibration are present, sinusoidal 
vibration is generally caused by rotate energy or structural resonances, very 
few examples of “pure” sinusoidal energy occur in nature, but sinusoidal 
vibration  where the product was not in a pure sinusoidal environment. 
Sinusoidal vibration is often called “sine” or “tonal” vibration. Helicopter 
and turboprop vibration are example in aviation where strong sine energy is 
present. Marine vibration is also generally sinusoidal. Vehicle vibration has 
large sinusoidal components.  

Random: 

Aerodynamic and turbine sources produce a simultaneous range of 
frequency energy. This is called “Random” vibration. Random vibration is 
where many frequencies are present simultaneously but with random 
amplitude at a single instant in time. For this reason, random vibration is 
characterized by the sum of a series of captured” snapshots” of the 
amplitude for all frequencies present called ensembles. When 
mathematically summed together, these ensembles form a composite 



 56

representation of average energy present. This energy is analyzed on 
vibration control computers and spectrum analyzers. 

Shock: 

Shock is transient form of vibration which starts as random energy and then 
decays to sinusoidal energy at the primary resonance of the shocked 
structure. An older test form of shock was “classical” shock, which 
characterized shock by time domain waveforms, such as “half-sine”, “saw 
tooth”, or trapezoidal. The actual waveform rarely occurred in nature, but 
was easy to test and measure. 

Combinations: 

Most naturally occurring vibration is a combination of all three forms. 
Turbine engines have sinusoidal components on top of a background 
random vibration. Transmission has gear shift shocks on top of a series of 
rotary induced sinusoids. Rockets have stage separation and ignition shock 
on top of firing chamber random vibration on top of pump sinusoids. For a 
long time these environments were difficult to simulate in the test lab. 
Modern vibration controllers can now control virtually all combinations of 
random and sine vibration. Combining vibration with shock remains a 
challenge. 

6.1.4 Determining a Good Test 

Many test programs call out vibration and shock tests straight out Military 
and commercial standards. While very easy to do, this practice carries the 
risk of both over design and/or under test. The test values provided as 
default in the standards are meant for guidelines in most cases. Certainly 
MIL-STD 810F strongly recommends a more through analysis of product 
vibration and shock stress. A better practise would be to follow the steps 
below. 

A. Identity the Platform and Test Unit Location: While the product 
under test may be a platform (aircraft, Ship, vehicle, etc.), in most 
cases. The product is a subcomponent to a platform. Each product 
has its own unique expected “Life History”. Parts of that history 
include manufacture, transportation, storage, service, and 
mounting/dismounting, as well as actual service on the platform. 
The platform itself will have different vibration characteristics in 
different locations. Identifying “Life History”, platform, and 
platform location are all important to developing a good test. 



 57

B. Identifying Vibration Levels and Duration: Once step A has been 
accomplished, it is necessary to correctly identify the vibration 
and shock environment for each phase of the “Life History”. 
There are a number of ways to accomplish this. 

a) Take “Life History” measurement. Mounting accelerometers 
on a product or product mounting structure during the 
various phases of the “Life History” provides the best 
information about vibration levels and durations. Care must 
be taken to insure that product is exercised as it would be 
actually in use. Flight “profiles” should match actual 
expected use; ground vehicles should be run on all expected 
road conditions, etc. The form of gathering vibration 
information can be expensive and time consuming , but can 
yield big dividends in preventing over-design or premature 
field failures 

b) Obtain similar platform measurements. Often a design and 
test program must be started well before actual platform 
measurements are available. In this case, the vibration 
response from a similar platform, operated under similar 
conditions, may de substituted. Very few platforms are often 
similar, older predecessor. Product locations on these 
platforms are often similar to that expected on the new 
platform. A similar vibration response can be expected 
.After the new platform has matured to the point  where 
actual vibration information can be obtained, the result 
should be compared to the older platform information and 
discrepancies identified. 

c) Identify default from Standards or Handbooks: Many 
smaller companies find the effort of obtaining vibration 
information, per a) and b) above, beyond their capabilities. 
Their products may have always behaved well in past 
programs, so the risk of over or under design may appear 
low. 
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6.1.5 Test Parameters 

Each vibration form, sine, random, or shock, has its own set of parameters 
which defines the environmental fully. The different parameters are 
discussed below. [6] 

A. Sinusoidal: 

1. Frequency: Each sinusoidal is defined by it’s frequency of 
motion. Expressed in cycles per second (cps) or Hertz (Hz), 
the frequency may either be fixed or sweeping .Often 
sinusoidal is grouped by a fundamental frequency. For 
example, a fundamental frequency of 150Hz would have 
2nd harmonic at 300Hz, a third harmonic at 450Hz, etc. 

2. Amplitude: The strength of vibration is its amplitude. This 
amplitude is expressed in three ways: Displacement or 
length of motion in millimetres or inches peak-to-peak: 
Duration: The length of time a test should run its duration. 
For sine tests which “dwell” at a fixed frequency, this 
would just be time. For tests where the frequency is 
“swept” from one frequency to another, this might be 
expressed as the total number of “sweeps”. Finally the 
duration might be expressed as total number of cycles 
which is the sum of the multiple of each frequency times 
the time in seconds at each frequency. 

3. Sweep speed: Where the sine test is swept from one 
frequency to another, the speed of the sweep must be 
specified. This Value may be linear, such as 100Hz per 
minute, or logarithmic, such as 1 Octave (frequency 
doubling or halving) per minute. 

B. Random: 

1. Frequency Range: Since random vibration is defined as 
vibration where many frequencies are present 
simultaneously, frequency is specified as a range of 
frequencies. Natural and equipment limits the extremes of 
frequency possible. Platform random vibration tests are 
rarely below 5Hz and above 10 KHz, 20 to 2000 Hz are 
very typical. 
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2. Amplitude: The random aspects of amplitude require a 
value which relates to probability. In this case amplitude is 
expressed as “Power Spectral Density (PSD)” and the units 
are g (acceleration) squared per Hz. Multiplying the PSD of 
test by its frequency range and square rooting the result 
yields an overall vibration expressed as GRMS. It is 
important to remember that the amplitude is random so that 
any amplitude value is valid only as an average. 

3. Duration: The total length in time of the test  

4. Bandwidth: To generate a PSD value at any given 
frequency requires a spectral (frequency) analysis. This is 
performed with computers which sweep the required 
frequency range, compute the instantaneous measured PSD 
value and store the result. This process is repeated 
numerous times and an average PSD is generate. To keep 
this process time to a minimum, the frequency range is 
divided into a manageable number of measurement 
frequency sets. The frequency range of each set is its 
bandwidth. For example a test has a frequency range 20Hz 
to 2000Hz.The analysis is divided into 99 equal sets having 
a bandwidth of 20Hzeach smaller bandwidths may be 
specified, which increases analysis resolution at the 
expense of computing speed. 

5. Number of Ensemble Averages: A value specified as the 
number of instantaneous PSD values for each group of 
frequency sets required to provide the average PSD value. 
The larger the number of ensemble averages, the more 
accurate the result, up to a certain point where no 
improvement occurs. 

6. Sigma Limiting: Because the amplitudes are random with 
Gaussian distribution of values, theoretically any large or 
small amplitude may occur for a correspondingly short 
period of time. In reality there is practical limit to the 
amount of energy capable of being generated by test 
equipment. In order to prevent test equipment damage, an 
amplitude limit is impose on random vibration generators 
and is specified as a multiple of the average PSD required. 
These multiples are expressed in “sigmas”. For example, a 
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test at .1 G squared per Hz Average limited to three sigma, 
could have amplitude instantaneously of no greater than .3g 
squared per Hz. 

7. Tolerance Limits: Control of a statistically random process 
is not perfect, a liberal accuracy tolerance must be allowed 
.For random vibration tests, and this is generally specified 
in +/- dB of the PSD value with a separate +/- % value for 
the overall GRMS. For example: “Test tolerance shall be 
+/-3 bB of PSD values with an overall GRMS tolerance of 
+/- 10%”. 
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7 Example 

The field test data clearly explains how they measured the field random 
vibrations with number of runs, using different accelerometers with various 
channels on different road conditions and speeds. The vehicle, driven at 
different velocities over different field test tracks (gravel, washboards, 
potholes, beach, and cross-country side) was used for recording the data.  
Vibrations from four different response points were recorded. Right front 
wheel axis vertical, left front wheel axis vertical (figure 7.2), Frame rear 
right (figure 7.3), Steering column (figure 7.2) are the four response points. 
From the below figures we can observe the different locations of 
accelerometer. 

Accelerometers locations with channels: 

1) Channel 1 and 4 for right front wheel axis vertical. 

2) Channel 7 for left front wheel axis. 

 

 

 

Figure6.1Example for Accelerometer Location (Left Wheel axis) 
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Figure 6.2Example for Accelerometer Location (Steering column axis) 

 

Figure6.3Example for Accelerometer Location  
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Figure 6.4Example for Accelerometer Location (Frame Rear Right) 

 

 

 

 

 

Figure 6.5Example for Different Road conditions 
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Figure 6.6Example for Different Road conditions 

 

 

Figure 6.7Example for Different Road conditions 
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8 Calculations and Curves  

8.1 Sine Sweep 

Each sinusoidal is defined by it’s frequency of motion. Sinusoidal vibration 
permits greater displacement excitation of the item in lower frequencies 
Sine sweep to the test is swept over a frequency range beginning at 1 Hz up 
to 500 Hz. and sampling frequency 1000 Hz. 

The strength of vibration is its amplitude. This amplitude is expressed in 
three ways: Displacement or length of motion in metres/ millimetres / 
inches measured from peak to peak, Velocity, or speed of motion in 
meters/sec or inches/second or Acceleration in g’s. A “g” is the acceleration 
of gravity and equivalent to 32 feet per second squared. A full sine test may 
express amplitude in one or many combinations of the three. 

 The sine sweep showed above is with amplitude 1metre. The ‘sinesweep’ 
function in MATLAB® (Appendix A) is used to plot the ‘sinesweep’. 

 
Figure8.1 Sinusoidal Sweep. 
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8.2 Field Test Data 

The Measured field test data recorded for 102 tests is used for analysis in 
this work. It was observed that some recorded signals are corrupted due to 
various reasons, like improper recording of signal using accelerometers, 
Tribo-electric effect developed due to impedance formed by twisting of 
cables. Care should be taken while handling accelerometer mounting and 
removing. It is very important, especially when using glue that it is twisted 
loose [3]. 

Due to convenience, field test data is stored in MAT file as various series. 
For example, the field test data for series 3 from the above table 1 shows 
the sequence of numbers as 3314 where the first number is for the road or 
track, second number for speed, third number for run and finally the fourth 
is for (frequency analyser) channel. 

Table8. 1: Field Test Data for Road 3. 

Tests Test Data 

1 

2 

3 

4 

5 

6 

3314 

3317 

3324 

3327 

3334 

3337 
Table 8.2: Field Test Data for Road 4. 

Tests Test Data 
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7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

4314 

4317 

4324 

4327 

4334 

4337 

4514 

4517 

4524 

4527 

4534 

4537 

 
Table 8.3: Field Test Data for Road 6. 

Tests Test 
Data 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

 

6311 

6317 

6321 

6327 

6331 

6337 

6511 

6517 

6521 

6527 

6531 
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8.2.1 Scatter Plot PSD 

In Figure 7.2 the Power spectral density of the responses are shown in form 
of a scatter diagram. ‘psdnorm’ function in MATLAB® (Appendix A) is 
used to plot the scatter diagrams. The current plot is for all field data. (Time 
data signal and the sampling frequency are required to plot PSD).  

The field test conditions at which the data plotted in Figure 7.2 were Speed 
of the truck-30, 50 and 70 kilometres and the accelerometers were 
connected to channel 1, 4 and 7 at different runs. 

 

Figure 8.2 Scatter plot psd. 
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9 Results and conclusions 

9.1  Correlation of Sinusoidal Sweep Test to Field 
Test Data 

Fatigue damage spectrum can be plotted in log-log and log-linear scales. 
The logarithmic swept sine was swept for frequencies from 2 Hz to 256 Hz 
with a sampling frequency of 4000 and a “Wohler exponent” of 8. The FDS 
was calculated for the obtained swept sine, the FDS for lower frequencies 
(2-8 Hz) is calculated by constant displacement and at higher frequencies 
(8-256 Hz)  it was calculated using constant acceleration amplitude (50 
m/s^2), these are the class2M1 mechanical conditions of IEC-60721-3-2. 
The FDS for field data was calculated using the MATLAB® function 
“fdsdispl”. The obtained FDS was first scaled using the 1000 Hrs service 
time and 1 hr of test time as criteria and plotted. By plotting both the FDS 
i.e. from Swept sine and field data we can observe that the swept sine 
envelopes the FDS from field data. The FDS of field data is plotted as 
scatter plot.  

Correlating the FDS value of sine test with the FDS of field data. As 
observed the FDS curve is below the sweep indicating safe test conditions 
i.e. the components can be considered undamaged and fit for further use. 

 

Figure 9.1 Correlation of sinusoidal sweep test to Field data 
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9.2 Sine Sweep Equivalence  

 
Figure9.2 Scatter plotPSD. 

 Sine Sweep Equivalence: 

From MILSTD-810 formulas 

 
Q
PSDf

G p *2
**

*668.3
π

=  

Equivalence (Gp): 

2/05.13
10*2

89.6*69.11*
*668.3)( smPSDG p ==

π
 

When the amplitudes of PSD’s from scatter plot was compared with the 
MILSTD-810, the equivalence of the mean PSD is around 13.05 2/ sm . 
Above table 9.1 gives the values of “Gp” at different frequency points. 
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Table 9.1.Equivalence values from figure 9.2.  

 

 

 

 

 

 

 

 

 
Figure9.3Equivalence Vs Frequency. 

The above figure 9.3 shows the curve of equivalence, from table 9.1 the 
values of equivalence are calculated using MILSTD-810F formulae and the 
maximum peak is at 13.05m/s2. 

When comparing the values of “FDS” and “Gp” values at respective 
frequencies, the values are not comparable in nature, for example at 11.6 
Hz frequency the FDS value is 10e-5, and where as from “Gp” the value is 
13.05m /s2.The FDS test results are more accurate, because the values 
calculated are according to standards and the FDS values are within the 
standard values.  

Frequency PSD Gp 

5.6 

11.6 

36.8 

71.7 

100 

1.008 

6.89 

0.028 

0.24 

0.06 

3.497 

13.05 

1.527 

6.106 

13.72 
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Comparison of amplitudes: 

Table 9.2. From figure 9.1 and 9.3 comparison of amplitudes. 

 

 

 

9.2.1 Reduction of test time 

The above expression shows that damage is proportional to  

-the duration of the test, 

-the excitation amplitudes to the power b, it follows that, fatigue damage 
being equal, the test time can be decreased by increasing the levels 
according to following rules 

-accelerations 

A (service) = Z (test) [(T (test)/T (service)] ^1/b                               (9.1) 

The ratio E = A/Z is called the ‘exaggeration factor’ and [(T (real)/T 
(service)] the ‘Time reducing factor’. 

Calculations:  

 (Test Time/Service time) = (A/Z) ^b. 

Test time =?, 

Service time = 1000hrs, 

We have used wholer exponent = 8 in ‘fdsweep’, 

So, Wholer Exponent b = 8, 

Where “Gp” at frequency 11Hz at maximum “PSD” peak is 13m/s2. 

Frequency FDS Gp 

5.6 

11.6 

36.8 

71.7 

100 

10e-5 

10e-8 

10e-12 

10e-16 

10e-18 

3.497 

13.05 

1.527 

6.106 

13.72 



 73

Acceleration amplitude in real time is (RMS) A = 
2

13
m/s2. 

Acceleration amplitude in service time (RMS) is Z =4.3 m/s2, calculated 
from the PSD scatter plot. 

Exaggeration factor :( E) 

E = A (service)/Z (test) = 2.1377 

Time Reducing Factor: (K) 

K = Test time/Service time = 1/1000 = 0.001 

For acceleration amplitude: 

Frequency range is 2-200Hz, 

Acceleration amplitude in real time is A = 9.192 m/s2, 

Acceleration amplitude in service time is Z = 4.3m/s2, 

From equation (9.1) 

1000
Testtime

= 

8

3.4
2

13
−



















= 2.3hr. 

The test time is 2.3hr after calculations; actually we have used 1hr test time 
which is some what less and increase testing time up to 2.3hr. 

 Time Reducing Factor: (K) 

K = Test time/Service time = 2.3/1000 =0.0023. 

The test time used in calculating “FDS” is 1hr and acceleration amplitude is 
50m/s2, where as the test time got after calculating is 2.3hr and amplitude 
is 13m/s2, this calculated test time is more over very nearer to the actual 
test time, if we increase the amplitude of PSD from 13 to 14.2 then the test 
time in actual field test will be equal to the calculated value. 

For the swept sine vibrations, it is important to check that the service time, 
we have to observe that the reduction of time does not lead too fast a 



 74

sweep, which as a consequence would have the effect of response to a 
resonance to a value below the steady state response (or to an excessive 
increase in levels which would cause the equipment to work in a stress 
range too different from reality).  
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Appendix A – General 

During the analysis various improvements were made on available 
MATLAB scripts and new functions were written.  

MATLAB functions  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%      MATLAB SCRIPT USED FOR MAKETIME                                 % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 
 

MAKETIME   Make Time Vector 

            t = maketime(x,fs) 

            t time vector in seconds with length corresponding to x 

            x  data vector 

            fs sampling frequency in Hz 

      

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%      MATLAB SCRIPT USED FOR SINESWEEP                                 % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

SINESWEEP makes a swept sine with amplitude one 

            x = sinesweep (fs, T, fstart, fend); 

            T = Test duration 

            fs sampling frequency in Hz 

 

 

 



 77

      

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%      MATLAB SCRIPT USED FOR PSDNORM                                   % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

PSDNORM    Normalised psd with hanning window 

            [y,f] = psdnorm(x,fs,size) 

            y   normalised psd 

            f   frequency vector in Hz 

            x   data vector 

            fs  sampling frequency in Hz 

            size  FFT size 

            50 % overlap is used 

            all data is treated 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%      MATLAB SCRIPT USED FOR FDSDISPL                                    % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

FDSDISPL   Fatigue Damage Spectrum, relative displacement 

            [y,f] = fdsdispl(x,fs,fmin,fmax,N,Q,b) 

            y      FDS output 

            f      frequency axis for FDS 

            x      input data vector, acceleration 

            fs     sampling frequency in Hz 

            fmin   low freqency for calculation 

            fmax   high frequency for calculation 

            N      number of frequency points for calculation 

            Q      Q value for calculation 

            b      wöhler exponent 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%      MATLAB SCRIPT USED FOR FDSACC                                       % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

FDSACC     Fatigue Damage Spectrum, absolute acceleration 

            [y,f] = fdsacc(x,fs,fmin,fmax,N,Q,b) 

            y      FDS output 

            f      frequency axis for FDS 

            x      input data vector, acceleration 

            fs     sampling frequency in Hz 

            fmin   low freqency for calculation 

            fmax   high frequency for calculation 

            N      number of frequency points for calculation 

            Q      Q value for calculation 

            b      wöhler exponent 

 

 

Table A.1 Test Data for Road 5 & 7: 

Tests Test Data 

19 

20 

21 

22 

23 

24 

25 

26 

5311 

5317 

5321 

5327 

5331 

5337 

5511 

5517 
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27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

5521 

5527 

5531 

5537 

5711 

5717 

5721 

5727 

5731 

5737 

  

 

Tests Test Data 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

7321 

7323 

7325 

7328 

7329 

7330 

7341 

7343 

7345 

7348 

7349 

7350 

7361 

7363 
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63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

7365 

7368 

7369 

7370 

7521 

7523 

7525 

7528 

7529 

7530 

7541 

7543 

7545 

7548 

7549 

7550 

7561 

7563 

7565 

7568 

7569 

7570 

7721 

7723 

7725 

7728 

7729 

7730 
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91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

7741 

7743 

7745 

7748 

7749 

7750 

7761 

7763 

7765 

7768 

7769 

7770 
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Appendix B– Curves 

Example of some other Tests: Test 34 and 40 

 

Figure B.1 Time signal for truck vibration (Test34and 40). 
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Corrupted Test Signal:  

 

Figure B.2 Time signal for truck vibration (Test87). 

 
Figure B.3 Time signal for truck vibration (Test87). 
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