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Preface

  In 2009 – 2010, Toyota experienced an increase in global recalls jumping to 
8.5 million cars and trucks  [1] . Similar situations have occurred and could 
happen again to other automakers as well as to companies in other industries. 
Toyota can have similar problems in the future as well. The basic reason behind 
many recalls and complaints, as well as higher cost and time for maintenance 
and life cycle cost than was predicted during design and manufacturing is the 
inaccurate prediction of the product ’ s reliability, durability, and quality during 
design and manufacturing. Predictions may be inaccurate due to the lack of 
proper accelerated reliability testing (ART) and accelerated durability testing 
(ADT) as a source of initial information for the prediction. 

 The focus of this book is to show multiple applications of the technology 
(methodology and equipment) that provide physically ART and ADT of an 
actual product in a way that represents the real world ’ s many product infl uenc-
ing interactions. 

 Integrated global solutions for many engineering problems in quality, safety, 
human factors, reliability, maintainability, durability, and serviceability were 
not available in the past. One of the basic reasons for this design defi ciency 
was the inability to solve a fundamentally important problem — accelerated 
reliability (durability) testing. ART and ADT provide an integrated solution 
that will positively infl uence product development time, cost, quality, design, 
and effective product/process. The context for this treatise is an industrial 
product design and development. This approach applies to the development 
of a large number of products and processes such as, for example, in the con-
sumer goods, industrial, producer, medical, banking, pharmaceutical, teaching, 
and military factors. 

 The weakness of prior accelerated testing approaches such as vibration 
testing, corrosion testing, step - stress testing, thermoshock testing,  highly accel-
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erated life testing  ( HALT ),  highly accelerated stress screening  ( HASS ), accel-
erated aging, mechanical crack propagation and growth, and  environmental 
stress screening  ( ESS ) was the result of inappropriately using only a few of 
the infl uencing factors and using these factors in isolation. Such testing 
improved the design in a one - dimensional way but failed to provide the 
needed global optimum solution formed by combining the many complex 
factors in a systematically integrated approach. These types of individually 
conducted tests do not provide suffi cient information for the accurate predic-
tion of the interval product/process degradation and failures. The complex 
interaction of these factors with the multitude of real - world factors is not 
considered.  

 Hence, the results are potentially (and usually) misleading. Such suboptimal 
solutions cannot accurately account for the global impact of complicated 
interactions that result in delays in development, time to market, and in 
increased costs related to 

   •      Design time and result  
   •      Customer satisfaction and expense  
   •      Maintenance frequency, cost, and access  
   •      Warranty costs and recalls  
   •      Degradation of product/process over time  
   •      Failures during time intervals and warranty periods  
   •      Quality requirements and indices  
   •      Product safety  
   •      Human factors    

 Many people seek to artifi cially increase the value of limited testing by 
including the word  “ durability ”  in the title (e.g.,  “ Vibration Durability Testing ” ). 
Vibration testing is not suffi cient for the evaluation or prediction of product 
durability. Vibration testing is only one of many components of mechanical 
testing as a part of complicated durability testing. Vibration testing alone is 
not suffi cient for accelerated development predictions for reliability, maintain-
ability, and durability improvement or for solving many other related 
problems.  

 ART or ADT based on a combination of many types of accelerated tests 
(fi eld, laboratory, multi - environment, mechanical, electrical, etc.) integrated 
with safety and human factors helps to solve the identifi ed problems. ART and 
ADT both use an accurate simulation of a fi eld environment. Chapter  1  
describes this phenomenon. 

 What is technology? Technology is often a generic term to encompass all 
the technologies people develop and use in their lives.  The United Nations 
Education, Social and Cultural Organization  ( UNESCO ) defi nes technology 
as  “  . . .    the know - how and creative processes that may assist people to utilize 
tools, resources and systems to solve problems and to enhance control over 
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the natural and made environment in an endeavor to improve the human 
conditions ”   [2] . Thus, technology involves the purposeful application of knowl-
edge, creativity, experience, insight, and resources to create processes and 
products that meet human needs or desires. The needs and wants of people in 
particular communities coupled with their creativity determine the type of 
technology that is developed and how it is applied.  

 The simple defi nition of ART and ADT technology is a  “ complex ”  com-
posed of specifi c testing methodologies, equipment, and usage that infl uence 
accurate prediction and successful accelerated development of product quality, 
reliability, durability, maintainability, availability, and supportability. 

 Each type of reliability and durability laboratory testing conducted as a 
component of ART or ADT consists of many subcomponents. The simulation 
of multiple inputs individually and simultaneously infl uences the result. For 
example, multi - environmental testing consists of a combination of tempera-
ture, humidity, chemical pollution, dust pollution, a complex of ultraviolet, 
infrared, and visible parts of the light spectrum, air pressure, and other infl u-
encing factors. 

 This is the fi rst book on ART and ADT that intends to acquaint the reader 
with the evolving methodology and equipment necessary to conduct true ART 
and ADT. To answer the question  “ How? ”  the author uses more than 30 years 
of experience in this fi eld, especially in the area of ART and ADT, as well as 
drawing from the world ’ s experience in this area. 

 This work covers new ideas and technologies for accurate ART and ADT 
that enhance the high correlation between testing and fi eld data. This impor-
tant testing process is continuously developing and expanding. In the real 
world, most of the signifi cant factors for design and development are intercon-
nected. Simulation, testing, quality, reliability, maintainability, human – system 
interaction, safety, and many other factors are interconnected and collectively 
infl uence each other. This is also true for the interacting infl uences of tempera-
ture, humidity, air pollution, light exposure, road conditions, input voltage, and 
many other parameters.  

 If one ignores these interactions, then one cannot accurately represent the 
real - world situation in a simulation. Consequently, testing based on a simula-
tion without considering real - world interactions cannot give suffi cient infor-
mation for the accurate prediction of all the quality parameters of interest. 
This book provides strategies to eliminate these negative aspects and to suf-
fi ciently describe ART and ADT. 

 ART and ADT is an important component of a more complicated problem: 
accurate prediction of product quality, reliability, durability, and maintainabil-
ity using accelerated tests. This unique approach shows that ART and ADT 
represent a signifi cant tool for the integration of multiple interactions gener-
ated by other test parameters. This methodology uses a system of systems 
approach and shows how to use ART and ADT for estimating reliability 
parameters and related maintainability, durability, and quality parameters. 
One uses it to get an accurate prediction of optimal maintainability, durability, 
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and a desired level of quality during a given time (warranty period, service 
life). This approach reduces customer complaints, product recalls, life cycle 
costs, and  “ time to market, ”  while facilitating the solution of related 
problems.  

 Most publications concentrate on the theoretical aspects of data analysis 
(including test data), test plans, parameter estimation, and statistics in the area 
of accelerated testing. The description of the test equipment, test protocol, and 
its application is seldom available. One can rarely fi nd any information describ-
ing the process and equipment required to conduct ART and ADT. 

 Engineers and managers particularly need to know  how  to correctly perform 
ART and ADT. The specifi c advantage this book provides is an explanation 
of the technology, technique, and equipment suffi cient to enable engineers and 
managers and other service professionals to successfully conduct practical 
ART and ADT. The book provides the direction to rapidly fi nd causes (with 
examples) for the degradation and failures in products and processes and to 
quickly eliminate or mitigate these causes or their effects. This approach dem-
onstrates how to accelerate the processes to provide an accurate prediction 
during the development of the product ’ s quality, reliability, durability, and 
maintainability for a given warranty period and service life.  

 Each individual product needs a specifi c test plan and testing technique, but 
the concepts for solving these problems are universal. Therefore, this book will 
be useful for different types of products in various industries and applications 
that work on land, at sea, in the air, and in space. 

 ART/ADT need an initial capital investment in equipment and high - level 
professionals to manage and conduct it. Only a limited number of industrial 
companies have appropriate guidance for this type of testing. Many CEOs who 
make decisions about testing investments do not suffi ciently understand that 
an investment in ART/ADT will typically result in a 10 - fold increase in profi ts. 
It reduces complaints and recalls, increases reliability, durability, and maintain-
ability, and decreases total life cycle costs. Accelerated reliability (durability) 
testing is more complicated than many other types of accelerated tests cur-
rently in use. 

 It was not until the late 1950s that professionals began to understand that 
the myriad interactions among different infl uences on the product/process 
could result in overlooking a signifi cant degradation failure mechanism. 
Originally, testing occurred in series by using one input infl uence at a time, for 
example, temperature alone. Then adding another, humidity, for example, was 
tested. When it became clear that temperature and humidity did not account 
for all of the failures, then another infl uence, perhaps vibration, was tested. 
This serial process continued with the addition of other infl uencing parameters 
as necessary to explain the unexpected failures. Although the design was 
improved to ensure the equipment would be reliable in each individual envi-
ronment, unexpected failures occurred when the equipment was fi nally tested 
in a real - world environment. No assessment had been made of the collective 
interactions of the many input infl uences. Eventually, engineers realized that 
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the synergistic effects of the interaction of different environmental factors 
caused the degradation and failures. 

 A new approach to testing, where the product simultaneously experiences 
different input infl uences, is  combined environmental reliability testing  
( CERT )  [3] . CERT required new testing facilities and testing equipment. For 
example, vibration tables and ovens were combined to create what were 
humorously referred to as  “ shake  ’ n bake ”  chambers  [4] . In fact, such a multi -
 environmental test only partly refl ects the fi eld input infl uences. Mechanical 
testing, electrical testing, and other types of testing also exist. The basis for 
ART and ADT is the simultaneous simulation of all fi eld infl uences, integrated 
with safety and human factors, on the product or process. 

 Each laboratory research study applies different fi eld simulations and test-
ings. This book may improve the quality of this work by enabling professionals 
to execute research on a higher level. 

 ART is identical in many aspects to ADT. Therefore, many refer to  “ ART ”  
as  “ ADT. ”  Repetition of the term  “ simultaneous combination ”  refl ects the 
basic essence of ART and ADT.  

 The book is for industrial engineers, test engineers, reliability engineers, and 
managers. It is also for personnel in the service area, maintenance area, engi-
neering researchers, teachers, and students who are involved in quality, reli-
ability, durability, maintainability, simulation, and testing. The author wishes to 
express his thanks to Y.M. Abdulgalimov, J.M. Shehtman, E.L. Klyatis, V.A. 
Ivnitsky, and posthumously to D. Lander for help provided in various stages 
of this project. 

Lev M. Klyatis        
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Chapter 1

Introduction

1.1 THE PURPOSE OF ACCELERATED TESTING ( AT)

 In an AT, one accelerates the deterioration of the test subject beyond what is 
expected in an actual normal service environment. AT began many years ago 
with the development of the necessary methodology and equipment. 
Development continues into the future. As the knowledge about life and the 
laws of nature evolves, the requirements for products and technologies have 
also increased in complexity. Thus, the requirements for AT have and continue 
to increase in scope. Often, AT methods and equipment that were satisfactory 
in the past are no longer satisfactory today. Those that are good today will not 
satisfy the requirements of producers and users in the future. This encourages 
research and development for AT. This process, refl ected in the literature, 
encourages and directs the research and advancement of test disciplines.  

 Unfortunately, in real life, people who perform AT for industry and other 
organizations usually do not have the time, incentive, or the opportunity to 
write books. Authors of AT books unfortunately often know their subject 
primarily in theory rather than from an actual application of AT. The situation 
is not better if an author includes such terms as  “ practical, ”   “ practice, ”  or 
 “ practitioner ’ s guide ”  in the title of the publication. As a result, most books 
on AT do not demonstrate  how  to conduct testing or identify what type of 
testing facility and equipment is appropriate, and they also neglect to identify 
the benefi ts of one method over another. Publications usually fail to show 
the long - term advantages and savings accruing from an investment in more 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
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2 INTRODUCTION

expensive and advanced testing equipment to increase product quality, reli-
ability, durability, and maintainability while reducing the development time 
and decreasing a product ’ s time to market. How can one accomplish this? One 
must provide a combination of practical and theoretical aspects for guidance 
and use. 

 The basic purpose of AT is to obtain initial information for issues of quality, 
reliability, maintainability, supportability, and availability. It is not the fi nal 
goal. It is accomplished through prediction using the information provided by 
AT under laboratory (artifi cial) conditions. The most effective AT of a product 
design needs to occur under natural (fi eld) conditions. AT design and the 
selection of appropriate testing parameters, equipment, and facilities for each 
method or type of equipment to be tested must be coordinated to provide the 
test inputs and results that are most benefi cial for the quality, reliability, or 
maintainability problems that the test identifi es. An AT design is very impor-
tant in determining how accurate the decision process is in selecting the 
method and type of equipment to use.  

 Quality, reliability, durability, and maintainability are factors that are not 
separable. They are interconnected, have complex interactions, and mutually 
infl uence each other. This complex represents the parameters and processes 
needed to conduct AT and includes simulation, testing, quality, reliability devel-
opment, maintainability, accurate prediction, life cycle costs, fi eld reliability, 
quality in use, and other project - relevant parameters and processes. AT is a com-
ponent of a complex supporting the design, manufacturing, and usage processes, 
and its benefi ts depend on how one confi gures the complex for optimization.  

 If industrial companies would properly apply this optimization process, then 
they would choose more carefully among the many popular current test 
methods and types of equipment such as highly accelerated life testing (HALT), 
highly accelerated stress screening (HASS), accelerated aging (AA), and 
others to use them for the accurate prediction of reliability, durability, main-
tainability, supportability, and availability. It is verifi able that buying simple 
and inexpensive methods and equipment for testing becomes more expensive 
over a product ’ s life. It is also true for a simulation as a component of an AT, 
evaluation, and prediction. A basic premise of this book is that the whole 
complex needs to be well - thought - out and approached with a globally inte-
grated optimization process.  

1.2 THE CURRENT SITUATION IN AT

 The following presents three basic approaches for the practical use of AT as 
shown in Figure  1.1 .   

1.2.1 The First Approach 

 The fi rst approach is special fi eld testing with more intensive usage than under 
a normal use. For example, a car is usually in use for no more than 5 – 6   h/day. 



THE CURRENT SITUATION IN AT  3

If one uses this car 18 – 20 or more hours per day, this represents true AT and 
provides enhanced durability research of this car ’ s parameters of interest. This 
is a shorter nonoperating interval than normal (4 – 6 hours instead of the 
normal 18 – 20 hours). The results of this type of test are more accelerated than 
they would be under normal fi eld conditions. 

 This type of AT is popular with such world - class known companies as 
Toyota and Honda; they call it  “ accelerated reliability testing ”  (ART). For 
example, in the report of the U.S. Department of Energy (DOE), INL/EXT 
06 - 01262  [5] , it was stated that

  A total of four Honda Civic  hybrid electric vehicle s ( HEV s) have entered fl eet 
and accelerated reliability testing since May 2002 in two fl eets in Arizona. Two 
of the vehicles were driven 25,000 miles each (fl eet testing), and the other two 
were driven approximately 160,000 miles each (accelerated reliability testing). 
One HEV reached 161,000 miles in February 2005, and the other 164,000 miles 
in April 2005. These two vehicles will have their fuel effi ciencies retested on 
dynamometers (with and without air conditioning), and their batteries will be 
capacity tested. Fact sheets and maintenance logs for these vehicles give detailed 
information, such as miles driven, fuel economy, operations and maintenance 
requirements, operating costs, life - cycle costs, and any unique driving issues   

 Another example is cited by Frankfort et al.  [6]  in the  Final Report of the Field 
Operations Program Toyota RAV4 (NiMH) Accelerated Reliability Testing . 
This fi eld testing took place from June 1998 to June 30, 1999 corresponding to 
the Field Operation Program established by the U.S. DOE to implement elec-
tric vehicle activities dictated by the Electric and Hybrid Vehicle Research, 
Development, and Demonstration Act of 1976. The program ’ s goals included 
evaluating electric vehicles in real - world applications and environments, 
advancing electric vehicle technologies, developing the infrastructure ele-
ments necessary to support signifi cant electric vehicle use, and increasing the 

       Figure 1.1.     The basic directions of accelerated testing.  

Three basic directions of accelerated
testing

1. Field testing of
the actual test

subject with a more
intensive use than

under normal
conditions

2. Laboratory or
specific field (proving
grounds, etc.) testing

of the actual test
subject on the basis of
physical simulation of
field input influences

3. Laboratory
testing with
computer
(software)

simulation of test
subject and field
input influences



4 INTRODUCTION

awareness and acceptance of electric vehicles. The program procedures 
included specifi c requirements for the operation, maintenance, and ownership 
of electric vehicles in addition to a guide to conduct an accelerated reliability 
test. Personnel of the  Idaho National Engineering and Environmental 
Laboratory  ( INEEL ) managed the Field Operation Program. The following 
appeared in the fi nal report:

  One of the fi eld evaluation tasks of the Program is the accelerated reliability 
testing of commercially available electric vehicles. These vehicles are operated 
with the goal of driving each test vehicle 25,000 miles within 1 year. Since 
the normal fl eet vehicle is only driven approximately 6,000 miles per year, accel-
erated reliability testing allows an accelerated life - cycle analysis of vehicles. 
Driving is done on public roads in a random manner that simulates normal 
operation.   

 This report summarizes the ART of three  nickel metal hydride  ( NiMH ) 
equipped Toyota RAV4 electric vehicles by the Field Operation Program and 
its testing partner,  Southern California Edison   ( SCE ). The three vehicles were 
assigned to SCE ’ s Electric Vehicle Technical Center located in Pomona, 
California. The report adds  “  . . .    To accumulate 25,000 miles within 1 year of 
testing, SCE assigned the vehicle to employees with long commutes that lived 
within the vehicles ’  maximum range. Occasionally, the normal drivers did not 
use their vehicles because of vacation or business travel. In that case, SCE 
attempted to fi nd other personnel to continue the test. ”  

 A profi le of the vehicle ’ s users from Frankfort et al. is presented in Table 
 1.1 .This is a useful work in many areas, but practice shows that this type of 
fi eld testing is not applicable for an accurate reliability, durability, and main-
tainability prediction, by this book ’ s defi nition and methodology, for several 
reasons:

   1.     Many years of fi eld testing for several specimens are necessary to gather 
initial information for an accurate quality, reliability, and maintainability 
prediction during a given period. This book proposes a methodology and 
equipment that can accomplish this at a much faster pace and at a lower 
cost.    

TABLE 1.1 Profi le of Vehicle Users  [2]

Vehicle Number 1 2 3

  Normal round - trip commute (miles)    60    120    82  
  Other daily mileage — lunch, business, 

and so on (miles)  
  50 (one to two times 

per week)  
  20 – 30    10 – 40  

  Average weekly mileage    410    501    524  
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  2.     An industrial company usually changes the design and manufacturing 
process of its product every few years, not always on a regular basis. In 
this situation, test results of a previous model ’ s testing have only relative 
usefulness, but they are not directly applicable.  

  3.     Field testing can only provide incomplete initial information for solving 
problems related to an integrated system of quality, reliability, and main-
tainability as will be shown in this book.  

  4.     A combination of laboratory and fi eld testing is more useful for fi nding 
a solution to these and many other problems.    

 These problems show that after describing its fi eld testing, and the tests of 
the above - mentioned models, Toyota still had many problems in reliability and 
safety that led to recalls, complaints, degradation, and failures. Consider one 
more example from Toyota ’ s practice. The report  Hybrid Electric Vehicle End -
 of - Life Testing on Honda Insight   [7]  stated that  “ Two model year 2004 Toyota 
Prius hybrid electric vehicles (HEVs) entered ART in one fl eet in Arizona 
during November 2003. Each vehicle will be driven 160,000 miles. After reach-
ing 160,000 miles each, the two Prius HEVs will have their fuel effi ciencies 
retested on dynamometers (with and without air conditioning), and their bat-
teries will be capacity tested. All sheets and maintenance logs for these vehi-
cles give detailed information such as miles driven, fuel economy, operations 
and maintenance requirements, operating costs, life - cycle costs, and any unique 
driving issues    . . .  ”  

 In fact, this was an accelerated fi eld test performed by professional drivers 
for short periods of time (maximum of 2 – 3 years). This testing cannot provide 
the necessary information for an accurate prediction of reliability, life cycle 
costs, and maintenance requirements during a real service life since it does not 
take into account the following interactions during the service life of the car:

    •      The corrosion process and other output parameters, as well as input infl u-
ences that act during a vehicle ’ s service life  

   •      The effects of the operators ’  (customers ’ ) infl uences on the vehicle ’ s reli-
ability because it was used by professional drivers during the above 
testing

   •      The effects of other real - life problems    

 Mercedes - Benz calls similar testing  “ durability testing. ”  For example, the 
test program for the new Mercedes - Benz C - Class stated in Reference  8  
 “  . . .    For the real - life test that involved 280 vehicles they were exposed to a 
wide range of climatic and topographical conditions. Particularly signifi cant 
testing was carried out in Finland, Germany, Dubai, and Namibia. The program 
included tough  ‘ Heide ’  endurance testing for newly developed cars, equivalent 
to 300,000   km (186,000 mi) of everyday driving by a typical Mercedes 
customer. Every kilometer of this endurance test is around 150 times more 
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intensive than normal driving on the road, according to Mercedes. Data gath-
ered are used to control test rigs for chassis durability testing    . . .  ”  

 A similar situation existed with a Ford Otosan durability testing in 2007. It 
was stated in the article  “ LMS Supports Ford Otosan in Developing Accelerated 
Durability Testing ”   [9]  that  “ Ford Otosan and LMS engineers developed a 
compressed durability testing cycle for Ford Otosan ’ s new Cargo truck. LMS 
engineers performed dedicated data collection, applied extensive load data 
processing techniques, and developed a 6 - to - 8 - week test track sequence and 
4 - week accelerated rig test scenario that matched the fatigue damage gener-
ated by 1.2 million km of road driving. ”  

 Companies specializing in testing areas often fi nd similar situations. For 
example, in the note about MIRA ’ s (MIRA Ltd.) durability testing  [10] , it was 
stated in the Proving Ground Durability Circuits  &  Features that MIRA ’ s 
proving ground is used extensively for accelerated durability testing (ADT) 
on the whole vehicle in addition to these traditional durability surfaces:

    •      Belgian pave  
   •      Corrugations  
   •      Resonance road  
   •      Stone road    

 Many other proving ground surfaces and features serve to build up a track 
base equivalent to real - world road conditions. 

 Referring to different sources about proving ground testing published 
30 – 40 years ago, in The Nevada Automotive Test Center (NATS)  [11] , in Kyle 
and Harrison  [12] , and in others, one will see that similar proving ground stress 
testing was used for obtaining initial information for machinery strength and 
fatigue. Professionals understand that this type of testing cannot offer the 
information for an accurate prediction of a test subject ’ s durability and reli-
ability because it does not take into account the 

   •      Environmental factors (temperature, humidity, pollution, and sun expo-
sure) and their effect on a product ’ s durability and reliability during its 
warranty period or service life  

   •      Random character of real input infl uences that affect a product ’ s perfor-
mance in the fi eld  

   •      The type of data simulation required for system control is not capable of 
being simulated during a proving ground test  

   •      Many other real - life tests cannot be simulated on the proving ground    

 Many authors often ignore the above - mentioned points, especially in pub-
lications of companies that design, produce, and use the equipment or meth-
odology for AT. Therefore, this fl awed reasoning occurs in many publications 
that relate to reliability or durability testing.  
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1.2.2 The Second Approach 

 The second approach is to use accelerated stress testing (AST). For example, 
if one conducts research upon or tests the actual car using a simulation of the 
fi eld input infl uences with special equipment (vibration test equipment, test 
chambers, and proving grounds), then the level of the car (or other product) 
loading is higher than it is in normal usage. In this case, there is a physical 
simulation of the fi eld inputs on the actual test subject. In most instances, there 
is a separate simulation of each of the fi eld input infl uences such as tempera-
ture, humidity, sun exposure, pollution, or several of the many fi eld inputs. 
Therefore, this type of testing does not offer the possibility of obtaining an 
accurate quality and reliability prediction and of conducting accelerated 
development. 

 The level of inaccuracy of this prediction depends upon the level of inac-
curacy of the simulation of fi eld input infl uences, safety problems, and human 
factors. More details for this situation are provided later in this book.  

1.2.3 The Third Approach 

 This approach relies on using a computer (software) simulation or analytical/
statistical methods. A computer simulation is a  “ computer program that 
attempts to simulate an abstract model of a particular system ”  (Wikipedia). 

 Computer simulations have become a useful part of the mathematical mod-
eling of many natural systems in physics, chemistry, and engineering. They help 
to gain insight into the operation of those systems. Wikipedia classifi es com-
puter models according to several criteria:

    •      Stochastic or deterministic (and as a special case of deterministic, chaotic)  
   •      Steady - state dynamic  
   •      Continuous or discrete (and as an important special case of discrete, 

discrete events, or discrete event models)  
   •      Local or distributed    

 Simulation results are different from actual results. 
 A simulated test subject is different from the actual test subject, and simu-

lated fi eld input infl uences are different from the actual fi eld input infl uences. 
The results of a reliability and quality prediction and evaluation using com-
puter (software) simulation show a greater difference from the appropriate 
fi eld results than results from using methods 1 and 2 mentioned earlier. This 
is attributable to a greater difference from a real fi eld environment. Two 
examples show the economics of software simulation:  “ Standish Group, a 
technology consultancy, estimated, that 30% of all software projects are can-
celled, nearly half come in over budget, 60% are considered failures by the 
organizations that initiated them, and nine out of ten come in late. A 2002 
study by the American ’ s  National Institute of Standards  ( NIST ), a government 
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research body, found that software errors cost the American economy $59.5 
billion annually ”   [13] . Currently, this approach is in the early stages of develop-
ment and is more popular with professionals in the software development fi eld.  

 It is often popular with customers because it is less expensive and less 
complicated than methods 1 and 2. The following tests are included in com-
puter simulation methods: fi xed duration, sequential, test to failure, success 
test, reliability demonstration, reliability growth/improvement, or others. This 
book does not address these types of testing. They include qualitative acceler-
ated tests, quantitative accelerated tests, or quantitative time and event com-
pressed testing.  

1.2.4 The Second Approach: A More Detailed Review 

 One common example applies to the following discussion. When Boeing 
wanted to produce a sensor system for satellites with minimum expenditures, 
the company specialists decided not to conduct the subsystem testing until 
they mounted the subsystems with more complicated components to provide 
testing for the entire block. This approach required more funding than planned. 
The subsystems that had not been tested had failures that led to the failures 
of completed blocks, which then had to be dismantled and reassembled  [14] . 
This approach complicates the problem of fi nding the root cause of failures. 
Therefore, costs were higher and more time was required to complete testing 
and reassembly. 

 There are several approaches to AT, and it is important to differentiate 
among them because each approach needs its specifi c techniques and equip-
ment. The effectiveness of these approaches sometimes depends upon the 
complexity of the product. It sometimes depends on the complexity of the 
operating conditions for the product, including the need for one or several 
climatic zones of usage and indoor/outdoor usage. For example, electrode 
testing requires simpler techniques and equipment than engine testing. Devices 
or vehicles having indoor applications do not need solar radiation testing. The 
testing approach for devices that operate for a short period of time needs to 
be different from the testing approach for devices that operate for a long 
period of time for greater testing effectiveness. In general, there are three basic 
methodological concepts to the second approach of AT. Let us briefl y describe 
them:

   1.     Accelerate the test by reducing the time between work cycles. Many 
products experience brief usage during a year. Therefore, one can test 
them by ignoring the time between work cycles and the time with minimal 
loading that has no infl uence on the product degradation or failure 
process. For example, most farm machinery, such as harvesters and fertil-
izer applicators, have seasonable work schedule. Harvesters work only 
several weeks during a year. If this work occurs 24 hours a day with an 
average fi eld loading, one accumulates the equivalent of 8 – 10 years of 
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fi eld operation in several months. The same principle relates to aircraft 
testing. However, this approach ignores the degradation process during 
storage time (corrosion and other environmental infl uences, as well as 
its contact with mechanical and other factors). Therefore, for reliability/
durability testing, one has to take into account stress from the above -
 mentioned factors.  

  2.     Accelerate the test using stresses. Most industrial companies use this 
approach to testing (Fig.  1.2 ).    

  3.     Acceleration through high - level stresses. This method involves increas-
ing the intensity of stress factors. Stress factors accelerate a product ’ s 
degradation process in comparison with its normal usage. There are 
many types of higher - level stresses that occur under normal usage: higher 
loading (tension), higher frequencies and amplitudes of vibration, and a 
higher rate of change in input infl uences (temperature, humidity, higher 
concentration of chemical pollutions and gases, higher air pressure, 
higher voltage, higher fog, and dew). This approach is often used and is 
benefi cial if the stress does not exceed the given limit. This approach is 
relatively simple and effective for raw materials and simple components. 
But often, it applies stresses that are higher than the fi eld stresses and 
for complicated components or for the entire equipment. The above -
 mentioned testing approach relates to most types of current AT, includ-
ing HALT  [15] , AA  [16] , and  [17] , and HASS  [18] . Often, these tests are 
incorrectly called  “ ADT ”  or durability testing.    

 HALT is a process that uses a high - stress approach in order to discover 
design limitations of products. HALT usually includes two parameters: 

Figure 1.2. Example of separate types of simulation and accelerated stress testing 
during design and manufacturing. 
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vibration and temperature  [19] . The following example demonstrates HALT 
and HASS testing.

System Performance

   •      HALT/HASS temperature range:  − 100 to 200 ° C  
   •      HALT/HASS temperature change rate: 60 °  per minute  
   •      HALT/HASS temperature stability:  ± 1 ° C after stabilization  
   •      HALT/HASS vibration type: repetitive shock and triaxial noncoherent 

testing: The product experiences 6 degrees of freedom during broadband 
random vibration  

   •      HALT/HASS working area ranges: 30 – 48 ”     ×    40 – 48 ”     ×    36 – 48 ”  high  
   •      HALT/HASS maximum vibration power: 60   g  
   •      HALT/HASS frequency ranges: 5 – 5000   Hz and 5 – 20,000   Hz    

 HASS: Apply high stress levels to reduce the  reliability stress screening  
( RSS ) time as much as possible. However, do not exceed the specifi cations 
of the operational limits of components unless it is a management decision. 
RSS is a reliability screening process using environmental and/or opera-
tional stresses as means of detecting fl aws by inducing them as detectable 
failures. 

 Combined stresses, combined temperature change, and vibration or bumps 
are especially effi cient for stimulating fl aws as failures. Before starting the RSS 
with its high stress levels, the operational limits for the assemblies must be 
determined. Furthermore, by repeating the RSS cycle a large number of times, 
it must be proven that the planned RSS cycles reduce the lifetime of the 
assemblies to an insignifi cant degree, even during repeated RSS due to the 
repairs of induced failures. 

 Perform the screening process under consideration at the subsystem level 
of the manufacturing system. The planning includes a number of steps:

Step 1 .      Specify the maximum allowable fraction of weak assemblies. 
Perform this step by examining the requirements for the end product 
including the  printed board assembly  ( PBA ) as a subsystem. In this case, 
no other parts of the end product contribute to early failures. Therefore, 
the acceptable fraction of weak assemblies that remained after reliability 
screening is the same for the end product and the PBA.  

Step 2 .      Evaluate the actual fraction of weak assemblies. Calculations in 
Steps 1 and 2 are required. In this case, there are two rogue component 
classes: integrated circuits (ICs) and power transistors. It is necessary to 
reduce the fraction of early failures by an order of magnitude before 
including the PBA in the end product.  

Step 3 .      Consider the stress conditions. First, identify the fl aws that one 
expects to induce during the assembly process.    
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 For ICs, the following may appear:

    •      Partial damage of the internal dielectric barriers due to electrostatic 
discharge (ESD) in the production handling  

   •      Formation of cracks in the plastic encapsulation due to a diffi cult manual 
production process    

 Transistors may appear to have the formation of cracks in the plastic encap-
sulation due to a diffi cult manual production process. 

 Users of the above - mentioned approaches, especially AA, claim that after 
several days of testing, they can obtain results equivalent to several years of 
fi eld results. They call these approaches reliability and durability testing. To 
achieve an accurate fi eld simulation, one has to carefully use and truly under-
stand a high level of acceleration. 

 Practically, if one wants to obtain accurate initial information for an accu-
rate prediction of product reliability or durability, then one has to take into 
account that the most current test equipment may only be able to simulate 
one or a few of the fi eld inputs. But many actual environmental infl uences such 
as temperature, humidity, chemical and dust pollution, and sun radiation act 
simultaneously with many mechanical, electrical, and other infl uences. Most 
of the current test equipment simulate these actions (or only a part of the real 
input complex) separately. Therefore, users tend to implement these parts of 
the environmental infl uences separately. As a result, this equipment is not 
appropriate for accelerated durability, reliability, or environmental testing.  

 This circumstance applies to the methodology and equipment that simu-
lates not only one type of input infl uence (e.g., temperature) but also two 
(temperature and vibration), and three types (temperature, vibration, and 
humidity) of input infl uences. The same is true for mechanical and other types 
of testing. The companies that design and manufacture equipment for AT and 
especially the users of this equipment should ask themselves,  “ What can we 
evaluate or predict after testing? How extensively can we simulate the fi eld 
environment? ”  If one wants to cause the product to fail more quickly than in 
the fi eld, then it is necessary to ask a second question:  “ How is the product 
degradation process in the fi eld similar to the degradation process during AT? ”  

 Those who have a high level of professional experience in practical AT for 
product development and reliability/durability prediction will agree that one 
cannot accurately predict product durability and reliability if only a part of 
the fi eld environment is simulated. To solve this problem, some who work in 
the area of accelerated product development use HALT, AA, and other types 
of AST with a high level of stress to quickly obtain test results. So, in a few 
days, one can obtain test results that compare adequately to a few years of use 
in the fi eld. For example,  “ When a 10 - year life test can be reduced to 4 days, 
you have time to improve reliability while lowering cost ”   [16] . This method is 
simple because the intense stress applied for a short time period is suffi cient 
to determine the results quickly. Also, the equipment is less expensive.  
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 However, what is the quality of these results? The quality of these results 
is poor. The basic reason for poor results is that by using this approach, one 
cannot obtain the physics - of - degradation (or the chemistry degradation) mech-
anism that would be similar to the one obtained in the fi eld physics - of - degra-
dation (or the chemistry degradation) mechanism. Therefore, this approach 
cannot provide a suffi cient correlation between ART/ADT results and fi eld 
results. If one takes measurements of the time of failure during an AT, it is still 
impossible to know how accurately these measurements represent the time of 
failure taken in the fi eld. Moreover, testing may destroy the product during 
ART/ADT or may show failures in the laboratory that do not occur in the 
fi eld, because the level of temperature and vibration is higher than in real life. 

 Today the automotive, aerospace, aircraft, electronic, farm machinery, and 
many other industries often utilize this approach with minimal success. The 
accelerated test results (reliability and maintainability) are different from the 
fi eld results. Consequently, product development, reducing complaints, and 
recall facilitation need more time, incurring an associated delay in product 
availability, a decrease in sales numbers, higher production costs, and a decrease 
in customer satisfaction. Most highly educated professionals in these areas 
monitor the stress level very carefully and use the physics - of - degradation 
mechanism as a criterion of simulation. To conduct AT for a unit of electronic 
equipment, they often combine a minimum of three parameters in the test 
chambers simultaneously with a minimum level of stress. These parameters 
include temperature (humidity), multiaxis vibration, and input voltage.  

 More negative aspects of this approach follow. Those who have practical 
experience in AT know that one cannot estimate the acceleration coeffi cient 
of the whole product (car or computer) or the unit during a test of the whole 
product or its units (which consist of different assemblies, and each assembly 
has a different acceleration coeffi cient). Therefore, if we know the time to 
failure for different components of the whole product during an AST, we still 
cannot accurately estimate the time to failure and other reliability parameters 
of the whole product or unit during real life. This is true because the ratio of 
the acceleration coeffi cients (the ratio between the AT time and the fi eld time) 
for the failures of the test subject elements varies too widely. 

 This relates to the situation shown in this book when different subunits 
interact with each other and cause possible failures to disappear. However, 
additional new subunit failures also appear. Thus, we have nonlinear combina-
tions. For example, for different parts of caterpillar units, the ratio of failure 
acceleration varied from 17 to 94  [20] . In this case, it is impossible to fi nd the 
reliability parameters for the whole caterpillar device. One of the research 
conclusions was that  “ This confi rms the practical impossibility of selecting the 
regime of AST that will give the ratio of loading of all parts and units of the 
complete device that will correspond to fi eld ”   [20] . 

 J.T. Kyle and H.P. Harrison  [12]  wrote more than 40 years ago that 
 “  . . .    Absence of tensions with small fi eld amplitude by AT gives an error in 
the estimation of the ratio of the number of work hours in the fi eld and on 
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AST conditions, for evaluation of details under high tension and fl uctuation 
of load. ”  Therefore, this approach to AT is one of the basic reasons why one 
cannot obtain a suffi cient correlation between the AT results and the fi eld 
results. 

 Test equipment (chambers) for the automotive industry usually includes a 
volume from 0.5 to 500 or more cubic meters.  Accelerated environmental 
testing  ( AET ) results of electronics, automobiles, aerospace, aircraft, and other 
types of products all experience similar negative results. 

 Specifi c areas of industry have specifi c types of AT. For example, AT of farm 
machinery can be 

   •      In the fi eld  
   •      On special experimental proving grounds  
   •      On special test equipment in the laboratory  
   •      Any combination of the above tests    

 It can be a complex testing of entire machines or testing of components or 
combinations of components. 

 Usually, complex testing of an entire machine occurs in the fi eld and at 
proving grounds. Components and their combinations are tested at proving 
grounds and on laboratory equipment. At proving grounds, it moves the whole 
machine but usually tests only the components of the machine, mostly the 
body. In the fi eld, one can also test new or modern components that are com-
ponents of entire machines. Methodological aspects of current AT in the labo-
ratory vary depending on the specifi cs of test subjects and operating conditions. 
In general, laboratory AT uses various methods of loading such as 

   •      Periodic and constant amplitude loading  
   •      Block - program stepwise loading  
   •      Maximum stress loading  
   •      Maximum simulation of basic fi eld loads in simultaneous combinations    

 It is important to consider a load process while analyzing fi eld environments 
and testing performances, especially when stress testing (AST) is used. One 
has to identify and evaluate different levels of real - life input infl uences (loads) 
and how to account for them when performing an accelerated test. In this case, 
we classify accelerated tests as constant stress, step stress, cycling stress, or 
random stress. The highest level is random stress, because it is closer to the 
real world. In the real world, all loads for mobile equipment, as well as many 
loads for stationary equipment, have a random character. A fi eld simulation 
using other types of stress is not accurate, but it has a lower cost. Often people 
prefer lower cost simulations and tests, but they ignore the consequent increase 
in costs for the subsequent work during design and manufacturing. If they 
would take this into account, they would understand that a less expensive test 
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in actuality becomes more expensive and produces more problems and delays 
during design and manufacturing phases. During testing, one cannot fi nd the 
real - world degradation and failures and accurately predict fi eld reliability, 
durability, recalls, time to market, and the cost of maintenance. The least 
expensive test is the one that uses constant stress, and the constant stress test 
causes more problems for the subsequent processes. 

 There are two possible stress loading scenarios: loads in which the stress is 
time independent and loads in which the stress is time dependent. For a math-
ematical analysis, models and assumptions vary depending on the relationship 
between stress and time. Similar to the discussion in the previous paragraph, 
time - independent stress and loading is the cheapest and simplest to conduct 
but becomes more expensive and needs more time for subsequent design, 
research, and manufacturing processes. 

 In Figure  1.3 , one can see the basic reasons that AST often cannot help to 
accurately predict reliability and durability.   

Figure 1.3. Reasons one -dimensional accelerated stress testing makes often incorrect 
predictions.



THE CURRENT SITUATION IN AT  15

 AST requires the extensive use of universal and specifi c test equipment and 
proving grounds for automobiles, tractors, tanks, farm machinery, and off -
 highway machinery on concrete and other surfaces. Usually, a number of 
tracks/surfaces exist in one particular section of the proving ground that is 
equipped with a drainage system. The procedure for testing under these condi-
tions follows from the principle of a substantial increase in the frequency of 
application of the maximum working loads. For an accelerated environmental 
stress test, the increase in temperature, humidity, and/or air pressure makes 
sense. 

 The AT of vehicles, tractors, tanks, farm machinery, off - highway vehicles, 
and other mobile products occurs on specially equipped proving grounds 
designated for 

   •      Wheeled machine frames by running them under various conditions 
along a racetrack set with obstacles  

   •      Investigation of the coupling properties of wheeled machines, tool carri-
ers, and wheeled tractors on a concrete track  

   •      Testing of tanks, tractors, agricultural machines, and other mobile vehicles 
in abrasive media (in bath)    

 To improve working conditions, in addition to more rationally using the 
testing time and creating a higher level of testing conditions, one can use an 
automatic system of control. Usually, this control system includes the following 
basic components:

    •      A system to automatically drive a machine along the proving ground 
track and operate its attachments  

   •      A remote control system for the unit ’ s operating schedule  
   •      A system for the prevention of damage    

 AST is also applicable to laboratory equipment (universal and specifi c) 
found in proving ground test centers. These are different types of vibration 
equipment, dynamometers, and test chambers. When this equipment is used 
for an accelerated test for engines of mobile products, the permissible limits 
of wear on components such as cylinders, pistons, connecting rods, and crank 
assembles can be determined quickly. Artifi cially increasing the dust content 
of the intake air and introducing solid particles into the crankcase oils acceler-
ates engine component wear. These current methods and equipment for AT 
simulate primarily separate components or subcomponents of fi eld input infl u-
ences for the real fi eld situation. Chapter  5  describes the testing equipment in 
more detail. 

 Some authors have believed accelerated durability testing or durability 
testing are related to this category of AT. In Reference  21 , P. Briskman con-
sidered a cycling stress test to be a durability test. This fails to take into account 
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the real - life input infl uences on the test subject. For example, the Bodycote 
Testing Group  [22]  considered environmental testing to be durability testing. 
Another example, taken from the article  “ Full Vehicle Durability ”  from the 
RGA Research Corporation, shows that  “  . . .    There are six test tracks with 
over 30 different types of surfaces available for full vehicle durability tests. ”  
But proving ground testing is not accurate durability testing as previously 
described. In one more example, C.E. Tracy et al.  [23]  considered ADT of 
electrochromic windows. They wrote:  “  . . .    The samples inside the chamber 
were tested under a matrix of different conditions. These conditions include 
cycling at different temperatures (65, 85, and 107 ° C) under irradiance, cycling 
versus no - cycling under the same irradiance and temperature, testing with 
different voltage waveforms and duty cycles with the same irradiance and 
temperature, cycling under various fi ltered irradiance intensities, and simple 
thermal exposure with no irradiance or cycling. ”  The above - mentioned citation 
equating a proving ground test to a durability test is another example of a 
misconception of what  “ durability test ”  or  “ reliability test ”  actually means. As 
one can see from the above, the cycling test is not an  “ accelerated durability 
test ”  because in a fi eld environment, a change of input and output parameters 
has a random character, but not in cycling. 

 The use of reliability and durability testing terms in the scientifi c literature 
often misleads practical engineers. The term  “ reliability testing ”  ( “ ART, ”  dura-
bility testing, ADT) is often blocked out by other words or phrases that change 
its meaning. This happens most of the time in theoretical discussions, and 
sometimes it occurs in standards. For example,  “ accelerated reliability demon-
stration, ”   “ acceleration of quantitative reliability tests, ”   “ acceleration reliabil-
ity compliance or evaluation tests, ”   “ acceleration reliability growth tests, ”  and 
other terms are inappropriate to represent ART.  

1.2.5 Durability Testing of Medical Devices 

 The application of ART/ADT in this book relates not only to mobile equip-
ment but also to stationary equipment. A current situation in AT, especially 
durability testing, for one group of stationary equipment, medical devices, will 
be examined. There are many publications  [24, 25, 31]  that address building 
state - of - the - art durability and fatigue testing devices for biomaterials, engi-
neered tissues, and medical devices such as stents, grafts, orthopedic joints, and 
others. Real - time computer control, electrodynamic mover technology, and 
laser measurement and control options are just some of the features of these 
test systems. Mechanical testing is a critical step in the development of medical 
devices. Medical Device Testing (MDT) Services provides a wide variety of 
mechanical tests from the U.S.  Food and Drug Administration  ( FDA ), 
American Society for Testing and Materials (ASTM) International, and 
International Organization for Standardization (ISO) medical testing require-
ments. Some of these tests are 
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   •      Stent testing  
   •      Graft testing  
   •      Intravascular medical device testing  
   •      Orthopedic medical device testing  
   •      Dental implant and materials testing  
   •      Biomaterials evaluation testing    

 However, medical device durability testing has similar negative features as 
described earlier for the AT of mobile products. Let us begin with durability 
testing formulation. For example, as the Orthopedic and Rehabilitation 
Devices Panel of the Medical Devices Advisory Committee  [28]  described: 
 “ The durability testing of medical devices should involve cyclic loading testing 
several loading models (e.g., fl exion/extension, lateral bending, and axial rota-
tion) and involve a maximum of six samples of the worst - case construct out 
to ten million cycles. This test can incorporate all testing directions into one 
test or conduct separate tests for each loading mode. Durability testing estab-
lishes loading direction, stability of the device, and the potential to cause wear. 
Clinical justifi cation for the loads and angles chosen should be provided. ”  

 As we can see, the above - mentioned test requirements have the same nega-
tive features as the description of mobile product tests for farm machinery or 
the automotive industry product tests that were created 50 or more years ago. 
In industrial areas, professionals came to the conclusion many years ago that 
this test could not offer satisfactory initial information for an accurate predic-
tion of durability, reliability, and maintainability in a real - world situation. This 
is true since this type of testing does not take into account real factors such 
as

   •      The speed of change for the real stress processes  
   •      A random character of loading in a real situation  
   •      A simultaneous combination of many factors that infl uence durability in 

a real environment    

 Additionally, this type of testing does not provide an accurate simulation 
of the whole complex of factors in a real fi eld situation. For example, a heart 
attack is often the result of a sudden high stress, not step - by - step stresses. 

  “ The 10 million cycles ”  approach is one used for metals (or other materials). 
However, it should not be used for devices constructed from these metals 
because this approach does not take into account local concentrations of 
tension within these devices. 

 Consider in more detail some examples of durability testing of vascular 
stents. The 2005 FDA Guidance document  [29]  outlines durability testing 
requirements for vascular stents for use in the United States. According to 
this document, the primary purpose of testing the materials and structure of 
a device is to provide accurate initial information to accurately predict the 
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performance of the device during its intended use. Apply  fi nite element analy-
sis  ( FEA ) models to determine regions of high stress or strain in a design 
under specifi c boundary conditions. A major variable in properly preparing 
the fi nite element model is the accurate measurement of properties of 
the representative materials, including all processes and treatments on 
appropriately sized material. Reliable test data on relevant samples of material 
for the device are critical for a successful FEA model. To properly test the 
device, it is important to identify potential failure modes for the device during 
normal use. Typically, an early step in the creation of a new device design is 
to identify potential failure modes that could occur with the device to deter-
mine the effects of these modes. This is the  failure modes and effects analysis  
( FMEA ). 

 For example, a typical FMEA for a balloon - expandable metallic stent may 
include the following  [30] :

    •      The stent slips off of the delivery catheter prior to infl ation.  
   •      The stent snags the vessel during transition to the deployment site.  
   •      The stent exhibits structural failure, that is, breakage of a strut 

�      Due to crimping on the balloon  
�      Due to expansion of the balloon  
�      Due to cyclic distension of the vessel resulting from the pressure 

change caused by each heartbeat.    
   •      The vessel may close due to insuffi cient radial strength of the stent.    

 Additional concerns arise when using the stent in the peripheral vascular 
system, such as in the femoral artery. This adds additional loading conditions 
that may seriously affect the performance of the device and may include stent 
structural failure due to 

   •      Cyclic fl exion of the vessel due to regular motion  
   •      Cyclic extension/compression of the vessel due to regular motion  
   •      Compression of the vessel due to regular motion  
   •      Cyclic rotation of the vessel due to regular motion    

 Once one identifi es the failure modes, the next step is to identify the physi-
cal tests that are necessary to access the device. 

 We can see that this is similar to a misconception of a cycling loading test 
for a durability prediction in engineering. Any surface modifi cation may infl u-
ence or change corrosion resistance and fatigue life characteristics. Polymeric 
coatings may crack, tear, slip off, and fl ake off the stent due to compression of 
the deployment balloon, deployment expansion, or pulsation distension 
fatigue. As a result, an embolism and/or thrombosis may occur and the sus-
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ceptibility to corrosion may also increase. Complete device tests are used to 
determine the acute failure for durability evaluation of the coated stent during 
deployment and the chronic failure modes for the pulsating fatigue of the 
device for the duration of 10 years of equivalent cyclic loading. Most of these 
tests used stent fatigue testing equipment such as those shown in Figures  1.4  
and  1.5 .   

 Accelerated durability testing of a coated stent has to take into account the 
material limitations of the coating. For example, care is necessary when increas-
ing test frequencies to ensure that the physical properties of the polymer 

Figure 1.4. Bose® 9100 series accelerated stent durability test instrument  [30].

Figure 1.5. ElectroForce 9110 -12 stent/graft test instrument (Bose). 



20 INTRODUCTION

coating do not exceed their glass transition zone. But the basic problem is that 
this  “ durability ”  testing cannot provide suffi cient information for an accurate 
prediction of durability or reliability because the test conditions do not accu-
rately simulate fi eld conditions (random character and simultaneous combina-
tion) as shown earlier. The following chapters will demonstrate how to achieve 
better results by improving test setups. One improvement is the use of multi-
axis durability testing equipment, which is shown in Figure  1.6 .   

 Multiaxis fatigue (durability) test systems (such as the Bose 9100 series 
stent/graft test instruments) have become key components in a design process 
to bring these devices to market more quickly. There is a growing trend to 
treat other vascular diseases such as  peripheral artery disease  ( PAD ) and 
 carotid artery disease  ( CAD )  [31]  with stent and stent – graft testing. The rapid 
growth of the stent (and its components; Fig.  1.7 ) and graft markets has created 
a variety of medical manufacturers needing both stent and graft fatigue testing. 
MDT Services routinely conduct these mechanical tests using testing methods 
per FDA 1545, ISO 25539 - 1, Endovascular Devices, and CE requirements:

    •      Strength:     Burst, crush, fl ex, tensile, migration, radial force, and bond 
strength    

Figure 1.6. ElectroForce® multiple -specimen stent durability testing system [30].
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   •      Stability:   Device pulsating fatigue (durability) testing and material 
fatigue testing for FEA analysis  

   •      Fatigue:     Radial, bending, torsion, and compression    

Pulse-on-a-Bend Test, Coronary Artery Device [31]  Regulatory bodies, includ-
ing the FDA, have recently requested the performance of pulsating durability 
tests in a physiologically relevant geometry. For this purpose, MDT Services 
use Bose ElectroForce Systems (Fig.  1.8 ) Pulse - on - a - Bend testing equipment. 
This test can accommodate the following wide range of device sizes and test 
confi gurations:

    •      Geometry:   Bend radius from 7 to 40   mm    
   •      Confi guration:     12 tubes, which are able to accommodate either single or 

overlapped devices  
   •      Tubes:     Custom dipped to accommodate small bend radii  
   •      Custom Laser:     Perpendicular measurements along the curve  
   •      Frequency:     40 – 60   Hz, depending on the size of the device  
   •      Environment:     37 ° C saline    

 Medical device tests provide testing for a wide variety of intravascular 
devices. Medical device submissions require many tests, including  “ durability 
testing to 10 - year equivalent cycles. ”  For intravascular devices such as stents 
or stent – grafts, this translates into 380 – 400 million fatigue (durability) cycles. 
Medical devices tests provide testing in the following areas:

    •      Mechanical test methods per ISO 25539 - 1  
   •      Heart valve fatigue testing  
   •      Pacemaker lead testing  
   •      Wire fatigue testing  
   •      New device testing    

Figure 1.7. Bose fi xed bend fi xture for stent fatigue testing  [25].
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 Many years ago, practical results of the cycle test method for farm machin-
ery, the automotive industry, and others demonstrated that it alone is not 
suffi cient to obtain the necessary initial information to predict durability accu-
rately because this type of cycle test does not accurately simulate real environ-
ments. Dynatek Dalta Scientifi c Instruments  [27]  demonstrated that the 
development of a  coating durability tester  ( CDT ) responds to a belief within 
the industry that developers of drug - eluting and coated devices will soon be 
required to test the shedding of drug particles as a part of their product ’ s 
durability evaluation. Dynatek ’ s CDT adds the benefi t of real - time evaluation 
of the device coating for the proven ADT of the  small vascular stents pros-
thesis tester  ( SVP ) and the  large vascular stents prosthesis tester  ( LVP ).  
“ Stents have improved the treatment of coronary artery disease, with close to 

       Figure 1.8.     ElectroForce stent/graft test instruments  [26] .  
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100 percent penetration in the US, and 50 – 60 percent in the UK. The market 
for drug - eluting stents is expected to reach $5.5 billion by the end of 2005 and 
$6.3 billion by 2007 ”   [27] . But accurate durability prediction for these stents 
is still not obtainable because their durability testing is an unsolved problem. 

 Finally, the choice of testing methods and equipment for medical devices 
has the same principal negative properties as were described for other types 
of tested equipment. Volunteer standards organizations such as ASTM, 
International Electrotechnical Commission (IEC), and others have sometimes 
refl ected this issue in their standards. The FDA also based its requirements on 
these standards. Therefore, we can conclude that different types of AT offer 
different degrees of accuracy for the results in comparison with fi eld results 
for the actual product. These tests cannot produce suffi cient initial information 
for the accurate prediction of quality, reliability, durability, and maintainability 
in the fi eld because test results do not correspond to actual fi eld results.    

   1.3    FINANCIAL ASSESSMENT OF THE RISKS INVOLVED IN CREATING 
A TESTING PROGRAM 

 To optimize the investment in a testing program, a company must consider all 
fi nancial cost benefi ts for the program. This is a very complicated process 
because ART interconnects with quality, reliability and maintainability, accu-
racy, costs, and many other factors. Therefore, the simplifi ed approach shown 
here is similar to that described by Dodson and Johnson  [32] . Failure costs and 
signifi cant degradation followed by an abrupt decrease in quality, reliability, 
and maintainability consist in the following aspects shown in Figure  1.9 . 
Additional costs attributable to early failure include warranty costs, stop ship-
ping costs, recall costs, costs associated with additional complaints, loss of 
business, loss of good will and reputation, and retrofi ts. One method to quan-
tify these costs would be to give a score to each element in the testing program 

       Figure 1.9.     Failure cost components.  
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then to examine the product ’ s comparative performance in the fi eld. Auditors 
can perform this task utilizing a grade scale of A through F for each compo-
nent of the program. Combine the grades for each component into a grade 
point average (GPA) for the program using four points for an A, three points 
for a B, and so on. Table  1.2  shows how to score a reliability testing program 
using this system. Table  1.3  shows how fi eld performance is noted. All labora-
tory travel costs, paperwork, and research expenses incurred should also be 
included in the total cost. This can easily be in thousands of dollars. The com-
pany ’ s monetary loss from recalls must also be added. It is evident how AT, 
particularly ART, offers fi nancial benefi ts. For example, Toyota Motor 
Corporation, which had a reputation as a high - quality manufacturer, had 1.27 
million recalls in 2005 and 986,000 recalls in 2006. (As noted in the Preface, 
recalls by this company jumped in 2009 – 2010 to 9 million cars and trucks.)     

 Figure  1.10  is a scatter chart of results of several programs. The slope of the 
trend line totals the loss when the testing program is not entirely completed. 
In this example, increasing the GPA of the overall program by a single point 
projects a savings of $755,000 in failure cost avoidance. These savings alone 
can fi nancially justify the investment in the considered project. These failure 
costs are similar to the expense of water pipes bursting in a house. The hom-
eowner has knowledge of the risks and makes the decision of whether to act 
on the risk or to tolerate the risk based on the costs involved to rectify the 
situation.   

 Another method for bringing management ’ s attention to reliability is pre-
senting the effects on corporate profi ts using the data shown in Table  1.4 . The 

TABLE 1.2 Example of Test Program Scores [25]

Test Program Item Score (GPA) 

  Understanding of customer requirements    B - 3  
  Failure and signifi cant degradation    A - 4  
  FRACAS    C - 2  
  Verifi cation    C - 2  
  Validation    D - 1  
  Manufacturing    B - 3  
  Overall program score    2.33  

FRACAS, failure rate analysis and corrective action system. 

TABLE 1.3 Example of Field Testing Performance [25]

Testing Performance Item Cost ($) 

  Customer returns    8245  
  Customer stop shipments    0  
  Retrofi ts    761,000  
  Recalls    2420  
  Overall program costs    1,011,581  
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data in Figure  1.11  show an example of the negative impact of an inadequate 
testing program. Some years ago, money was saved in the short term by taking 
a chance on a substandard testing program; however, Figure  1.11  reveals that 
it was not a profi table long - term investment decision. Just as termites can 
damage a house without the owner ’ s knowledge, hidden low - reliability and 
low - quality producing programs result in poor decisions that increase losses 
or damage profi ts. Losses created by these hidden costs can be much greater 
than warranty costs. As an example of this concept, consider the automotive 
industry.     

 For an average vehicle manufactured by General Motors, Ford, or Chrysler 
in the 1998 model year, the company had to pay an average of $462 in repairs 
 [33] . These automakers sell approximately 3 million vehicles in North America 
annually, which results in a total warranty bill of $1.386 billion. This amount 
may sound like a lot of money, but it is only a very minimal lower bound on 
the total cost of substandard reliability and quality. Table  1.4  illustrates the 
retail value of several 1998 model year vehicles sold at prices within a $500 
range. As for lease vehicles, the manufacturer absorbs the $5715 difference in 
resale value between vehicles B and H. For purchased vehicles, the owner of 

       Figure 1.10.     Testing program execution score versus failure costs  [32] .  
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  TABLE 1.4    Vehicle Resale Value  [45]  

   Vehicle (1998 Model 
Year)  

   Retail Value as of July 
2001 ($)  

   Consumer Reports Reliability 
Rating  *    

  A    8430     − 45  
  B    9500    20  
  C    9725    18  
  D    11,150    25  
  E    11,150    30  
  F    13,315     − 5  
  G    14,365    55  
  H    15,215    50  

    *   The Consumer Reports scale is from  − 80 to 80, with  − 80 being the worst and 80 being the best.   
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vehicle B absorbs the cost. But this does not mean that the manufacturer 
benefi ts. Reduced retail value becomes evident in the ability of the manufac-
turer to set prices for new vehicles and sell them. The manufacturer of vehicle 
H can charge more for new vehicles because its depreciation is slower. The 
sales for many of these midsize sedans topped 200,000 units, and the $5715 
difference in resale value was valued at more than $1 billion annually.  

   1.4    COMMON PRINCIPLES OF  ART  AND  ADT  

 Accelerated reliability and durability testing technology is the key factor for 
the accelerated development and improvement of quality, reliability, durabil-
ity, maintainability, supportability, and availability for a product/process. This 
technology offers the possibility for accurate prediction of the above factors 
as well as a quick method for identifying the reasons for failure and degrada-
tion during a given time period (service life and warranty period). One can 
use this technology to quickly solve many other problems. 

   1.4.1    The Current Situation 

 Many engineers and managers use the term reliability testing or durability 
testing. Few people think that they actually conduct reliability  or  durability 
testing. Often, in fact, neither of them provides such testing. The basic reason 
is they do not clearly understand what this type of testing means and how it 
is different from other types of testing. The literature and practice show that 
professionals who use vibration testing, thermal shock testing, environmental 
testing, HALT, HASS  [15] , or other types of testing   [35, 39, 40]  often think 
that they provide reliability or durability testing. Companies from a wide range 
of industry specialization and size make this error. 

       Figure 1.11.     Effect of poor reliability and quality on company profi ts  [32] .  
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 The following examples demonstrate this:

   1.     In the book  Testing for Reliability , TOSHIBA asked  [34] ,  “ 1. What is 
reliability testing? ”  And the answer was  “ Toshiba testing follows the 
stages shown in Table 3.1.1. ”  Table  1.5  shows no defi nition of reliability 
testing, no clear description of their contents, nor how one can provide 
this (separately or partially simultaneously or all simultaneously). In fact, 
this is an example of AST, but it is not ART.    

  2.     IBM published the book  Reliability Testing and Product Qualifi cation
 [35] . 

TABLE 1.5 Stages, Purposes, and Contents of Reliability Test (from Table 3.1.1 in 
TOSHIBA, Testing for Reliability)

Stage Purpose Content Test

  Semiconductor 
device
development

  Verify 
material, 
process, 
and basic 
design

  Determine whether 
the material, 
process, and 
design rules allow 
the desired 
quality/reliability
objectives and 
user specifi cations 
to be met  

  A metal 
electromigration, 
gate oxide fi lm 
breakdown
voltage, TDDB, 
MOS transistor 
hot carrier 
injection effect, 
failure rate for 
medium - and 
large - scale 
integrated
circuits or 
products, new 
package
environmental
test, and so on.  

  Process 
test
element
groups
(TEGs), 
function
block
TEGs, 
and so 
on.  

  Determine whether 
the product 
satisfi es design 
quality/reliability
objectives and 
user specifi cations  

  Development 
verifi cation tests 
(life test, 
environment
test, etc.)  

  TEG    Verify 
product
reliability

  Determine whether 
the product 
quality and 
reliability are at 
the prescribed 
levels    Structural analysis    Products  

  Screening and the 
reliability
monitoring (by 
product family) 

  Products  

  Reliability 
TEGs
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 The contents of this book include the following:  
   •      IBM Microelectronics Quality System  
   •      Development Process  

�      Technology Feasibility  
�      Technology Qualifi cation  
�      Product Qualifi cation    

   •      Quality and Customer Satisfaction  
   •      Summary   

 Reliability testing is only in the title of the book. The  “ Table of 
Contents ”  does not even include reliability testing, what it is, or how to 
conduct it.  

  3.     Surridge et al. in their paper  “ Accelerated Reliability Testing of InGaP/
GaAs HBTs ”  wrote  [36]   “ Our standard method of reliability testing is 
to perform a three temperatures (3T) accelerated test and predict the 
failure time at maximum junction temperature using an Arrhenius 
expression. ”  Real - life factors include 
    •      More environmental factors than temperature only  
   •      More groups of input infl uences than environmental   

 Therefore, this type of testing will yield a low correlation of test results 
to fi eld results. The basic reason is that the simulation of the fi eld situa-
tion is not accurate. As a result, this test will yield an inaccurate predic-
tion of failures in the fi eld.  

  4.     The paper  “ What You Should Know about Reliability Testing ”   [37]  con-
sists of only one note on reliability testing:  “ A fi nal stretch of testing 
cycles checks for reliability with four different tests: Bare board, fl ying 
probe,  ICT  ( in - circuit tests ), and functional. ”  In this paper, there is 
nothing about the defi nition of reliability testing or how one conducts it.  

  5.     In the book  Reliability of MEMS: Testing of Materials and Devices   [38] , the 
authors compared the mechanical and other properties of thin fi lms to the 
properties of micro - electro - mechanical systems (MEMS) devices, espe-
cially in terms of reliability. In the preface, the authors wrote:  “ At the 
present day, industrial products are distributed all over the world and used 
in a broad range of environments, making reliability evaluation of the 
products more important than ever. ”  This is true. However, they describe 
strength and fatigue, as well as the evaluation of elastic properties. So in 
fact, the authors ignored that fatigue and strength testing is vastly different 
from reliability testing and cannot provide suffi cient initial information 
for a reliability evaluation or prediction. They mention the standard IEC 
62047 - 3 that specifi ed a standard test piece for thin - fi lm tensile testing for 
the accuracy and repeatability of a tensile testing machine. But this stan-
dard does not consider reliability testing and reliability evaluation.  

  6.     In the paper  “ Product Reliability Testing and Data ”   [39] , reliability 
testing is mentioned only in the title.  
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  7.     In  LMS Supports Ford Otosan in Developing Accelerated Durability 
Testing Cycles   [9] , in the chapter entitled  “ Meeting 1.2 Million km 
Durability Requirements, ”  it states that  “  . . .    Ford Otosan decided to 
involve an external engineering partner to establish an accelerated 
proving ground test scenario that matches the fatigue damage that the 
truck experiences throughout its lifetime. ”   “ They displayed the results in 
a rain fl ow matrix format that showed how often events of particular 
amplitudes occur and extrapolated the data to estimate the damage 
generated by road testing over the full 1.2 million kilometers. This 
extrapolation was based on Ford Otosan ’ s targeted weighting mix of 
60% highway, 30% local roads, and 10% city driving. The goal was to 
achieve the full 1.2 million kilometers without any cracks in the major 
components of the vehicle. ”  Referring to the research on proving ground 
testing that was published 40 – 50 years ago  [12, 20]  and others, one 
can see that similar techniques were published in those years. But profes-
sionals did not call this testing method durability testing, which would 
be wrong. They called this strength testing or fatigue testing, which is 
right. Professionals understood that proving ground testing does not take 
into account the random character of fi eld input infl uences and environ-
mental infl uences, such as temperature, humidity, pollution, and light 
exposure that act on the test subject over the years. A result of their 
action is corrosion and damage from other sources that the proving 
ground tests did not address.  

  8.     The brochure  Solar Simulation Systems  reported:  “ Durability testing, 
also known as fatigue testing, is used to validate the aircraft ’ s design 
structural service life (8334 hours) based on a demanding fl ight spectrum 
representing expected fl ight usage. The fi rst such testing was conducted 
between July 2002 and April 2003. After an inspection through tear - down 
inspection, the test vehicle was subjected to a second service life testing 
(an additional 8334 hours) between August 2003 and October 2004 ”   [40] .    

 There are many other examples. Many companies write that they conduct 
ART or ADT (reliability testing or durability testing) but in fact reveal that 
they provide the following separately: vibration testing, air - to - air thermal 
shock testing, temperature cycling, temperature/humidity testing,  highly accel-
erated stress testing  ( HAST ), and high -  and low - temperature storage tests 
(Fig.  1.2 ).  

1.4.2 Improving the Situation 

 To understand the difference between ART and ADT or AT or reliability 
testing, one must examine their defi nitions. AT is a test that quickens the 
deterioration of the test subject. Reliability testing is testing performed during 
actual normal service that offers initial information for evaluating the mea-
surement of reliability indicators during the test time. 
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 ART or ADT is testing in which 

   •      The physics (or chemistry) - of - degradation mechanism (or failure mecha-
nism) is similar to this mechanism in the real world using a given 
criteria  

   •      The measurement of reliability and durability indicators (time to failure, 
degradation, and service life) have a high correlation with these respec-
tive measurements in the real world using a given criteria.    

 Accelerated reliability and durability testing is connected to the stress 
process. Higher stress means a higher acceleration coeffi cient (ratio of time to 
failures in the fi eld to time to failures during ART) and a lower correlation 
between fi eld results and ART results. The common layout for accelerated 
reliability and ADT is in Figure  1.12 .   

 The basic principles of accelerated reliability and ADT are 

   •      A complex of laboratory testing and special fi eld testing as shown in 
Figure  1.12   

       Figure 1.12.     Scheme of accelerated reliability (durability) testing.  
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   •      That laboratory testing provides a simultaneous combination of a whole 
complex of multi - environmental tests, mechanical tests, and electrical 
tests

   •      That special fi eld testing takes into account the factors that cannot be 
accurately simulated in the laboratory such as stability of the product ’ s 
technological process and how the operator ’ s reliability infl uences the 
test subject ’ s reliability and durability  

   •      It requires an accurate simulation of the whole complex of fi eld input 
infl uences on the product as well as safety and human factors.    

 Durability is the ability of an object (material, subcomponent, component, 
or whole machine) to perform a given function under given conditions of use 
and maintenance until reaching a limiting state. The measurement of durability 
is its length of time (hours, months, or years) or its volume of work. 

 ART and ADT have the same basis — an accurate simulation of the fi eld 
environment. Therefore, if there is no accurate simulation of the fi eld situation, 
then there is no ART or ADT. The only difference is in the indices of these 
types of tests and the length of testing. For reliability, it is usually the mean 
time to failure, time between failures, and other parameters of interest. For 
durability, it is length of time or volume out of service. ART can be set for 
different lengths of time, that is, warranty period, 1 year, 2 years, or service 
life. Accelerated durability testing continues until the test subject is out of 
service.  

 A basic goal of the ART/ADT technology is to describe what and how 
one can rapidly obtain objective and accurate initial information for 
accurate prediction of quality, reliability, maintainability, availability, and other 
measurements during the product ’ s design and manufacturing. The basic desir-
able results of ART are reduction of time and cost for product development 
and the ability to rapidly fi nd causes for product degradation and failures. The 
main goal is quick elimination of failure and degradation root causes resulting 
in a rapid increase in the product ’ s quality, reliability, maintainability, and 
durability. Currently, the basic causes for seldom conducting ART are the 
following:

    •      The knowledge of reliability testing, obtained from the literature, is often 
poor.  

   •      Many professionals do not understand the specifi cs of ART or the need 
to conduct ART.  

   •      The CEOs delegate their responsibilities in quality/reliability to a lower 
level without delegating the authority and providing the funding to 
implement ART/ADT.  

   •      CEOs do not understand that it requires an initial investment over a 
period of time to obtain greater continuing benefi ts over a longer period 
of time.  
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   •      Lower - level managers involved in quality/reliability are not responsible 
for expenses and therefore do not have the funding authority to lead the 
process of reliability testing implementation.  

   •      Not enough accredited professionals in industrial companies can describe 
to CEOs how to use reliability testing to save money, dramatically 
decrease recalls, and make the companies more successful in the 
market.  

   •      The governmental research, development, and engineering centers in the 
Department of Defense and other federal government departments do 
not often require reliability and durability testing during acceptance tests. 
Therefore, they cannot accurately predict the reliability and durability of 
the tested product and they do not require ART of industrial companies. 
As a result, U.S. Army personnel in Iraq and Afghanistan often face 
dangerous situations due to early failures or defective equipment.      

1.5 THE LEVEL OF USEFULNESS OF ART AND  ADT

 Professionals did not begin to understand one of the basic principles of ART 
until the late 1950s, namely, they did not understand that the interactions of 
different inputs on the product/process can result in overlooking signifi cant 
failure (degradation) mechanisms. This new approach to testing, simultane-
ously subjecting the product to different inputs, was called Combined 
Environmental Reliability Testing (CERT) (DOD 3235.1H)  [3] . MIL - STD -
 810F made use of this approach at about the same time. In 1981, the DOD 
CERT workshop confi rmed that CERT was ready for implementation. 

 Then, this approach was undertaken in Japan  [41] , according to the descrip-
tion of CERT, as a concept and practice of combining effects of environmental 
factors (especially temperature    +    humidity, temperature    +    humidity    +    vibra-
tion    +    low pressure, and temperature    +    humidity    +    isolation).  

 However, they did not apply this approach for the development of ART 
using a whole complex of fi eld inputs that interacted with and infl uenced each 
other on the test subject. Moreover, this is linked to the development of a 
more complicated program now known as  “ system of systems. ”  The simulation 
of this concerted program in a laboratory will lead to a more accurate simula-
tion of fi eld input infl uences. It will provide a basis for obtaining, after ART, 
the initial information for the accurate prediction of quality, reliability, durabil-
ity, and maintainability. The author ’ s book  [42]  describes this development. 
Then, beginning in the 1990s, several other books by the author including 
Accelerated Quality and Reliability Solutions   [18]  and  Successful Accelerated 
Testing   [43] , several patents, and dozens of articles, papers, and presentations 
describe this new direction of ART. 

 Dzekevich  [44]  from Raytheon wrote that there are some critical questions 
to answer when planning for reliability testing:
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    •      What is the length of time to market?  
   •      Is this a safety critical product where people ’ s safety or life may be at 

stake upon a failure?  
   •      What is the life expectancy of the product?  
   •      Does the manufacturing process use accelerated test techniques to fi nd 

process failures?  
   •      How costly are fi eld failures?  
   •      Are there reliability problems with an existing product?    

 But if the type of testing is called ART, then it does not necessarily mean 
that this testing will automatically provide suffi cient information for the initial 
estimation of the quality, reliability, durability, and maintainability parameters 
as a solution to problems. 

 ART has different approaches, and many professionals mean different 
things when they write or talk about reliability testing. The effectiveness of 
ART depends on the approach taken. With respect to these different 
approaches, accelerated reliability (durability) tests can be 

   •      Helpful  
   •      Minimally useful or useless  
   •      Harmful    

 ART is helpful when methods and equipment provide a practical possibility 
for an accelerated evaluation and prediction of the product reliability and 
quality with a high degree of accuracy. Accuracy implies the conditions or 
quality are correct and exact. The level of accuracy of testing results depends 
on the accuracy of the simulation of the real - life full infl uences, including 
temperature, humidity, pollution, fl uctuation, pressure, radiation, road condi-
tions, and input voltage, while also including safety and human factors. 

 One achieves accuracy for fi eld inputs to simulation when the output vari-
ables like loading, tensions, output voltage, amplitude and frequency of vibra-
tion, and corrosion in the laboratory differ from those under fi eld conditions 
by no more than a given amount of divergence. The same is true for simulation 
of safety problems and human factors. If the resulting degradation and failures 
during ART correlate to those in the fi eld, then accelerated prediction, devel-
opment, and improvement of reliability and quality occur with minimum 
expenditure of time and cost. The basic concepts that account for an accurate 
simulation of fi eld conditions are 

   •      Maximum simulation of fi eld conditions (including all and not only some 
stresses)

   •      Simulation of the whole 24 - hour day, every day (except the weekend), 
but not including  
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   �      Idle time (breaks, etc.)  
   �      Time with such low loading that it does not cause failures    

   •      Accurate simulation and integration of each group of fi eld conditions 
(full input infl uences, safety problems, and human factors)  

   •      Accurate simulation of each group of input infl uences (multi -
 environmental, mechanical, electrical, etc.)  

   •      Use of the degradation mechanism as a basic criterion for an accurate 
simulation of fi eld conditions  

   •      Consideration of a system of interacting components as those found in 
the fi eld while taking into account their cumulative reaction (Fig.  1.13 )    

   •      Reproduction of a complete range of fi eld schedules and maintenance 
(repair)  

   •      Maintaining a proper balance between fi eld and laboratory testing  
   •      Simultaneous simulation of each input infl uence necessary to accurately 

replicate fi eld conditions. For example, pollution consisting of chemical 
air pollution and mechanical (dust and sand) air pollution must be simu-
lated simultaneously.    

 Current testing methods and equipment are seldom helpful in conducting 
ART because they do not produce the desired accuracy. Basic problems with 
implementing the  “ classical ”   accelerated life testing  ( ALT ) relate to the second 
and sometimes to the third group. In Figure  1.14 , one can see that ART is 
minimally useful or useless if 

       Figure 1.13.     Example of the principle of cumulative reaction of a test subject on several 
input infl uences.  

Combination and
interaction

Cumulative reaction
(degradation, failure, etc.)

of the test subject

Humidity

PollutionTemperature



THE LEVEL OF USEFULNESS OF ART AND ADT  35

   •      One simulates high stresses instead of real - life input infl uences. For 
example, establishing temperatures between  − 100 and  + 150 ° C in the test 
chamber can change the physics - of - degradation process for many types 
of test subjects in comparison with the physics - of - degradation process in 
the fi eld. This does not provide an accurate simulation of real - world and 
realistic data.    

   •      The test independently simulates one or only a part of full fi eld input 
infl uences. Therefore, separate accelerated laboratory testing occurs with 
either individual input infl uences or a combination of only a portion of 
the necessary input infl uences (temperature/humidity, vibration, corro-
sion, braking, and electrical) that affect reliability, without a connection 
and interaction with each other. This contradicts real - life situations where 
full (or most) of the input infl uences simultaneously interact with each 
other.  

       Figure 1.14.     Scheme of basic situations when accelerated reliability testing is mini-
mally useful or useless.  
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   •      One only uses separate components or several components of full ART 
technology.  

   •      One does not take into account the infl uence of human factors, including 
the operator ’ s actions and safety problems affecting the test subject 
reliability.  

   •      The test results will most likely be incorrect due to low or no correlation 
between accelerated test results and fi eld results. Failure to adequately 
address the combined fi eld conditions during testing results in low 
correlation.  

   •      As a result, current methods and equipment for ART often offer few 
benefi ts for reliability evaluation and prediction. Consequently, product 
development and improvement requires more time with greater expen-
ditures than previously planned because the reasons for degradation and 
failures in the fi eld are not exactly known. This is one of the reasons for 
the constant rapid modernization of design and manufacturing technolo-
gies for new and updated products and slow modernization of reliability 
testing techniques and equipment. More often, there is a practical com-
bination of a high - level modern design and manufacturing technology 
with old testing similar to that used many years ago. As a result, the use 
of high - level reliability evaluation, analysis, and prediction techniques 
does not deliver the expected results because the initial information 
(practical testing results) does not support predictions and evaluation at 
this high level. Thus, the product continues to have problems with reli-
ability, maintainability, and availability (RAM) performance.    

 Reliability testing is harmful (Fig.  1.15 ) when 

   •      It identifi es incorrect reasons for fi eld degradation and failures.    
   •      The work for improving the design and manufacturing processes does 

not lead to an increase in product reliability and quality.  
   •      The work requires excessive time and funds.    

 Additional basic reasons for the above - mentioned situation include the 
following:

    •      Poorly qualifi ed professionals are sometimes involved in ART.  
   •      Following incorrect directions in establishing conditions for ART  
   •      Not enough literature and courses are available for increasing profes-

sional knowledge for implementing successful approaches to develop 
effective ART technology.    

 These basic negative ART results follow from users selecting or isolating 
parameters that are different from reality to predict quality, reliability, cost, 
and time of maintenance. But manufacturing companies also incur losses 
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because they do not make effective use of this situation to achieve better 
market competitiveness. Without implementing true ART, cost increases prob-
ably will not have benefi cial results. 

 How can one eliminate the above - mentioned situation? The basic goal of 
this book is to introduce principles and descriptions of useful theoretical 
and experimental technological approaches and practical tools for solving this 
problem. From the defi nition of ART, it can be determined that ART enables 
measurement of reliability indices (time to failures and time between failures) 
that correlate with the fi eld reliability parameters within the duration of a fi eld 
test. This makes a direct evaluation and prediction of fi eld reliability and 
maintainability possible for the service life. ART makes it possible to rapidly 
increase reliability and improve the robustness of a product. True ART requires 
an accurate physical simulation of the whole complex of fi eld input infl uences 
leading to degradation and failure of the product. As a result, successful iden-
tifi cation and resolution of the problems occurring during accelerated devel-
opment and improvement of the product ’ s reliability and maintainability 
improved the product. Implementation of this type of ART is rare because 
management does not choose to simulate the whole complex of real - life 
input infl uences with great accuracy in combination with safety and human 
factors. 

       Figure 1.15.     Scheme of basic situations when accelerated reliability testing is harmful.  
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 One of the basic problems is the cost of AT, especially ART/ADT. Often 
we read and hear that ART is very expensive. This occurs when professionals 
consider ART as a goal but not as a resource for obtaining initial information 
for accurate evaluation, prediction, improvement, and development of product 
reliability. Therefore, one usually only takes into account the one - time cost of 
the testing process. But if one also takes into account the design, manufactur-
ing, and usage processes, especially the cost of maintenance, then the cost of 
ART is not as high. This is especially important to the military. 

 Many publications and standards 

   •      Include AT as a part of a reliability assurance program  
   •      Describe the strategy for analyzing AT data and other problems based 

on the information obtained  
   •      Use a single - parameter testing equipment, especially in applied 

statistics    

 Of course, these results are also different from an actual real - world results. 
The standards refl ect only past achievement. Therefore, they cannot point 
the way to improve the current situation of ART. As a result of the poor strate-
gies for testing and predicting the reliability and maintainability of the equip-
ment, many results are several times lower than that predicted due the use of 
faulty AT during the design and manufacturing phases. This is especially true 
for military programs and applications. The situation in durability testing is 
similar. 

 One can see in Figures  1.16  and  1.17  the way to ART/ADT technology from 
testing with simulation several or separate fi eld inputs.   

 The above analysis of reliability/durability testing leads to the following 
conclusions:

   1.     There are practical situations involving different testing approaches to 
ART/ADT that are not intended for accelerated improvement of product 
quality, reliability, durability, and maintainability.  

  2.     The proposed approach can help to increase the quality of testing, reli-
ability, availability, and maintainability, especially for the military that is 
interested in increasing equipment RAM and decreasing the total own-
ership cost. This applies to the design, manufacturing, and utilization 
phases.  

  3.     It helps to increase the warranty period and especially to predict the 
RAM and durability performance of systems more accurately. As a 
result, it helps to dramatically decrease recalls, failures, and complaints.  

  4.     A team of knowledgeable professionals is required to use the above -
 mentioned approach. These professionals must have knowledge not only 
of testing and prediction technology but also of advanced technology, 
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Figure 1.16. The way to accelerated reliability and accelerated durability testing 
technology.

Figure 1.17. The way to accelerated reliability/durability testing technology from tra-
ditional accelerated stress testing. 

product use, economics, applied statistics, and other areas of mathemat-
ics, reliability, fatigue, physics, and chemistry. Requirements for durability 
testing are similar to those for reliability testing due to interconnection 
and interdependence of the real world full input infl uences with safety 
and human factors.      
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EXERCISES

1.1    Why are Mercedes - Benz, Honda, and Toyota incorrectly calling the 
testing that they conduct in the fi eld ART?   

1.2    Ford Otosan and LMS said that they conducted durability testing in 
2007. How did they incorrectly use the term durability testing?   

1.3    Industrial companies often use computer simulations to provide ART. 
What are the basic reasons they do not simulate fi eld environments 
accurately?   

1.4    Industrial companies are using HALT, HASS, and AA for reliability and 
durability evaluations. These reliability and durability results are differ-
ent from those obtained in the fi eld. What are the reasons for this 
difference?   

1.5    Durability testing is not useful for providing accurate predictions 
of medical device durability. What are the basic reasons for this 
defi ciency?   

1.6    An industrial company ’ s profi ts decrease due to poor reliability and 
quality. What are the basic causes for this decrease? How can you illus-
trate this process?   

1.7    In many books that mention reliability testing or durability testing, one 
cannot fi nd information about the basic essence of these types of testing. 
How can you illustrate this situation?   

1.8    Proving ground testing does not offer the same possibility for 
conducting ART/ADT as laboratory testing. What are the basic 
reasons?   

1.9    Why is the development of proving ground testing slower than the 
development of laboratory testing? What are the basic reasons and how 
can you overcome this obstacle?   

1.10    Name the types of AT that you know.   

1.11    What is the basic difference between ART and ADT?   

1.12    What is the difference between AT and ADT?   

1.13    What are the components of ART/ADT?   

1.14    What are the basic reasons that ART and ADT are seldom used in 
practice?   



EXERCISES  41

1.15    ART can be more or less useful. Determine the basic reasons for this 
situation and formulate how they differ.   

1.16    Why does the reaction of the test subject have a cumulative 
character?   

1.17    What is the difference among basic approaches to current AT 
methods?       
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Chapter 2

Accelerated Reliability Testing 
as a Component of an 
Interdisciplinary System of 
Systems Approach 

2.1 CURRENT PRACTICE IN RELIABILITY, MAINTAINABILITY, 
AND QUALITY 

 Other publications and this text show that technical progress is moving faster 
in design, manufacturing, and service than in testing. This is demonstrated in 
Figure  2.1 .   

 Engineering solutions are generally developed in two areas:

    •      Technological (functional)  
   •      Reliability, maintainability, and supportability during operation    

 Technical progress consists of new solutions in areas such as physics, chem-
istry, biology, metallurgy, materials, software, and others. New technology 
opens the path for advancement. For instance, technological progress in elec-
tronics quickly provided new and greatly improved ways of controlling manu-
facturing and communications systems. 

 New composite materials made possible great advances in aircraft and 
aerospace development. Boeing, for example, achieved signifi cant competitive 
advantages with its 787 aircraft principally through the application of new 
composite materials in design and manufacturing. 

 The testing, especially accelerated reliability testing (ART)/accelerated 
durability testing (ADT) solutions for reliability, maintainability, quality, and 
supportability, are relatively undeveloped in comparison with technological 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.



44  ACCELERATED RELIABILITY TESTING OF SYSTEMS APPROACH

(functional) solutions. Additionally, ART/ADT applications are usually more 
expensive. But alternate solutions based on past and present practice for 
operations (reliability, maintainability, availability, and supportability) are 
even more expensive. This leads to a higher consumption cost from usage and 
labor. One can see the expenses during the life cycle cost of machinery in 
Figure  2.2 .   

 One basic cost driver in current practice is inaccurate predictions for reli-
ability, quality, maintainability, durability, availability, and supportability during 
usage. This leads to more (excessive) recalls and more complaints resulting in 
high cost and time expenditure than predicted to provide corrective mainte-
nance. The problems are mostly a consumer headache. Producers have fewer 
problems with this situation because their losses are included as part of the 

       Figure 2.1.     Speed of technical progress in different areas of activity (1 — design, 
2 — manufacturing, 3 — service, 4 — testing).  

       Figure 2.2.     Expenses during the life cycle of machinery  [78] .  
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product ’ s cost. Loss of market competitiveness is their basic concern. But the 
associated loss of time, money, and customer  “ good will ”  in major recalls are 
increasing rapidly for the producer. This can also create dangerous situations 
for those operating in wartime conditions. Negative results of the implementa-
tion of new technological solutions occur mostly during operations. 

 Now let us examine the quality and reliability practices for well - known 
companies to better understand their product shortfalls. 

Example 1.  Analysis shows that recalls in Europe mostly affect buyers in 
the German market. 

 In 2005, Mercedes recalled 1.3 million vehicles to repair problems with the 
alternators and batteries  [46] . 

Example 2.  In August 2006, Dell and Apple recalled 6 million battery units 
for Sony notebook computers  [47, 48] . 

Example 3.  Automotive vehicle recalls have dramatically increased over the 
years. For example, annual recalls for 14 years in the U.S. market (1990 – 2004) 
increased six times (from 5 million to 30 million). And this process is 
continued. 

 Additional customer requirements and increased vehicle volume during the 
years are two reasons for this increase, but the upward trends are clear. 
Japanese companies have a high reputation for quality and reliability. Table 
 2.1  demonstrates the reality of recalls for these high - reputation companies 
(not all recalls were taken into account).   

 What about recalls for other automotive companies with a lesser reputation 
in quality and reliability? For instance, in 2007, Ford Motor recalled 3.8 million 
vehicles  [49] . 

Example 4.  In September 2006, TOSHIBA recalled 340,000 power supply 
units in Sony notebook computers  [50] . 

Example 5.  At the spring 2004 SAE G - 11 RMSL Division Meeting, Brigadier 
General Donald Shenck stated that in the fi eld, the reliability, maintainability, 
and supportability for military equipment is often at least three to fi ve times 

TABLE 2.1 Examples of Recalled Cars by Japanese Companies (see References 
45–50, 79 –98)

Company Number of Recalled Cars and Year 

  Toyota Motor    1 million (2005), 986,000 (2006), 618.5 (2007), 1.4 million 
(2008)

  Honda Motor Co., Inc.    699,000 (2005), 561,000 (2006), 694,000 (2007), 835,000 
(2008)

  Nissan Motor Co.    2.5 million (until 2003), 1.04 million (1996), 686 (2007), 
756,000 (2008)  

  SUZUKI    157,000 (2004), 120,000 (2006), 456,500 (2007), 497,900 
(2008)
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lower than what was predicted after testing during the design and manufactur-
ing phases. 

Example 6.  The army ’ s new Bushmaster troop carrier experience illustrates 
what can go wrong with defense purchases. The prototype vehicles were 10 
times less reliable than the army specifi ed  [51] . 

Example 7.  The army deployed a new Stryker transport vehicle in Iraq with 
many ballistic protection defects that unexpectedly put troops at greater risk 
from rocket - propelled grenades. This raised questions about the vehicle ’ s 
development and $11 billion cost. This is reported by a detailed critique in a 
classifi ed army study obtained by  The Washington Post   [52] . 

 There are many other examples: General Motors Company (GM) recalled 
1.5 million vehicles in 2010 for a potential fi re hazard; hundreds of thousands 
of washing machines were recalled; and millions of tainted glasses from 
McDonald ’ s were recalled. 

 Global competition in the marketplace has become very complicated in the 
past few years. Currently, cheaper products do not always sell well. Customers 
generally prefer a high - quality product that is more economical to use and 
that requires less maintenance. 

 Now manufacturers need to more accurately predict quality and reliability 
over a longer period of time to increase the warranty period and to decrease 
the number of design - induced failures, complaints, and recalls. The inaccurate 
prediction of design defi ciencies is one of the basic reasons for excessive fail-
ures. Overcoming these defi ciencies requires accelerated testing to provide 
accurate solutions for reliability and maintainability problems. 

 How can one provide adequate solutions? 
 Examination of some problems in the following example should provide 

insight. 
 Currently, the producer controls the market for developing products, not 

the customer. This is one of the basic reasons for the product design weakness 
for reliability, maintainability, durability, serviceability, and supportability. For 
example, Toyota is considered to be a top - quality automotive producer, yet 
Toyota has recalled around 1 million cars each year. In 2009 – 2010, the Toyota 
recalls jumped signifi cantly. 

 When NASA tested the parachutes for the recovery system on its Orion 
crew exploration vehicle above the U.S. Army ’ s Yuma Proving Grounds in 
Arizona  [53, 54] , The  Status Report , NASA (2008) stated:  “ The test proved 
unsuccessful when a test set - up parachute failed. The failed parachute  –  called 
a programmer chute  –  deployed, but it did not infl ate properly and failed to 
get the test article that simulated the Orion crew module into the correct 
orientation, attitude and speed for the test, causing the parachute system for 
the test vehicle to fail. ”  The report also stated that  “  The programmer chute 
was designed to stabilize the mock - up before a test of its parachute recovery 
system, but instead it sent the capsule careening toward the desert fl oor at the 
U.S. Army ’ s Yuma Proving Grounds in Arizona ”   [54] . And importantly, it was 
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added that  “  . . .    In addition to testing the parachute system, one of the objec-
tives of this test was to demonstrate the testing techniques ”   [54] . 

 This demonstrates that the reliability of the testing technique was insuffi -
ciently developed, causing the simulation of the fi eld situation to be unsuc-
cessful. If one had used the methodology of reliability testing with accurate 
simulation of the fi eld situation, then one could have avoided the problem and 
also the experiment ’ s increased time and cost. 

 Invoking stronger requirements for quality, reliability, maintainability, and 
durability for equipment can reduce design and prediction problems. Powerful 
governmental customers such as the Department of Defense or the Department 
of Transportation can readily impose such requirements. Stronger specifi ca-
tions and standards would dramatically improve the probability of a successful 
test. 

 Second, vendor and customer associations need to support the use of strong 
requirements. 

 Currently, during the design, development, and improvement of the product 
and the prediction of the product ’ s parameters, companies use independent 
solutions for reliability, durability, maintainability, and serviceability. However, 
in the real world, these processes interact simultaneously as one process: They 
are interconnected, interdependent, and mutually infl uence each other. If only 
reliability problems are considered during research, design, and manufacturing 
without taking into account these interconnections, then the real - world situa-
tion is not being considered. As a result, problems continue to inhibit the 
successful solution of quality and reliability, resulting in more complaints, 
recalls, and high life cycle costs. Such problems occur frequently in the auto-
motive, aircraft, aerospace, and other industries. 

 A similar situation exists within each of these problem areas when the infl u-
ence of each component is studied separately. For example, during the simula-
tion of fi eld infl uences on a product or a process, each infl uencing factor, such 
as temperature, humidity, pollution, radiation, road surface, air fl uctuations, 
and input voltage, is varied separately. 

 However, in real life, these factors act on the product simultaneously and 
interdependently. Studying them separately leads to inaccurate simulations of 
the real fi eld situation. Hence, research results obtained from independently 
studying processes in the laboratory or in a short time spent in the fi eld do 
not refl ect the real - life situation. The resulting reliability, maintainability, and 
durability predictions are mostly inaccurate. This leads to signifi cant problems 
in applying these results for real - world applications. Similar errors and inac-
curacies are found in the results obtained from each independent testing area 
as well as in the results associated with other applications. 

 Taking a  system of systems  ( SoS ) approach can negate these shortcomings, 
where the infl uencing factors are considered independently. In an SoS 
approach, each case is examined as an interconnected and interdisciplinary 
problem. Simulation (modeling) is one tool in the SoS approach  [55] . One can 
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also fi nd similar solutions to problems of inaccurate prediction for reliability, 
maintainability, and supportability during design in the book  [18] . 

 It is not always possible to model all infl uencing factors and their interac-
tions. At a minimum, it is essential that individuals working in this fi eld be 
aware of these interactions. This helps to understand and interpret the observed 
differences between predicted and fi eld reliability results. 

 In this chapter, a system to increase quality, reliability, and maintainability 
through the application of an interdisciplinary SoS approach is outlined. This 
disciplined approach takes into account the interactions and the interconnec-
tions of reliability with quality, safety, human factors, maintainability, and other 
relevant parameters. 

 In order to understand the interactions and the interconnections among 
these infl uencing factors, one must understand the underlying governing 
mechanisms. In the following section, reliability and durability, the essential 
components of the interdisciplinary SoS approach, are outlined.  

2.2 A DESCRIPTION OF THE PRODUCT/PROCESS RELIABILITY AND 
DURABILITY AS THE COMPONENTS OF THE INTERDISCIPLINARY 
SOS APPROACH 

 SoSs are composed of components that are systems in their own right (designed 
separately and capable of independent action) that work together to achieve 
shared goals  [56] . 

 Systems engineering is a discipline concerned with the architecture, design, 
and integration of elements that, when taken together, comprise a system. 
Systems engineering is based on an integrated and interdisciplinary approach 
where components interact with and infl uence each other. In addition to the 
technological systems, the systems considered include human and organiza-
tional systems where the incorporation of critical human factors with other 
interacting factors directly affects achieving the enterprise objectives. Simply 
stated, systems engineering is an interdisciplinary integrated approach that 
encompasses the composite of people, products, and processes that provide a 
capability to satisfy customer need. 

 For the development and improvement of a product or process and the 
prediction of system parameters, most current approaches rely on separate 
and independent solutions to the problems of reliability and durability, main-
tainability, safety, and serviceability. Other infl uencing factors that are consid-
ered separately include quality, human factors, and safety problems. 

 Since systems engineering processes interact simultaneously in real - world 
applications, the interacting interdependent components act as one complex. 
This complex represents the integrated effects of infl uencing parameters and 
processes in SoS accelerated testing. The complex may include simulation, 
reliability development, accelerated testing, maintainability, parameter predic-
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tion, life cycle cost development, fi eld reliability prediction, quality in use, and 
other project - relevant parameters and processes. 

 Faulty reliability and durability predictions commonly occur in the automo-
tive, aerospace, aircraft, electronics, electrotechnical, medical, and other indus-
tries. These seemingly prevalent problems are related to the interconnections 
of reliability and durability in terms of the following:

    •      Simulation  
   •      Human factors  
   •      Safety  
   •      Maintainability  
   •      Supportability  
   •      Availability    

 This integrated plan forms the basis of the interdisciplinary SoS approach. 
To apply this methodology, an interdisciplinary team consisting of profession-
als in reliability, safety, human factors, simulation, and testing work together 
as a coherent group. It is to the benefi t of the entire commercial enterprise 
that management with decision - making authority and funding authority 
understand, appreciate, and vigorously implement an integrated - team 
approach. 

 In order to fully comprehend the use of the above - mentioned interactions 
and interconnections, it is necessary to understand the governing mechanisms. 
The following example demonstrates this approach using a step - by - step 
procedure. 

 Understanding the fi eld situation for the product or process is the fi rst step. 
At this step, most components of the problem can be analyzed by using the 
standard tools of systems engineering. These tools are based on an integrated 
and interdisciplinary approach that allows the components to interact with 
and to infl uence each other  [57] . An example from the automotive industry 
can be seen in Figure  2.3 .   

 Second, one models the product by employing a combination of intercon-
nected actions, beginning with an accurate simulation of the fi eld data and 
ending with successful reliability and durability development and 
improvement. 

 As shown in Figure  2.4 , this involves four interconnected steps.   
 This integrated process is quite complicated and has not been fully demon-

strated until now. First, one needs to understand the real - life fi eld situation. 
Its simulation is the basis for ART. In turn, ART can give initial information 
for an accurate prediction, and the accelerated development (improvement) 
of the design reliability, durability, maintainability, supportability, and avail-
ability. Thus, one needs to accurately simulate all the basic interconnected 
infl uencing complexes simultaneously, considering the cross effects as one 
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complex structure as shown in Figure  2.3 . This resultant complex structure is 
shown in Figure  2.4 . 

 Corresponding to systems engineering approach, ART, accomplished by 
accurate simulation of the fi eld conditions, is the key driver for the accurate 
prediction of reliability, maintainability, supportability, availability, durability, 
and successful design development. 

       Figure 2.4.     Four basic steps for accurate prediction of fi eld reliability (interconnected 
with quality, human factors, and safety problems) and successful reliability (maintain-
ability, durability, quality, etc.) development and improvement.  
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       Figure 2.3.     Scheme of interaction of fi eld situation components.  
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 The basic components/complexes of the fi eld situation, with respect to 
quality, reliability, maintainability, and other factors, are shown in Figure  2.5 . 
They include the following:

    •      Interconnected full input infl uences on the actual product or process    
   •      Safety problems  
   •      Human factors    

 For an accurate simulation of the fi eld situation, one needs to accurately 
simulate these interconnected complexes.  

   2.3    THE COLLECTION AND ANALYSIS OF FAILURE AND USAGE DATA 
FROM THE FIELD 

 The collection and analysis of fi eld failure and usage data plays an important 
role in reliability or durability analysis, analogous to that described in Reference 
 58 . It enables 

   •      Maintenance planning  
   •      Justifi cation of modifi cations  
   •      Calculation of future resources and spares requirements  
   •      Confi rmation of contractual satisfaction  
   •      Assessment of the likelihood of achieving a successful mission  
   •      Feedback for design and manufacturing  
   •      Estimation of the cost of the life cycle and warranty period  
   •      Collection of basic data for possible liability cases  

       Figure 2.5.     Three basic complexes of a fi eld situation.  
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   •      Collection of usage data to determine a customer ’ s fi eld requirements to 
provide the supplier ’ s reliability and durability testing specifi cations and 
demonstration programs    

 Data can be collected for different levels of an item, such as 

   •      System  
   •      Equipment  
   •      Unit module  
   •      Component  
   •      Software element    

 Data can also be collected for the different phases of the life cycle of a 
product: developmental testing, production, early failures, and operation. 

 Data collection is often a long - term activity for reliability -  or durability -
 related purposes. Data for many item operations and/or many items may be 
required before an appropriate analysis can be completed. Data collection 
should be undertaken as a planned activity and executed with appropriate 
goals in mind. 

 In the short term, data collection objectives for dependability - related pur-
poses include the following:

    •      Identifi cation of the product design shortfalls  
   •      Adjustment of logistic support  
   •      Identifi cation of customer problems for correction and  
   •      Identifi cation of failure modes and their root    

 Analysis of reliability or durability data requires a clear understanding of 
the item, its operation, its environment, and its physical properties. A good 
understanding of the general subject of reliability (durability) and its specifi c 
application is also required. 

 Prior to starting the data collection process, it is important to realize that 
data collection cannot usually be performed without the cooperation of all the 
parties involved. This may include item designers, manufacturers, suppliers, 
repair authorities, and users. 

 Generally, the life cycle of equipment can be thought of as a three - stage 
process. These stages are design, manufacturing, and operation. Data collec-
tion can be performed at each stage and the information collected can provide 
feedback to any of the other stages as shown in Figure  2.6 .   

2.3.1 Quantitative and Qualitative Data Collection 

 Quantitative data collection is the collection of data that can be stated as a 
numerical value. Qualitative data collection is the collection of softer informa-
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tion, for example, reasons for an event occurring. Both data types are impor-
tant and support each other. The type of data collected will depend on the sort 
of questions to be answered by the data. 

   2.3.1.1    Methods of Data Collection.     Reliability (durability) data are often 
collected over several years and involves many different users and mainte-
nance personnel. This vast amount of data has to be collated by additional 
staff. Thus, data collection is a large - scale effort with possible sources of data 
corruption. Accordingly, the data collection, collation and recording process 
has to emphasize ease of use and error proofi ng. 

 Data collection result in a mixture of codes, numerical data and descriptive 
information. Codes are generally used to identify data within a limited number 
of previously identifi ed categories to facilitate and limit data entry. This greatly 
simplifi es the subsequent analysis, provided that the categories are appropriate 
and suffi cient for the analysis goals. The categories must be recognizable and 
understood by the operators. Any ambiguity, or misalignment with actual 
failure events, will result in corrupt data. A corollary is that the codes and their 
categories should have clearly published guidelines. When data are collected 
from numerous sources, it makes sense to harmonize any codes or descriptions 
across all sources. 

 This may not be possible if untrained personnel collect the data. Even if 
codes are used in all mandatory fi elds, it should always be possible for the 
individual to give comments. Reliability (durability) and maintenance data 
share many common elements. Therefore, reliability (durability) data collec-
tion should be integrated with the maintenance record system. Whenever 

       Figure 2.6.     Feedback into the life cycle process.  
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possible, all data sharing of common elements should be integrated with the 
maintenance record system. The accuracy of data reporting can be increased 
if the reporting form is combined with other types of reporting, for example, 
economic compensation (spare costs, payment under guarantee, mileage com-
pensation, and time reporting for the repair person). Furthermore, the quality 
of the reporting improves if the repair person knows how the data will be used. 
Additionally, they should be contacted if their data reporting is incomplete or 
ambiguous. 

 Data collection with human involvement usually involves a series of forms. 
Forms standardize the format of the written information. The use of standard-
ization  [59]  provides the fi rst level of error proofi ng. These forms may be either 
a paper or computer representation. Human factors that infl uence the correct 
completion of a form have to be considered. The form can mirror that layout 
where a data fi eld is expected to be in a specifi c layout, including validation 
masks, when appropriate. The order of the fi elds should closely refl ect the most 
usual order of collection, without destroying any other natural grouping logic. 
Mandatory fi elds should clearly be identifi ed. 

 The validation of correct data input is essential. When using direct 
computer data input, it is possible for the computer to simultaneously validate 
entries against permissible values using more sophisticated checking 
algorithms. 

 Finally, one should motivate the person collecting and recording the data. 
No amount of formatting or fi eld masking or data collection forms will defeat 
the potential for an unmotivated human to supply corrupt, missing, or incom-
plete information. The human operator has to feel involved and understand 
the need for good data. He should feel that his contribution is worthwhile and 
that he will benefi t from the subsequent results. 

 Data stewardship is one method to motivate data collectors and to help 
improve data quality. Data stewardship ’ s main objective is the management 
of the corporation ’ s data assets to improve their reusability, accessibility, and 
quality. It is the data steward ’ s responsibility to approve the data naming 
standards of the business, to develop consistent data defi nitions, to determine 
data aliases, to develop standard calculations and derivations, to document the 
business rules of the corporation, to monitor the quality of the data in the data 
warehouse, and to defi ne security requirements. 

 Data stewards should have a thorough understanding of how their business 
works. They have to have the confi dence of both the  information technology  
( IT ) and the end - user communities in their data collection and analysis pro-
cesses. Data stewards have to show that they are not creating metadatabases 
and business rules that are impossible to implement or that run counter to the 
corporation ’ s policy. 

 A typical corporate data stewardship function should have one data steward 
assigned to each major data subject area. These subject areas consist of the 
critical data entities or subjects, such as customers, orders, products, market 
segments, employees, the organization, inventory, and other factors. 
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 Usually, there are more than 10 major subject areas in any corporation. The 
data steward responsible for a subject area usually works with a select group 
of employees representing all aspects of the company in that subject area. This 
committee of peers is responsible for resolving integration issues concerning 
their subject area. The results of the committee ’ s work are forwarded to the 
data and database administration functions for implementation into the cor-
porate data models, metadata repositories, and the data warehouse. 

 Just as there is a data architect in most data administration functions, there 
should be a  “ lead ”  data steward responsible for the work of all the individual 
data stewards. The lead data steward ’ s responsibility is to determine and 
control the domain of each data steward. These domains can become muddy 
and unclear, especially where subject areas intersect. Political battles can 
develop between the data stewards if their domains are not clearly 
established. 

 Second, the lead data steward has to ensure that diffi cult issues are resolved 
in a reasonable time. If resolution cannot be achieved at the data steward level, 
then the lead data steward presents the deadlocked and unresolved issues for 
resolution to the corporate steering committee composed of high - level 
executives. 

 Data collection can also be automated or semiautomated by using elec-
tronic data - logging devices. Automated facilities reduce errors but may add to 
the cost, weight, and size disadvantages to the installed platform. The simplest 
automatic data collection uses bar codes to identify items. The most complex 
data collection uses built - in electronics to perform the same task. 

 The choice of an automated system will depend on the complexity, form 
factor, and cost of the item to be tracked. Automated systems can also be used 
to track the usage mode, elapsed time, item health parameters, and environ-
mental parameters. 

  Automated data collection  ( ADC ), also known as  automated identifi cation  
( AutoID ) and  automated identifi cation and data capture  ( AIDC ), known by 
many as  “ bar coding, ”  consists of many technologies including some that have 
nothing to do with bar codes. 

 There are two major categories of bar codes: one dimensional (1D) and two 
dimensional (2D). 1D bar codes are the most familiar and consist of many 
different symbols or even variations of a specifi c symbology. Supply chain 
partners may dictate the symbology used through a standardized compliance 
label program, or if only used internally, symbology can be based upon the 
specifi c application. 2D bar code symbology is capable of storing more data 
than its 1D counterpart and requires special scanners to read it. 

 There are primarily two technologies used to read bar codes. Laser scanners 
use a laser beam that moves back and forth across the bar code reading the 
light and dark spaces. Laser scanners have been in use for decades and are 
capable of scanning bar codes at signifi cant distances.  Charged - coupled device  
( CCD ) scanners act like a small digital camera and take a digital image of the 
bar code that is then decoded. CCD scanners offer a lower cost, but they are 
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limited to a shorter scan distance (usually a few inches). However, this technol-
ogy is advancing quickly, and devices with longer scan distances are becoming 
available. 

 Keyboard wedge scanners connect a computer keyboard to the computer 
and send ASCII data as if the scanner were a keyboard. The advantage is that 
there is no need for special software or programming on the computer. 
Keyboard wedge scanners offer a low cost entry into the world of ADC and 
can provide increasing accuracy and productivity in many stationary data entry 
applications. There are wireless versions of keyboard wedge scanners 
available. 

 Fixed - position scanners are used where a bar code is moved in front of the 
scanner as opposed to the scanner being moved over the bar code. Applications 
include automated conveyor systems. Many fi xed - position scanners are omni-
directional, which means that the bar code does not have to be oriented any 
specifi c way to be read. 

 Portable terminals come in a vast variety of designs with varying levels of 
functionality. Batch terminals are used to collect data into fi les on a device 
that is later connected to a computer to download the fi les. Radio frequency 
(RF) terminals use RF waves to communicate live with the host system or 
network. 

 Handheld devices simply use one hand to hold the device, and in most 
warehouse environments, this is a problem since that hand can no longer be 
used to handle materials or to operate equipment controls. Handheld termi-
nals generally have very small LCD displays that are usually diffi cult to read, 
and very small keypads make it diffi cult to enter data. Handheld devices often 
come with integrated bar code scanners that can be used without a scanner or 
with a separate scanner. 

 Voice technology is now a very viable and desirable solution in data collec-
tion applications. Voice technology is really composed of two technologies: 
 “ voice directed, ”  which converts computer data into audible commands, and 
 “ speech recognition, ”  which converts voice input into data. The advantages of 
voice systems are they are hands - free and eyes - free operations. 

 For many years,  optical character recognition  ( OCR ) has been used in 
sorting mail and document management, but it has seldom been used in ware-
house and manufacturing operations primarily because it is not as accurate as 
bar code technology. The primary advantage of OCR is that it can read the 
same characters that a human can read. Thus, it eliminates the need for both 
a bar code and human readable text on labels and documents. This allows the 
input of data from documents that do not include bar code information. 

 The results of data collection have to be analyzed. Different types of analy-
ses include correlation, spectral, and regression analysis. 

 For example, Klyatis and Chernov  [60]  developed regression models for the 
analysis of the loading speed for soil - cultivating machinery types . These 
models are applicable for different soil conditions and different work regimes. 
This reduced the time required for the experiments. A second - order polyno-
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mial was used for a partial description of these processes. It has the following 
form:
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 where

   Y     is the response function,  
  x i   and  x j      are factors, and  
  b i   and  b j      are regression coeffi cients.       

   2.4    FIELD INPUT INFLUENCES 

 Field input infl uences are one of the three basic complexes present in the fi eld 
situation (Fig.  2.5 ). The contents of this complex, as well as two others, are 
common for many types or similar groups of products and processes. The 
details are more specifi c for each application. For a car, the fi eld input infl u-
ences consist of multi - environmental, mechanical, electrical, and electronic 
groups. Each group is also a complex of lower - level input infl uences. For this 
example, a multi - environmental complex of fi eld input infl uences consists of 
temperature, humidity, pollution, radiation, wind, snow, fl uctuation, and rain. 
Some basic input infl uences combine to form a multifaceted complex. For 
example, chemical pollution and mechanical pollution combine in the pollu-
tion complex. The mechanical group of input infl uences consists of different 
less complicated components. The specifi cs of this group of infl uences depend 
upon the product or process details and functions. The electrical group of input 
infl uences also consists of several different types of simpler infl uences such as 
input voltage, electrostatic discharge, and others. Most of these interdependent 
factors are interconnected and interact simultaneously in combination with 
each other. 

 The results of input infl uence interactions are output variables such as 
loading, tension, vibration, or output voltage. The result of their actions is a 
degradation process (see Fig.  2.7 ): corrosion of metals, wear, crack propaga-
tion, decrease of viscosity, decrease of grease, lubricant properties, plastic 
aging, rubber aging, or other degrading effects. 

 The fi nal result of degradation is failure (see Fig.  2.7 ).   
 For accurate reliability prediction and successful development and improve-

ment, one needs to simulate all the interconnected components that infl uence 
one another simultaneously and in combination in the appropriate complex. 
Independent simulation of separate components as it is usually done in 
research and design will be inaccurate. The real - life input infl uences will be 
considered in more detail in Chapters  3  and  4 .  
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       Figure 2.7.     Example of a scheme of action from input infl uences to reliability.  
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   2.5    SAFETY PROBLEMS AS A COMPONENT OF THE FIELD SITUATION 

 Safety is a combination of two basic components: risk problems and hazard 
analysis. Both are interconnected with reliability. For example, failure toler-
ance is one of the basic safety requirements that are used to control hazards. 
Another example is safety risks that are the result of the hazardous effects of 
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failure functions. Fault tree analysis may be used to establish a systematic link 
between the system - level hazard and the contributing hazardous event at the 
subsystem, equipment, or piece - part level. 

 The same logic applies to the solution of risk problems. There are many 
standards in reliability and safety that include the interconnection of reliability 
with safety. Some examples include the updated international standards for 
space standardization, the standards and guidelines for European Cooperation 
for Space Standardization (ECSS), and the International Organization for 
Standardization (ISO), and International Electrotechnical Commission (IEC) 
standards (ECSS - M - 00 - 03A, ECSS - Q - 40B, ECSS - Q - 40 - 02A, IEC 60300 - 3 - 7, 
and ISO/IEC Guide 51). 

  Failure modes and effects analysis  ( FMEA ) is an example of reliability 
related to safety. FMEA is a tool used to collect information related to risk 
identifi cation and management decisions. Documented procedures are avail-
able to complete an FMEA with examples of its application in various indus-
tries. A higher FMEA score indicates greater risk. Common variables used to 
quantify risk are the frequency of an activity associated with the defect, the 
quantity of parts associated with the defect, the ability to detect the defect, 
the probability of the defect, and the defect severity. 

 The two basic safety components are a combination of subcomponents. The 
solution to the risk problem is found in the following subcomponents  [18] :

    •      Risk assessment  
   •      Risk management  
   •      Risk evaluation    

 Each of these subcomponents consists of sub - subcomponents. For example, 
risk assessment consists of fi ve subcomponents as shown in Figure  2.8 .   

       Figure 2.8.     Subcomponents of risk assessment.  
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 Solving the safety problem requires the simultaneous study and evaluation 
of the full complex of these interacting components and subcomponents. This 
will provide accurate predictions for accelerated development and improve-
ment of the process or product. 

 To obtain information for risk assessment, one needs to know the 
following:

    •      Limits of the machinery  
   •      Accident and incident history  
   •      Requirements for the life phases of the machinery  
   •      Basic design drawings that demonstrate the nature of the machinery  
   •      Statements about damage to health    

 For risk analysis, one needs 

   •      Identifi cation of hazards  
   •      Methods of setting limits for the machinery  
   •      Risk estimation    

 For risk reduction, the procedure is based on the assumption that the user 
has a role to play in risk.  

2.6 HUMAN FACTORS AS A COMPONENT OF THE FIELD SITUATION 

2.6.1 General Information 

 Human factors engineering is the scientifi c discipline dedicated to improving 
the human – machine interface and human performance through the applica-
tion of knowledge of human capabilities, strengths, weaknesses, and character-
istics  [61] . 

 Human factors always interacts with reliability and safety because the reli-
ability of the product has a connection with the operator ’ s reliability and 
capability. It is called human factors in the United States, whereas in Europe, 
it is often called ergonomics. This is an umbrella term for several areas of 
research that include 

   •      Human performance  
   •      Technology  
   •      Human – computer interaction.    

 The term used to describe the interaction between individuals and the facili-
ties and equipment, and the management systems is human factors. The disci-
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pline of human factors seeks to optimize the relationship between technology 
and humans. Human factors applies information about human characteristics, 
limitations, perceptions, abilities, and behavior to the design and improvement 
of objects and facilities used by people  [61] . The essential goal of human 
factors is to analyze how people are likely to utilize a product or process, then 
to design it in such a way that its use will feel intuitive to them, facilitating a 
successful operation. 

 Figure  2.9  shows six basic subcomponents of a human factors complex.   
 Human factors practitioners come from a variety of backgrounds. They are 

predominantly psychologists (cognitive, perceptual, and experimental) and 
engineers. Designers (industrial, interaction, and graphic), anthropologists, 
technical communication specialists, and computer scientists also contribute 
to the fi eld. Areas of interest for human factors practitioners usually include 

   •      Workload  
   •      Fatigue  
   •      Situational awareness  
   •      Usability  
   •      User interface  
   •      Ability to learn  
   •      Attention  
   •      Vigilance  
   •      Human performance  
   •      Human reliability  
   •      Human – computer interaction  
   •      Control and display design  
   •      Stress  
   •      Data visualization  
   •      Individual differences  

       Figure 2.9.     Human factors basic components.  
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   •      Aging  
   •      Accessibility  
   •      Safety  
   •      Shift work  
   •      Work in extreme environments  
   •      Human error  
   •      Decision making    

 A similar term,  “ human factors engineering, ”  is an extension of the earlier 
phrase  “ human engineering. ”  In Europe and in other countries, the term 
 “ ergonomics ”  is more predominant. Ergonomics is made up of the Greek 
words  “ argon, ”  meaning work, and  “ nomos, ”  meaning law. 

 However, over the last 50 years, ergonomics has been evolving as a unique 
and independent discipline that focuses on the nature of human artifact inter-
actions. This is viewed from the unifi ed perspective of science, engineering, 
design, technology, and the management of human - compatible systems. The 
various dimensions of the ergonomics discipline are shown in Figure  4.1   [61] . 

 The International Ergonomics Association defi nes ergonomics (human 
factors) as the scientifi c discipline concerned with the understanding of the 
interactions between humans and other elements of a system. This profession 
applies theory, principles, data, and methods to design in order to optimize 
human well - being and overall system performance  [61] . 

 Corresponding to Salvendy  [61] , the classifi cation scheme for human factors/
ergonomics is much broader than the list mentioned earlier. It includes 

   •      Human characteristics  
�      Psychological aspects  
�      Anatomical aspects  
�      Group factors  
�      Individual differences  
�      Psychophysiological state variables  
�      Task - related factors    

   •      Information presentation and communication 
�      Visual communication  
�      Auditory and other communication modalities  
�      Choice of communication media  
�      Person – machine dialogue mode  
�      System feedback  
�      Error prevention and recovery  
�      Design of documents and procedures  
�      User control features  
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�      Language design  
�      Database organization and data retrieval  
�      Programming, debugging, editing, and programming aids  
�      Software performance and evaluation  
�      Software design, maintenance, and reliability    

   •      Display and control design 
�      Input devices and controls  
�      Visual displays  
�      Auditory displays and other modality displays  
�      Display and control characteristics    

   •      Workplace and equipment design 
�      General workplace design and buildings  
�      Workstation design  
�      Equipment design    

   •      Environment 
�      Illumination  
�      Noise  
�      Vibration  
�      Whole body movement  
�      Climate  
�      Altitude, depth, and space  
�      Other environmental issues    

   •      System features and characteristics  
   •      Work design and organization 

�      Total system design and evaluation  
�      Hours of work  
�      Job attitude and job satisfaction  
�      Job design  
�      Payment systems  
�      Selection and screening  
�      Training  
�      Supervision  
�      Use and support of technological and ergonomic change    

   •      Health and safety 
�      General health and safety  
�      Etiology  
�      Injuries and illnesses  
�      Prevention of injury    
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   •      Social and economic impacts of the system 
�      Trade unions  
�      Employment, job security, and job sharing  
�      Productivity  
�      Women and work  
�      Organizational design  
�      Education  
�      Law  
�      Privacy  
�      Family and home life  
�      Quality and working life  
�      Political comment and ethical considerations    

   •      Methods, approaches, measures, and techniques    

 To illustrate how ergonomics (human factors) infl uence reliability, main-
tainability, and supportability, consider  psychophysiology  ( PP ) as one of the 
basic components of the human factors in the fi eld. PP needs to be simulated 
in the laboratory to obtain accelerated solutions of reliability, maintainability, 
and supportability problems. The PP of professional activities is a part of an 
interdisciplinary fi eld of theoretical and applied knowledge. Its subject is the 
investigation of professional activities as a particular form of human behavior. 
Theoretical investigations are directed at an elucidation of the spiritual, psy-
chical, and physical mechanisms of professional activities. The fi eld of applied 
PP uses this knowledge as a scientifi c foundation for the prediction of produc-
tivity and for the optimization of intrinsic and extrinsic control of professional 
activities.  

2.6.2 The Infl uence of  PP

 One can study the infl uence of PP on reliability, maintainability, and support-
ability for a mobile product. Studying the infl uence of PP requires 

   •      A defi nition of the admissible interconnected PP parameters of the oper-
ator and the established ergonomic characteristics of mobile vehicles  

   •      The likelihood of making both short -  and long - term forecasts of the 
operator ’ s reliability in the system.    

 The methodological approach to solve this problem must include several 
considerations. First, the essential value of the quality of the prediction has a 
quantitative infl uence on a considerable number of factors and their combina-
tions that depend upon the operator ’ s reliability. The basis of an accurate 
prediction is a mathematical model of the system that includes the factors 
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infl uencing the operator. The quality of the prediction will depend on the 
adequacy and accuracy of the model and its data. 

 Second, the qualitative prediction of an operator ’ s reliability cannot be 
evaluated without an accurate goal. It may be formulated as the capacity to 
execute specifi c actions with necessary effectiveness during a given time under 
specifi c conditions. Prediction of the operator ’ s reliability is problematic. But 
the prediction of the operator ’ s capacity to execute delineated actions under 
stated conditions is more practical for specifi c actions. The important param-
eter is the length of the time for prediction. 

 The prediction can be either long term or short term. A short - term predic-
tion is one that is suffi cient for executing a specifi c task during the workday. 
An example of this type of prediction is prefl ight tests of aviation pilots or 
prerun tests of auto drivers. A long - term prediction relates to longer time seg-
ments (several days, weeks, months, or years), such as the duration of training 
required until an operator is capable of performing all tasks required during 
his shift. An example of this type of prediction is estimating the amount of 
training required to solve PP problems during an orientation and selection 
process. 

 Setting the limits for the various levels of requisite abilities to perform 
specifi c work functions is diffi cult. These tasks combine integral complex char-
acteristics of the functions and the personal qualities of the employee that 
determine the quality of vehicle controlling actions over a given period of time. 

 Accordingly, the homeostatic level of a person ’ s basic condition, psychologi-
cal and emotional tolerance under the infl uences of complicated and disturb-
ing factors, must be taken into account. This shows that a person may not be 
able to act favorably under unusual or stressful conditions. 

 Coping mechanisms are limited and lead to a decline in the ability to adapt 
under stress. Consequently, the operator ’ s reliability decreases over time. This 
is especially true for situations that require a high degree of responsibility, such 
as life - threatening situations or inadmissible psychological or economic con-
sequences of mistakes. Functional mobilization facilitates an operator ’ s reli-
ability for only a limited time before it becomes a dramatic failure.  

2.6.3 Accurate Simulation of Human Factors 

 The accurate simulation of human factors is highly effective and has three 
advantages:

   1.     Simulation eliminates risk and the painful consequences of poor deci-
sions. Simulation goes beyond mitigation to completely eliminate costly 
mistakes.  

  2.     Simulation is able to compress the decision time from years of experi-
ence to months or weeks of analysis.  

  3.     Simulation provides the capability to limit the number of variables in a 
scenario to focus a learner ’ s attention on the desired outcome.    
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 Simulation principles are useful for a wide range of experimental research 
in engineering, physics, and chemistry. The laboratory researcher needs to 
simulate the complex parameters of the real - life (fi eld) situation to obtain 
accurate results. The degree of accuracy depends on the fi delity of the simula-
tion in representing the real world during the research. 

 For experimental human factors research, a new driving simulator was 
built at the Toyota Higashifuji Technical Center in Shizouka, Japan. The simu-
lator uses an actual vehicle inside a 23 - ft (7 - m) diameter dome, with a 360 ° , 
concave video screen that simulates a real driving environment  [62] . In addi-
tion to testing, the car ’ s suspension, brakes, and other mechanical systems, it 
measures driver behavior under a range of circumstances. A similar driving 
simulator was built for Mercedes - Benz in the company ’ s Sindelfi ngen 
Technology Center. 

 Mechanical Simulation Corporation ’ s CarSim  real - time  ( RT ) software is 
used to simulate all the critical vehicle dynamics for the system. 

 Terence Rhoades, President, Mechanical Simulation said:  “ An installation 
of this magnitude can allow auto manufacturers to conduct precise tests of 
their designs, without the time, expense, and hazards of road testing    . . .    Driver -
 behavior tests can be created in a repeatable, simulated environment. Without 
the danger of traffi c exposure and unpredictable weather and road conditions, 
Toyota can simulate driver and vehicle responses to a wide range of environ-
ments, as well as driver response to safety technology such as Intelligent Traffi c 
Systems. ”   [62] . 

 The simulator is designed to measure vehicle performance for a wide range 
of driver characteristics including reduced awareness of one ’ s surroundings, 
inattentiveness to danger, and impaired driving. The results are used to evalu-
ate the effectiveness of safety technology, including driver - warning and vehicle -
 control systems plus intelligent traffi c systems outside the vehicle. 

 CarSim uses information derived from driver control inputs (steering angle, 
throttle, brake) and from the external environment. Its control computer 
determines how the vehicle will move. It then provides motion instructions to 
the simulator and scenario generator to create the visual environment. 

 The 360 °  concave video screen is positioned more than 14   ft (4.3   m) from 
the driver and can be manipulated to simulate the sensations of driving, includ-
ing speed, acceleration, turns, and other maneuvers. 

 CarSim is Mechanical Simulation ’ s software package for simulating, viewing, 
and analyzing the dynamic vehicle behavior of cars, light trucks, and utility 
vehicles using driver, ground, and aerodynamic inputs. CarSim RT, being used 
by Toyota, features live connections to physical hardware, RT analysis soft-
ware, and postprocessing capabilities. 

 Toyota intends to use the simulator for the analysis of the driving charac-
teristics of drivers, research and development of safety technology to reduce 
traffi c accidents, and evaluation and verifi cation of preventive safety 
technology.   
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   2.7    THE INTERCONNECTION OF QUALITY AND RELIABILITY 

 In the SoS approach for ART, important common problems are associated 
with the integration and interaction of 

   •      Reliability (durability and maintainability) with quality during a given 
time  

   •      Reliability with simulation  
   •      Reliability with safety  
   •      Reliability with human factors    

 ART/ADT is a highly effective approach to solve these problems through 
advanced management methods. Practical integration of the interconnected 
components infl uencing quality and reliability may be used at every step of 
research, design, manufacturing, and usage. 

 How can this be done? 
 Developing advanced integrated ART/ADT solutions for quality and reli-

ability can accomplish this objective. But this is no easy task for industrial 
companies that usually solve quality and reliability separately during 
the design and manufacturing phases. Both are interconnected in the fi eld 
(Fig.  2.10 ).   

 If the solutions for quality or reliability problems are not integrated at an 
advanced level, then their interconnection will not be effective as can be seen 
in Figure  2.11 . Adopting and implementing this new approach is a diffi cult 
strategic problem that most industrial companies have not been able to solve 
until recently.   

 To better understand this integration process, let us remember the basic 
defi nitions of quality and reliability:

    •       Quality  is the  ability  of a product or service to  satisfy the user ’ s needs .  
   •       Reliability  is the  ability  of an item to perform a  required function under 

given conditions for a given time interval .    

       Figure 2.10.     General scheme of quality and reliability interconnection.  

QUALITY RELIABILITY
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 Simulation is an essential tool for the solution of these problems. Without 
physical simulation, it is currently not possible to effectively conduct labora-
tory experimental research and testing. Most of the current literature addresses 
software simulation. Physical simulation of full real world input infl uences on 
the actual product is a specifi c area that is minimally reported in the literature. 
Accurate physical simulation of fi eld input infl uences on the actual product is 
described in Chapter  3 . 

 Industrial companies experience severe problems trying to resolve 
complaints about their products. They neither rapidly determine the root 
cause nor quickly resolve the problem. As a result, it is diffi cult to eliminate 
complaints during the manufacturing process. It often takes years to increase 
the product ’ s quality or reliability. Thus, such a product is not adequately 
competitive in the market. Our methodology  [18]  shows how one can solve 
this problem quickly. 

 A high - quality product can be achieved during design through ART by 
utilizing integrated physical simulation to accurately predict reliability. 

 A practical modern strategy of accelerated development and improvement 
is to use an integrated SoS approach during design, manufacturing, and 
usage  [18] . For example, accelerated quality improvement during the manu-
facturing phase is based on an analysis of factors that infl uence the product 
quality. 

 The following analyses are suggested:

    •      One team provides an analysis of one complex in the  
�      Procurement of raw materials  
�      Procurement of product components  
�      Procurement of the fi nal product    

Figure 2.11. Short schematic description of current unsuccessful integration of quality 
and reliability. 



THE STRATEGY TO INTEGRATE QUALITY WITH RELIABILITY  69

   •      The same team provides an analysis of one complex in 
�      Design  
�      Technology of manufacturing  
�      Quality control and assurance  
�      Product use      

 The following are considered in the analysis of human factors infl uence 

   •      During design  
�      Role, value, scope, and contribution to the fi eld of human factors  
�      Including human factors in the planning and execution of product 

design
�      Digital human modeling for design and engineering    

   •      During manufacturing 
�      Design philosophy approach analysis of human factors and their infl u-

ence on product quality and reliability  
�      Simulation of these infl uences       

2.8 THE STRATEGY TO INTEGRATE QUALITY WITH RELIABILITY 

2.8.1 The Effects of Engineering Culture 

 The engineering culture has an important infl uence on the product ’ s accept-
ability by directly infl uencing its quality and reliability. Consider the role of 
the engineering culture by comparing that of GM with Toyota. Now consider 
the basic elements of the engineering culture. Alfaro  [63]  presents three basic 
elements (see Fig.  2.12 ): quality, rule/responsibility, and the system. The com-
parison of the engineering culture at GM and Toyota shows that Toyota pays 
the most attention to quality, less to the system, and least to rule/responsibility 
 [63] . In part A of Figure  2.12 , GM currently pays the most attention to the 
system, a little less to rule/responsibility, and the least attention to quality. As 
a result of analyzing this situation  [63] , GM plans to change its priorities and 
to give equal attention to all three basic elements.   

 How can it be more effective? 
 There is a lot of literature that includes information on the evaluation and 

development of product quality during its design and manufacturing phases 
 [64 – 66] . 

 Considerably less literature is published about the accurate evaluation and 
prediction, accelerated product development, and improvement of durability 
and reliability. This is especially true of manufacturing companies where the 
norm is to have no practical methodology and no equipment to use for 
integrated evaluation and prediction of reliability/durability or for accele-
rated improvement and development. Absence of accelerated development 
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literature is one of the basic reasons that the reliability and maintainability of 
equipment is often three to fi ve times lower in operation than what was pre-
dicted  [67] . Current literature describes mostly mathematical and statistical 
concepts, but this literature does not address the SoS engineering concepts 
and necessary methodology and equipment needed to advance industrial 
implementation. 

 As a result, the reliability, durability, and maintainability of industrial prod-
ucts are insuffi cient. 

 Some companies reduce the negative infl uences by including incentives to 
achieve higher quality in their system and culture. 

 Many of the same companies are not solving the reliability problems and 
have not achieved their competitive potential. Many companies in different 
industries do not integrate quality and reliability. This creates market problems 
for both the customers and the producers including recalls, complaints, war-
ranty repair cost, and loss of goodwill. These companies experience many 
problems with rework that increase the cost of the product and reduce their 
competitiveness in the market. This can lead to fi nancial problems. 

       Figure 2.12.     Difference in current engineering culture by Toyota (C) and General 
Motors Company (A — current, B — awareness): (1) is quality; (2) is rule/responsibility; 
and (3) is system  [63] .  
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 Neither GM nor Toyota (Fig.  2.12 ) adequately considers the repercussions. 
Both need to change their prioritization. Figure  2.13  shows the approach to 
an integrated system, where reliability and maintainability are given equal 
priority with quality, rule/responsibility, and system during the design, manu-
facturing, and usage phases to achieve better results. Figure  2.14  shows this 
integration. Using the SoS approach, which integrates the quality, reliability, 
durability, and maintainability complex, will achieve a more desirable 
solution.   

 Industrial companies need this methodology and appropriate equipment to 
implement this approach. 

       Figure 2.13.     Proposed system of integrated quality and reliability (durability/
maintainability) with system and rule/responsibility: (1) is quality; (2) is rule/responsibility; 
(3) is system; and (4) is reliability (durability and maintainability).  

(1)

(2)

(4)

(3)

       Figure 2.14.     Quality, reliability, durability, and maintainability as components of one 
integrated system: (1) is quality; (2) is reliability; (3) is durability; and (4) is maintain-
ability  [18] .  
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(2)

(4)

(3)
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 How it can be done? 
 The fi rst element is the development of the complex analysis of factors that 

infl uences product quality (Fig.  2.15 ). This analysis consists of two sections.   
 The fi rst section includes an analysis in one complex consisting of diver-

gences in the procurement of raw material, in the procurement of product 
components, in the procurement of the fi nal product, and by the customers. It 
is based on the author ’ s experience in collaboration with Eugene Klyatis and 
industrial experience as described in Reference  18 . Figure  2.16  shows the 
current situation in this area.   

 The second section is shown in Figures  2.14  and  2.17 . It includes analysis 
during the operation, design, and manufacturing phases.   

 The author and Eugene Klyatis developed the current quality system (Fig. 
 2.16 ) that has been successfully used in some companies as shown in Figure 
 2.17 . The quality system was implemented by Iskar, Ltd. (Israel). Warren 
Buffet later purchased Iskar due to its increased sales and profi t attributable 
to higher product quality. Chapter  7  shows these results and provides substan-
tiation of the improvement. 

       Figure 2.15.     The scheme of complex analysis of factors that infl uences product quality 
during design, manufacturing, and usage.  
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Figure 2.16. Often used current quality system by industrial companies. 

Figure 2.17. The developed quality system for an industrial company. 
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 The second element is the development of useful ART. The author ’ s and 
industrial experience are both described in detail in Reference  67 . To achieve 
an integrated SoS solution for quality/reliability/durability/maintainability, the 
industrial company must use this second element. This is a new evolution for 
most industrial companies. It requires signifi cant additional fi nancing, but the 
payback period is short with a high return on investment as described in  [67] . 
The professionals who pursue this course of action must understand the dif-
ference between useful, useless, and harmful ART. 

 The advantages of an advanced quality system (Fig.  2.17 ) when compared 
with the current norm are the following:

    •      Online collaboration occurs between customers and all the producer ’ s 
departments.  

   •      Fewer misunderstandings between the customer and the supplier occur 
during the design and manufacturing phases.  

   •      Timely feedback and good communication between the design depart-
ment and other technical departments increase customer satisfaction, 
especially during the early stages of manufacturing and operation.  

   •      A better management process exists to implement any necessary changes 
in manufacturing technology.  

   •      Maximum customer participation and satisfaction are achieved through 
feedback during all stages of design and manufacturing.  

   •      All of the design and production departments are responsible for the high 
quality of the fi nal product.    

 The fundamental books describing these processes are  Accelerated Quality 
and Reliability Solutions   [18]  and  Successful Accelerated Testing   [43] . In addi-
tion, there are dozens of other technical publications addressing this topic. If 
one cannot distinguish the difference between separate and independent 
factor testing versus integrated accelerated testing, then one will not be able 
to achieve the integration of quality with reliability, durability, maintainability, 
availability, and serviceability. 

 The specifi cs of the proposed SoS approach are 

   •      Accurate physical simulation of the simultaneous combination of the 
fi eld input infl uences on the product  [68]   

   •      Application of ART and especially  useful accelerated reliability testing  
( UART ) based on the above - mentioned simulation (see Section  1.5  of 
Chapter  1 ).  

   •      Integration of ART with constant quality improvement  [18] .    

 Implementation of this proposed strategy (improved engineering through 
integrated reliability and quality) should improve the engineering culture of 
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industrial and other types of companies. This strategy has been approved by 
several industrial companies and is described in some publications  [69, 70] . 

 The specifi cs of the proposed strategy follow:

    •      Develop integrated reliability, durability, and maintainability solutions 
that result in quality (Q) improvement during design and manufacturing.  

   •      Conduct accurate physical simulation of full fi eld infl uences integrated 
with safety and human factors during design and manufacturing.  

   •      Introduce UART of the actual product based on the above - mentioned 
simulation.  

   •      Incorporate accurate prediction of quality and reliability on the basis of 
UART results.  

   •      Develop an integrated quality process for the procurement of materials, 
components, and vehicles throughout the design, manufacturing, and 
usage phases. One team of professionals from the design, manufacturing, 
quality assurance, and marketing departments will provide this 
integration.  

   •      Incorporate the strategic and tactical aspects of quality/reliability into the 
process.    

 Experience shows that this approach can dramatically improve the quality 
and reliability of a product, reduce recalls, improve the market reputation of 
a company, and increase sales volume. 

 The result is an improvement in the company ’ s fi nancial status.   

2.9 THE PLACE OF ART/ADT IN HIGH QUALITY, RELIABILITY, 
MAINTAINABILITY, AND DURABILITY 

 Industry can develop more accurate predictions for integrated quality and 
reliability for a given time. This requires the application of accelerated quality 
and reliability development during the design and manufacturing phases. 
Normally, the process for accurate prediction of quality and reliability during 
a given time (warranty period and life cycle) consists of four basic 
steps (Figure  2.4 ). The strategy to achieve accurate prediction is presented in 
Chapter  6 . 

 Clearly, accelerated reliability and durability testing has an important place 
in product development. In addition, the integrated process provides high 
quality, reliability, maintainability, and durability. 

 This system of prediction is accurate if, and only if, the simulation is accurate 
and ART is possible. Let us analyze this system in steps. 

 The simulation is the fi rst and very important step of the prediction. One 
simulates the integrated active fi eld infl uences and any infl uences related to 
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any type of research, design, test, and study in the laboratory, or other artifi cial 
conditions to provide accelerated reliability and durability testing. One needs 
to know how effective the research, design, manufacturing, and other solutions 
will be in the real (fi eld) situation. Current single - dimensional simulation solu-
tions are useful for technology assessment, but they are not practical for reli-
ability, maintainability, supportability, and quality during usage. 

 The full fi eld input infl uences on the actual product need to be simulated. 
In the fi eld, many types of input infl uences (Fig.  3.2 ) determine the effects and 
outcome. They are interconnected with each other and mutually infl uence each 
other  [42, 70, 71] . 

 If we simulate separate input infl uences, or just parts of the full complex 
of these infl uences, then we will not model the real fi eld situation. As a result, 
the next steps — studying and testing — will not refl ect the real situation. 
Therefore, such testing and research results cannot give the appropriate 
information for accurate prediction of quality and reliability during usage 
time. 

 The effectiveness of the simulation depends upon its accuracy. An accurate 
simulation, especially with an accurate prediction, has historically been a key 
enabling factor for systems and their components, including ART  [72 – 77] . 

 For the successful prediction of product or process quality and reliability, 
one needs 

   •      Methodology to incorporate all active fi eld infl uences and interactions  
   •      Accurate initial information from ART/ADT    

 The possible benefi ts of using ART/ADT are 

   •      Reducing the time to market of a new product  
   •      Making the product more competitive in the market  
   •      Providing accurate reliability prediction during a given time (warranty 

period and service life) 
   •      Providing accurate quality prediction during a given time  
   •      Providing accurate maintenance (time and cost) prediction during a 

given time  
   •      Providing an accurate prediction of the minimal cost service life of the 

product
   •      Aiding the rapid identifi cation of the components that limit the product ’ s 

quality, reliability, and warranty period  
   •      Providing rapid isolation of the reasons for the limitations of the above -

 mentioned components  
   •      Providing accelerated development and improvement of the product ’ s 

quality, reliability, maintainability, durability, and supportability  
   •      Reducing the cost of product development and improvement  
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   •      Providing a rapid solution to many other problems related to the prod-
uct ’ s economics, quality, and reliability  

   •      Dramatically decreasing the number of recalls and complaints    

 This is possible with the implementation of ART/ADT.  

EXERCISES

2.1    The technical progress in the operational area is progressing more 
slowly than in the design, manufacturing, and service areas. Describe 
why this is the case and illustrate with examples.   

2.2    The expenses in the usage phase of the equipment are much greater 
than in the design, engineering, and manufacturing phases. Give exam-
ples of this situation.   

2.3    What are the reasons for the increasing number of car recalls? Present 
examples from Japanese, European, or American companies.   

2.4    Are there problems with product reliability and durability? Demonstrate 
your answer with examples.   

2.5    Are reliability and durability problems interconnected with other areas 
of life? If yes, then identify the interconnecting factors and describe the 
character of these interconnections.   

2.6    Show the scheme of interaction of the fi eld situation components.   

2.7    There are several complexes of components that have an infl uence on 
the fi eld situation. Determine the basic complexes of these components 
in general, as well as specifi cally, for components of cars.   

2.8    How many basic components are there in the life cycle of equipment? 
Describe the basic components.   

2.9    What do the reliability and durability processes have in common? What 
are their differences?   

2.10    Input infl uences act on product reliability and durability. Show these 
actions step by step.   

2.11    What is the role of safety problems on the fi eld situation? How are 
safety problems interconnected with reliability?   

2.12    The process for safety problems is complicated. Identify the basic 
general components and subcomponents of safety problems.   

2.13    Human factors are a complicated process. Determine the basic compo-
nents of this process and their interconnection.   
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2.14    What term is used in Europe for  “ human factors ” ?   

2.15    Show the classifi cation scheme of human factors.   

2.16    Demonstrate how the infl uence of PP can be used in a methodology to 
solve the reliability problems for a mobile product.   

2.17    Demonstrate in a methodological complex how different infl uences 
impact an operator ’ s reliability.   

2.18    Show the scheme of interconnections of factors that infl uence an opera-
tor ’ s reliability.   

2.19    How effective are the human factors in an accurate simulation? Show 
their advantages.   

2.20    Demonstrate and analyze the interconnected factors that affect quality 
and reliability in all the steps of research, design, manufacturing, service, 
and operation.   

2.21    What are the advantages of the interconnection of quality and reliability 
solutions and why has this interconnection been a problem for industrial 
companies?   

2.22    Show the basic process for the successful integration of quality and 
reliability/durability during design and manufacturing.   

2.23    Demonstrate schematically why a successful integration of quality with 
reliability cannot be accomplished by many of the current industrial 
companies.   

2.24    What is the essential aspect for using Exercises 2.21 – 2.23?   

2.25    Describe a reliable way to improve the integration of quality and 
reliability.   

2.26    What is the basic difference in the engineering culture between Toyota 
and GM?   

2.27    Describe the ideal way for GM to dramatically change the engineering 
culture to improve the role of reliability/durability in this process.   

2.28    What strategy is proposed in the book for the solution of Exercises 
2.23 – 2.26?   

2.29    Describe the complex analysis of factors that infl uence the improve-
ment of a product ’ s quality and reliability/durability.   

2.30    What specifi c advantages does an industrial company obtain from a 
developed quality system?   
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2.31    Demonstrate schematically how UART infl uences the accurate predic-
tion of a product ’ s quality, reliability, durability, and maintainability 
during a long period of time, that is, the warranty period and service life.   

2.32    How does ART/ADT impact the quality of research and accelerated 
improvement of quality, reliability, durability, and maintainability?   

2.33    What possible benefi ts are obtained by using ART/ADT? Schematically 
describe how to achieve these benefi ts.        
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Chapter 3

The Basic Concepts of 
Accelerated Reliability and 
Durability Testing 

3.1 DEVELOPING AN ACCURATE SIMULATION OF THE FIELD 
SITUATION AS THE BASIC COMPONENT OF SUCCESSFUL 
ACCELERATED RELIABILITY TESTING ( ART) AND ACCELERATED 
DURABILITY TESTING ( ADT)

3.1.1 General

 This chapter describes an approach and methodology for conducting inte-
grated ART/ADT with multiple input infl uences using simulation. The result 
should lead to successful ART/ADT. The concept of selecting a representative 
region for testing is used to extend real - life analysis techniques and to establish 
the characteristics of the critical input (or output) processes. This leads to the 
concept of using a representative region that is the most characteristic of the 
total population representing all anticipated operating regions. Simulation is 
a tool that uses a representation or model during testing. Simulation is used 
to evaluate the potential results as a form of testing. 

 Simulation modeling is used in many contexts to determine how to improve 
the functioning of natural or human systems, technology, or other products or 
processes. The key issues in simulation include the acquisition of valid source 
information for key characteristics and behaviors of the product or process, 
determination of a method for simplifying approximations and assumptions 
to build the simulation model, and identifi cation of a methodology to evaluate 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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and validate the simulation outcomes. Thus, simulation is an attempt to accu-
rately represent the real situation during research and evaluation. 

 There are different types of simulations: physical, interactive, computer 
(software), mathematical, and others. This book considers the physical simula-
tion of the fi eld circumstances applicable to an actual product or process. 

 Usually, physical simulation refers to a simulation that substitutes physical 
objects and conditions for the real ones expected during the operation of the 
product or process. Historically, these physical objects are often selected to be 
smaller than the actual object or system. 

 The author considers physical simulation to be the simulation of the actual 
usage conditions representative of those experienced by the real product or 
process. These conditions include multiple input infl uences, human factors, and 
safety problems. Thus, in the book, the items used in the simulation are typi-
cally not smaller or cheaper than those in the real object or system.  

3.1.2 Contents

 For the ART of a product, the fi eld situation needs to be simulated in the 
laboratory where artifi cial input infl uences are used to model the actual fi eld 
infl uences. These input infl uences are in physical contact and interact with 
the test subject. For example, for a ground vehicle, it is necessary to provide 
the physical simulation of the road features (surface, concrete, asphalt, density, 
pitch, and curvature), environmental factors (temperature, humidity, air 
pressure, chemical and dust pollution, and radiation), input voltage, electro-
static discharge, and other active infl uences. Special chambers, shock, vibration 
equipment, corrosion equipment, and others are utilized for accelerated 
testing to produce valid results. To achieve the necessary physical simulation 
of the fi eld input infl uences in the laboratory, a wide complex of specifi c 
special devices and universal devices is used. The physical simulation of the 
fi eld input infl uences has to be accurate in order to provide useful ART/ADT 
results. 

 The fi rst basic problem is the need to understand what kind of fi eld input 
infl uences will be simulated in the laboratory and the purpose of these physical 
simulation infl uences. 

 Understanding how the various types of input infl uences needed for testing 
act upon the test subject in the fi eld during its operation and storage (Fig.  3.1 ) 
is required. These infl uences include temperature, humidity, pollution, radia-
tion, road features, air pressure and fl uctuations, input voltage, and many 
others ( X1     . . .     XN ).   

 The results of their action are output variables (vibration, loading, tension, 
output voltage, and many others ( Y1     . . .     YM )). The output parameters lead to 
degradation (deformation, crack, corrosion, and overheating) and failures of 
the product. 

 A detailed description of input infl uences and output variables is provided 
in the examples  [18] . The following practical examples demonstrate how 
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output variables (tensions) change in different fi elds (regions). Table  3.1  shows 
how tension readings can vary for a car ’ s trailer on the same type of road.   

 Always simulate the full range of input infl uences ( X  1     . . .     X N  ) in the labora-
tory when testing the product. ART/ADT offers the initial information for 
accurate prediction of reliability, quality, maintainability, durability, and other 
parameters. 

 An accurate physical simulation occurs when the physical state of output 
variables in the laboratory differs from those in the fi eld by no more than the 
allowable limit of divergence. The literature shows that the simulation is accu-
rate if the mean of output variables (vibration, loading, tensions, voltage, 
amplitude, and frequency of vibration) during testing differs from the mean 
of the same output variables in the fi eld by no more than a given limit, for 
example, 3%. 

 This means that the output variables

    Y Y1 1 1 2 3 5FIELD LAB given limit e g and − ≤ ( . ., , , , %).  

       Figure 3.1.     Scheme of input infl uences and output variables of the actual product.   
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OUTPUT VARIABLES

TEST SUBJECT

X1
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X2 X3 X4 X5 X6 X7 . . .

. . . .

XN

  TABLE 3.1    Tensions from Different Sensors of a Car ’ s Trailer in Different Fields 

   Sensor 
No.      First Field      Second Field      Third Field  

       m      σ      f      m      σ      f      m      σ      f   

  2    6.75    45.0    20     − 14.5    44.5    21     − 6.5    33.0     —   
  4     − 40    51    18.4     − 121    38.0    22.8     − 113    35    15.2  
  5     − 450    89.5    11.5     − 374    58.0    13.1     − 178.0    63.0    14.6  
  6     − 179    103.0    12.7     − 46.4    78.0    18.9     − 124.0    65.0    16.2  
  7    91.5    54.0    23.0    89.0    34.5    22.0    13.1    32.0     —   

    m , mathematical expectation of tension (kg/cm 2 );  σ , standard deviation (kg 2 /m 4 );  f , mean of fre-
quency (1/s).   
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    Y YM MFIELD LAB given limit and − ≤ ( , , , %).1 2 3 5   

 What is required in the laboratory for an accurate physical simulation of 
the fi eld input infl uences? 

 The following basic concepts must be implemented to conduct ART and 
ADT in the laboratory to provide accurate physical simulation of fi eld input 
infl uences:

    •      Provide accurate simulation of the fi eld conditions (quantity of infl u-
ences, character of each infl uence, and dynamics of changes of all infl u-
ences), safety, and human factors using the given criteria.  

   •      Conduct simulation testing 24 hours a day, every day, but not 
including  
   �      Idle time (breaks or interruptions) or  
   �      Time operating at minimum loading that does not cause failure.    

   •      Accurately conduct simulation of each group of fi eld input infl uences 
(multi - environment, electrical, and mechanical) in simultaneous combi-
nations. For example, the multi - environmental group is a complex simul-
taneous combination of pollution, radiation, temperature, humidity, air 
fl uctuation, and other environmental factors.  

   •      Use a complex system to model each interacting type of fi eld infl uences. 
For example, pollution is a complex system that consists of chemical air 
pollution    +    mechanical (dust) air pollution, and both types of this pollu-
tion must be simulated simultaneously.  

   •      Simulate the whole range of each type of fi eld infl uences and their char-
acteristics. For example, if one simulates a temperature, then one must 
simulate the whole range of this temperature from the minimum to 
maximum, its rate of change, and the random character of this tempera-
ture if it changes randomly.  

   •      Use the physics - of - degradation process as a basic criterion for an accu-
rate simulation of the fi eld conditions.  

   •      Treat the system as interconnected using a systems of systems 
approach.  

   •      Consider the interaction of components (of the test subject) within the 
system.  

   •      Conduct laboratory testing, in combination with special fi eld testing, as 
a basic component of ART/ADT.  

   •      Reproduce the complete range of fi eld schedules and maintenance or 
repair actions.  

   •      Maintain a proper balance between fi eld and laboratory conditions.  
   •      Correct the simulation system after an analysis of the degradation and 

failures in the fi eld and during ART/ADT.    
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 These concepts are demonstrated in more detail in References  18  and  43  
and in other authors ’  publications. Simulation of a comprehensive combina-
tion of input infl uences is necessary for accurate simulation. 

 What does it mean to simultaneously simulate a combination of input 
infl uences? 

 Consider the actual simultaneous combination of infl uences in the fi eld for 
automobiles (Fig.  3.2 ). Most of the fi eld infl uences act and interact simultane-
ously. Therefore, for an accurate simulation of the fi eld input infl uences (the 
job of appropriate testing equipment), the infl uences have to act simultane-
ously and in mutual combination.   

 Current accelerated testing usually fails to include these interactions. For 
example, engineers typically simulate the environmental, mechanical, electri-
cal, and other input infl uences independently. Consequently, they conduct the 
simulation of chemical and mechanical (dust) pollution separately. 

 It is very important to understand and identify all groups of interconnected 
input infl uences and their many complicated interactions. These interactions 
have to be simulated in the laboratory for useful ART/ADT. 

 Likewise, radiation simulation is conducted separately from the simulation 
of other environmental infl uences. As a result, one does not take into account 
the interconnections among different environmental infl uences. 

       Figure 3.2.     Contents of input infl uences on actual product/process.  
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 The methodology for accurate simulation of input infl uences during ART 
is demonstrated in Chapter  4 . The equipment for this effort is shown in 
Chapter  5 . 

 The second basic problem is to accurately simulate the range for each type 
of input infl uence. The input infl uences are part of a complicated process, and 
changing them usually produces randomness. 

 The author ’ s experience is that the most accurate simulation of the input 
processes occurs when the statistical characteristics (i.e., mathematical expec-
tation  μ , variance  D , normalizing correlation  ρ ( τ ), and power spectrum  S ( ω )) 
of all the input infl uences differ from the measurements under operating con-
ditions by no more than 10%  [42] . 

 The following statistical criteria can be useful when comparing reliability/
durability during ART/ADT and operating conditions. 

 The reliability distribution function after ART is termed  F a  ( x ). Under oper-
ating conditions, it is  F  0 ( x ). The measure of the difference is given in Reference 
 42  as

    η[ ( ), ( )] ( ) ( ).F x F x F x F xa a0 0= −   

 The function  η [ F a  ( x ),  F  0 ( x )] has the limit  η   A   (maximum of difference). 
 When

    η η[ ( ), ( )] ,F x F xa A0 ≤   

 it is possible to determine its reliability using the ART results. But if

    η η[ ( ), ( )] ,F x F xa A0 >   

 using the ART results is not recommended to predict reliability. 
 Often in practice, the values of the functions  F a  ( x ) and  F  0 ( x ) are not known, 

but it is possible to construct graphs of the experimental data for  F a  ( x ) and 
 F  0 ( x ) and to determine the difference

    D F x F xm n ae oe, max[ ( ) ( )],= −  

  where  F ae   and  F oe   are empirical distributions of the reliability function observed 
by testing the product under operating conditions using accelerated testing. 

 One can also fi nd  D m   ,   n   from graphs of  F ac  ( x ) and  F oc  ( x ). 
 To do this, it is necessary to determine the value of

    λ
η0 =

+ −
mn

m n Dm n A( )( )
,

,

 

where  n  is the number of failures in operating conditions and  m  is the number 
of failures in the laboratory. 
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 The correspondence between comparable distribution functions is evalu-
ated using the probability

    P mn m n D Fm n A[ ( )( ) ] ( ).,/ + − ≥ < −η λ λ0 01   

 If [1    −     F ( λ  0 )] is small (not more than 0.1 typically), then

    max[ ( ) ( )] .F x F xac oc A− > η   

 An analogous approach has to be used for human factors and safety. 
 Then, the distribution function for ART/ADT does not correspond to the 

distribution function in the fi eld. Thus, it is probably not possible to develop 
an appropriate system for the physical simulation of fi eld input infl uences in 
the laboratory (methods, equipment, or both). 

 The fi rst conclusion from the above - mentioned criterion is that it is useful 
to compare reliability and durability changes during service life in the fi eld. 
The second conclusion is that this information may help to determine the 
limitation on the reliability function between laboratory testing and testing 
under operating conditions (fi eld). The level of accuracy of the reliability 
evaluation depends on this limitation. 

 The choice of infl uences for ART/ADT is determined by the specifi c 
requirements for the test subject under operating conditions. Therefore, it is 
very important to evaluate the infl uence of the statistical characteristics of the 
operating conditions in a region that approximates operating conditions. This 
is necessary to carry out the requisite physical simulation in a laboratory 
during ART or experimental research. The point is to represent characteristics 
that are as close as possible to the statistical characteristics for fi eld 
operations. 

 The solution to this problem is very complicated, and it requires new theo-
retical research. The principal steps are described next. 

 The accurate simulation of input processes provides a means to calculate 
the acceleration coeffi cient. This result enables an accurate calculation to 
predict the dynamics of changes in reliability, durability, and maintainability 
during operation in the fi eld after ART/ADT. 

 How can one evaluate the accuracy of physical simulation? To determine 
the accuracy, different types of criteria have to be used. 

 Professionals often use the correlation of ART/ADT results to fi eld - testing 
results. Reliability indices such as time to failures, types of failures, and the 
distribution of failures are typically used. Considerable test time is usually 
required to develop these measures, especially if one wants to evaluate a 
product ’ s durability. 

 Another negative aspect of this method is that it typically leads to the 
destruction of the product. Also, professionals need early knowledge about 
how accurate the fi eld simulation is to be sure that the criterion was used cor-
rectly, or to see whether an earlier correction of the criterion is necessary. 
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 To accomplish this requires the comparison of output variables (vibration 
loading and tension) in the fi eld and in the laboratory. Sensors that measure 
tension and load are frequently used. They are easy to install, have a short and 
simple output, and are frequently used. Using this method does not require a 
long time, but experience shows that this method often indicates when the 
primary output parameters (tensions and loads) are not suffi cient to character-
ize the simulation process. A good correlation can exist between tensions and 
loads during fi eld and laboratory testing, but an insuffi cient correlation may 
still occur between the time to failure and other reliability indices. 

 Experience shows that a comparison of the degradation mechanism or time 
to failure during ART/ADT or experimental research during fi eld testing is a 
better method. 

 The destructive testing and appropriate destructive failure analysis of com-
ponents of the system are not useful for reliability/durability testing and accu-
rate prediction. 

 The physical (chemical, mechanical) mechanism of the degradation 
approach is the second and basic criterion for an accurate simulation of real -
 life processes during ART. It compares the results of fi eld and laboratory 
testing and enables quick correction for an incorrect simulation process. 

 This approach assumes that the degradation mechanism during ART/ADT 
must be approximately similar to the degradation mechanism during fi eld 
testing  [43] :

    D DL F≈ ,  

  where

   D L      is the degradation mechanism during ART and  
  D F      is the degradation mechanism during fi eld testing.    

 The degradation mechanism may provide a stress limit. When the stress is 
over that fi xed limit, the degradation mechanism during laboratory testing is 
different from the degradation mechanism in the fi eld. This relates to highly 
stress and test approaches. 

 The  “ physics - of - degradation ”  result is not enough for using ART. 
 For example, chemical degradation can be chemical corrosion as well as a 

change in the chemical structure of a plastic that has a different degradation 
mechanism. This is also true for mechanical degradation or electrical degrada-
tion. Therefore, the type of degradation (physical, chemical, or electrical) 
depends on the type of process and on the subject of testing (research). 

 The degradation mechanism can be estimated through its degradation 
parameter during product testing (Fig.  3.3 ).   

 Each product has different parameters for the degradation mechanism. For 
an accurate simulation, one must evaluate the limits for each parameter. 

 Accelerated testing usually uses only a stress - based simulation. However, 
in this case, it is necessary to remember the following axiom of stress testing: 
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More stress means greater acceleration and a lower correlation of accelerated 
testing results with the fi eld results. This is true when performing ART/ADT. 

 In real life, the mechanical, chemical, and physical types of degradation 
mechanisms often interact with each other. The degradation parameters for 
mechanical degradation are deformation, wear or cracks, and other changes. 
The degradation parameters for chemical degradation are corrosion, depoly-
merization, intermetallic growth, and other changes. 

 The degradation parameters for electrical degradation are electromigra-
tion, electrostatic discharge, dielectric breakdown, and other changes. The 
degradation parameters for electronic degradation are ionization, electromag-
netic interference, hot electron effects, beta degradation, stress migration, and 
other changes. 

 If sensors can be employed to evaluate these basic parameters, then one 
can measure their rate of change during a particular time to compare fi eld and 
laboratory testing, and determine how similar the ART conditions are to real -
 life conditions. If these processes are similar, then there may be a suffi cient 
correlation between the ART/ADT results and the fi eld - testing results. 

 Consider the comparison between the parameters of the degradation mech-
anism for wear of the common drive shaft of a harvester after 600 hours of 
fi eld testing and the appropriate time for ART. This parameter (wear) has a 
probabilistic character during the test time and can be evaluated by three 
statistical characteristics: the mathematical expectation  A

–
 , the standard devia-

tion  σ  2 , and the time of correlation  τ   k  . 
 The results are presented in Table  3.2 . The difference between these testing 

results (degradation) is no more than 10%. Therefore, ART offers accurate 
accelerated information about wear in the fi eld.   

       Figure 3.3.     Types of degradation mechanisms and their parameters.  
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 How is a practical comparison between the parameters of the degradation 
mechanism in the fi eld and in the laboratory conducted? Consider the metallic 
sample deformation in Figure  3.4 . The value of confi dence interval is  ± 10%. 
The mean of the deformation in laboratory testing is within the  ± 10% confi -
dence interval (between the upper and lower confi dence limit) of the fi eld 
deformation. This means that there is a suffi cient correlation between the 
accelerated testing results and the fi eld results. The confi dence interval of 
 ± 10% is a good measure in practice. The comparison process of the fi eld and 
laboratory results has a statistical character.   

 What is the connection between the physical simulation (its result, the 
degradation) and ART? It is a complicated process, because we need to take 
into account many components of the test subject and appropriate degrada-
tions. The degradation and failures in the fi eld and in the laboratory (if there 
is an accurate simulation of the fi eld infl uences in the laboratory) are a result 
of the combined complex of factors (multi - environmental, mechanical, electri-
cal, etc.) infl uencing the product ’ s reliability.   

       Figure 3.4.     Deformation of a metallic sample during the time  [43] .  
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  TABLE 3.2    Statistical Characteristics of Wear Processes for Component of 
Harvester 

   Studied Component     Name of the Statistical Parameter  

   Value of Parameters  

   Field     Accelerated 
Reliability 

Testing  

   Number of 
Regimens  

   1     2  

  Common drive 
shaft  

  Mathematical expectation 
( H     ·     M )    ×    10  − 1   

  20.2    19.3    21.2  

  Standard deviation  σ  2  ( H     ·     M )    ×    10  − 2     181.1    186.0    191.0  
  Time of correlation,  τ   k  ,  c     0.09    0.10    0.08  
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3.2 CONCEPTUAL METHODOLOGY FOR THE SUBSTANTIATION 
OF A REPRESENTATIVE REGION FOR AN ACCURATE SIMULATION OF 
THE FIELD CONDITIONS 

 The test subject may experience different fi eld conditions and stresses in 
operation due to physical location. The fi eld conditions may include different 
climate zones where the test subject is being used, as well as other varying 
fi eld situations. The regions where the product will be used experience differ-
ent environments, different mechanical infl uences, road surfaces, loads, and 
electrical infl uences, among others. The human factors and safety problems are 
also variable. In this case, for accurate simulation of all these different condi-
tions (factors) in ART/ADT, it is useful to select a region that is representative 
of the multitudes of fi eld conditions. The author presents a methodology to 
determine a representative input region for an accurate simulation of the 
fi eld conditions  [18] . This process can be used for a wide range of parameters. 
Each region has a different infl uence on the product ’ s quality, durability, reli-
ability, maintainability, and other factors. This is especially true for mobile 
products. Therefore, a region representative of multiple fi eld conditions needs 
to be simulated to provide ART/ADT. The region can be characterized by 
input infl uences, output parameters, safety, or human factors, that is, the param-
eters that best represent the multiple characteristics of the applicable regions. 
The author developed a special methodology for the selection of a representa-
tive region. The full methodology is published in Reference  99 . The basic 
components are shown in the subsequent example using the results of sensor 
data. There, data can be the result of vehicle load measurements that refl ect 
the fi eld condition in the region. We identify there data by the code name 
 “ oscillogram. ”  The methodology is summarized in the algorithm presented 
next. 

3.2.1 Algorithm

 The algorithm for selecting a representative region for an accelerated test is 
the following:

Step 1 .      Identify the type of process exhibiting a random rate of change and 
establish whether it is a stationary process through the following steps:  
  A.     Characterize the process in terms of its mathematical expectation, 

standard deviation, correlation, and power spectrum.  
  B.     Evaluate whether the process is ergodic by assessing whether the 

important correlation tends to zero as time tends to infi nity.  
  C.     Use the Pearson criterion, or equivalent, to assess the normality of 

the process.    
Step 2 .      Measure the divergence between the basic characteristics of the 

process evaluated in different regions.  
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  Step 3 .      Select and measure a characteristic (usually length) in a representa-
tive region.  

  Step 4 .      Identify the representative region that has minimal divergence.     

   3.2.2    Selection of the Process and Its Characterization 

 Assume that there is an interval [0,  T  ] in the written characteristics of the 
measurement of a process. Name this an oscillogram that characterizes the 
changes in loading or wear (or another physical parameter,  X ) of a product 
during use. Next, divide the interval [0,  T  ] of the oscillogram into the smaller 
intervals of length  T p   and evaluate the mathematical expectation ( μ   X  ), correla-
tion function  ρ   X  ( τ ), power spectrum  S X  ( ω ), and their accuracy. For example, 
one can use the Lourie method  [100] . The ergodicity of the process can be 
checked to ensure that it appropriately uses one interval realization of the 
process as being representative of all realizations of the same duration. The 
ergodicity of the process can be assessed formally by checking that the correla-
tion function tends to zero as  τ     →    0. It is appropriate to combine this informa-
tion with informed judgment relating to the particular application and the 
physical conditions of the process being studied. 

 To check the hypothesis that the process exhibits normality, assume that 
using one realization of the specifi ed interval length  T p   is suffi cient to charac-
terize the entire process because it is ergodic. From the correlation function, 
identify the value of  τ  for which the correlation is (statistically) zero, that is, 
 ρ   X  ( τ  0 ). For the interval (0,  τ  0 ) in the oscillogram, measure the values at equi-
distant points  t  1 ,  t  2 ,  t  3     . . .     t n  . The usual goodness - of - fi t tests, such as Pearson ’ s, 
can be used to assess whether these values are normally distributed.  

   3.2.3    The Length of the Representative Region  T R   

 If it is established that the process is normal, then begin to evaluate the length 
of the representative region  T R   that has to be large enough to evaluate the 
correlation function ( ρ   X  ( τ )) and the mathematical expectation because of the 
accuracy of  μ   X  . 

 The interval representing  T R   is divided into  n  equally spaced subintervals 
of length,

    Δt
T
n
R= ,   

 and the observed values of the oscillogram at these times are denoted by  x ( t i  ). 
Hence, the correlation function can be estimated using

    ˆ .ρ μ μ=
−

+( ) −[ ] ( ) −[ ]
=

−

∑1

1m n
x t m x ti X

t

n m

i X

i

    (3.1)   
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 To calculate the preliminary values of  T R  , it is necessary to know the fre-
quency ranges in the oscillogram where the parameters are changing. The row 
of full low - frequency periods, denoted by  T  1 ,  T  2 ,  T  3     . . .     T n  , each having the 
random rate, is marked at equal intervals from each other. The mean, denoted 
by  T M  , can be evaluated by

    T
T T T

n
M

n=
+ + +1 2 … ,  

  where n    ≥    3. 
 The lowest frequency of the process rate is given by  f L      =    1/ T M   and the value 

of  τ  max  can be selected using the condition  τ  max     ≈    1/ f L      =     T M    [76] . The value of 
 T R   can be established from  τ  max . Typically,  T R      =    10 τ  max  because the error associ-
ated with the estimation of  μ   X   and  ρ   X  ( τ ) should be no more than 5%. 

 To estimate  Δ  t , consider the highest frequency changes of the process, which 
are denoted by  f m   and, in practice,  Δ  t     =    1/0.6 f m  .  

   3.2.4    Comparison of Values between Different Regions of the Oscillogram 

 Stationary normal processes can be characterized by their expectation ( μ ), 
variance ( σ  2 ), and normalized correlation structure ( ρ   N  ( τ )). Evaluate the entire 
oscillogram over the range [0,  T  ] and for  k  different regions of the oscillogram 
of length  T R  , where  k     =     T / T R  . For example, denote the vector of the charac-
teristics of the  i th region as   ˆ , ˆ ,μ σ ρ τi i Nic ( )[ ], where  c  is the normalization 
constant. For the entire oscillogram, the equivalent vector will be written as 
  ˆ , ˆ ,μ σ ρ τc N ( )[ ], where

    ˆ

ˆ

, ˆ

ˆ

, ˆ

ˆ

, .μ
μ

σ
σ

ρ τ
ρ

= = ( ) = == = =
∑ ∑ ∑i

i

k

i

i

k

N

Ni

i

k

Rk k k
k

T
T

1 1 1     (3.2)   

 The divergence between any two regions,   a ai jand , may be estimated as a 
weighted linear combination of the squared differences between their expecta-
tions, variance, and correlations. For example,

    Δ a a p p pi j i j i j Ni Nj, max2 2
3

2( ) = −( ) + −( ) + ( ) − ( )[ ]1 2ˆ ˆ ˆ ˆ ˆ ˆμ μ σ σ ρ τ ρ τ ,,     (3.3)   

 where the weights  p  1 ,  p  2 , and  p  3  sum to one and are selected using the method 
of least squares to minimize the sum of squared deviations between the 
corresponding components of the two vectors. Hence, higher weights will 
be given to the larger differences between the corresponding statistics. If there 
is no difference between any of the components within the vector, then all 
components will be equally weighted. Using the maximum deviation between 
the correlations as a measure of the most extreme difference between the 
two correlations is recommended. Only a selection of information in the 
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correlation structure is utilized. Using the estimated spectral power function 
(  Ŝ ω( )) instead of the correlation function may be preferred. In this case, the 
deviations between the two regions are written as

    Δ a a p p p S Si j i j i j i j, ,1 2 3

2( ) = −( ) + −( ) + ( ) − ( )⎡⎣ ⎤⎦ˆ ˆ ˆ ˆ ˆ ˆμ μ σ σ ω ω2 2     (3.4)   

 where  p  1     +     p  2     +     p  3     =    1.  

   3.2.5    Choice of the Representative Region 

 Select the region that has minimum divergence among the whole range of 
regions. Use it as the representative region. The representative region will be 
denoted by the vector   aR  and minimizes the following function written fi rst 
for the correlation structure and then for the power spectrum:

    min , min max1 1
2

2
2

3Δ a a p p pR R R NR N( ) = −( ) + −( ) + ( ) − (ˆ ˆ ˆ ˆ ˆ ˆμ μ σ σ ρ τ ρ τ
τ

))[ ]{ }2   

 or

    min , min max2 1
2

2
2

3Δ a a p p p S SR R R R( ) = −( ) + −( ) + ( ) − ( )(ˆ ˆ ˆ ˆ ˆ ˆμ μ σ σ ω ω
ω

))⎡⎣ ⎤⎦{ }2
.   

 (3.5)   

 Thus, the region of length  T R   that satisfi es the above - mentioned condition 
is selected for use in simulation during accelerated testing. It provides a rep-
resentative selection of the oscillogram of reduced length, that is, (0,  T R  ) rather 
than (0,  T ), which will facilitate a more effi cient testing.  

   3.2.6    An Example of Selecting a Representative Region 

 The following example illustrates the application of the proposed methodol-
ogy in an actual accelerated reliability test. The data to be analyzed come from 
the oscillogram that was written by a tension sensor on a truck with a mobile 
computer. The curve of the oscillogram consists of 20 separate regions, each 
of equal length 800   mm, and refl ects the infl uence of the fi eld on the sensor. 
The estimates of the mean and standard deviation over all regions of the oscil-
logram are   ̂ . ˆ .μ σ= =1 58 5 98mm and mm. The statistical characteristics of the 
tension changing in 19 regions are summarized in Table  3.3 . Note that the 
values of the estimated parameters are shown in millimeters (1   mm    =    2   M Π a). 
The data for region 15 have been excluded since they exhibited very different 
characteristics from the other regions. It represented an atypical fi eld experi-
ence. Figure  3.5  shows the correlation function for regions 10 – 12.     

 To illustrate the process used to assess the normality of the data, consider 
the data for region 6. The fi rst time the estimated correlation tends to zero is 
0.1 second, set  τ  0     =    0.1 second. In the region (0,  τ  0 ), 158 observed values occur-
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ring at a random rate were recorded. These data values are 33, 30, 55, 46, 55, 
42, 29, 38, 42, 48, 40, 41, 38, 37, 35, 32, 32, 40, 43, 46, 28, 20, 31, 48, 44, 36, 30, 30, 
37, 38, 40, 32, 34, 36, 36, 36, 38, 34, 25, 33, 41, 39, 34, 28, 38, 44, 54, 41, 25, 33, 49, 
45, 40, 37, 37, 37, 36, 34, 31, 26, 36, 35, 43, 33, 25, 30, 33, 39, 33, 38, 29, 30, 32, 40, 
42, 44, 39, 36, 26, 27, 46, 39, 30, 31, 34, 38, 33, 36, 44, 40, 28, 28, 36, 38, 36, 39, 35, 
38, 38, 36, 35, 37, 39, 38, 31, 32, 34, 39, 38, 42, 39, 28, 31, 44, 42, 39, 37, 36, 37, 27, 
30, 43, 42, 36, 35, 38, 37, 32, 36, 40, 36, 38, 37, 30, 37, 40, 38, 34, 31, 33, 32, 31, 43, 
38, 24, 30, 35, 40, 37, 34, 44, 39, 28, 28, 36, 36, 38, and 37. 

 The estimated mean and standard deviation for region 6 are 36 and 5.56, 
respectively. Dividing the range of the data into 11 equal classes, compare the 
observed frequency with that expected under a normal distribution as shown 
in Table  3.4 . The chi - squared goodness of fi t  [100]  gives a test statistic of 
 χ  2     =    9.14, and since this statistic has a chi - squared distribution with 8 degrees 
of freedom, the  P  - value is found to be 0.34. This suggests that the normal 
distribution is a suitable model for the data.   

 Check the normality of data from region 8. Again, 158 sample values were 
analyzed. Table  3.5  shows the probabilities observed over 10 equal - sized 
classes, and the mean and standard deviation for the data set are 36.68 and 
5.25, respectively. The chi - squared goodness - of - fi t test statistic is 6.9 and has a 
chi - squared distribution with 7 degrees of freedom, giving a  P  - value of 0.43. 

  TABLE 3.4    Frequencies and Probabilities for the Groups in Region 6 

   Groups     1     2     3     4     5     6     7     8     9     10     11  

  Frequency    1/225    5/225    18/225    25/225    35/225    57/225    47/225    22/225    9/225    3/225    3/225  
  Probability    0.0078    0.0238    0.0628    0.1227    0.1875    0.2127    0.1816    0.1167    0.0564    0.0205    0.0067  

  TABLE 3.5    Frequencies and Probabilities for the Groups in Region 8 

   Groups     1     2     3     4     5     6     7     8     9     10  

  Frequency    5/225    9/225    27/225    44/225    47/225    55/225    45/225    8/225    3/225    3/225  
  Probability    0.0221    0.0493    0.1146    0.1878    0.2242    0.1952    0.1958    0.0579    0.0189    0.0046  

       Figure 3.5.     The correlation functions of regions 10 – 12 and the representative region.  
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Again this provides evidence that the normal distribution is a suitable model 
for the data. This is the case for the analysis of all 19 regions.   

 Additional checks on the expectation and variance of the process suggest 
that it is not stationary. For example, consider the results presented in Table 
 3.3  for the mean, variance, and standard deviation. There is a considerable 
spread in the estimates. In contrast, the estimate ’ s correlation across regions 
shows that the maximum deviations in the normalized correlation are almost 
equal. This suggests the process is not stationary. 

 Analysis of the power spectrum over the interval of  ω  from 9 to 25   s − 1  covers 
most of the spectral density as shown in Figure  3.5 . The correlation function 
for regions 10 – 12, shown in Figure  3.5 , appears to have a periodical compo-
nent. Therefore, the correlation should take in a larger interval, such as from 
0 to 10 seconds. 

 The modulus of mathematical expectations, standard deviations, correlations 
and spectral functions, and the divergences from the different regions are based 
upon the characteristics of the whole oscillogram. The divergences presented in 
Table  3.3  are substantial. An alternative way of examining the deviations 
between each region and the whole oscillogram is to superimpose the corre-
sponding functions on the same graph. Taking the small infl uence of the tension 
expectation value into account gives estimates of p1     =    0.1,  p2     =    0.5, and  p3     =    0.4 
and allows calculation of the divergence of Δ1  and  Δ2 . The results are presented 
in Table  3.6 . Regions 3 and 19 are closer in their characteristics to the whole 
oscillogram than any of the other regions. Criterion  Δ1  is closer to region 3, and 
criterion Δ2  is closer for region 19. The power spectrum shows that frequency is 
the most important factor that characterizes the dispersion distribution (ampli-
tude of oscillation). Frequency is a very important technical characteristic. 
Therefore, region 19 provides the best input infl uences to represent all regions.   

 The associated procedures are measures of the representative region with 
a minimal divergence resulting from the multitude of input infl uences (or 
output variables) under fi eld conditions. The whole process is illustrated by a 
practical example. The solution is shown for normal processes by the use of the 
Pierson criterion, but it could also be shown using other types of random rates. 

 This methodology is useful in substantiation of ART regimes. It leads to 
successful ART. This helps to obtain accurate preliminary information for reli-
ability prediction, for predictive maintenance, and for the solution of other 
problems of reliability.   

3.3 BASIC PROCEDURES OF ART AND  ADT

 The following procedures demonstrate how to provide ART/ADT. 
 Many industrial companies use separate fi eld conditions or combine several 

fi eld conditions. They seldom use fully integrated multidimensional ART tech-
nology. This is one of the basic reasons that their methods, test equipment, and 
processes used for accelerated testing often give erroneous results and cannot 
properly predict operational performance. 



  TA
B

LE
 3

.6
  

  D
iv

er
ge

nc
es

 M
ea

su
ri

ng
 B

et
w

ee
n 

C
ha

ra
ct

er
is

ti
cs

 o
f 

19
 R

eg
io

ns
 

  D
iv

er
ge

nc
e  

  R
  

  E
  

  G
  

  I  
  O

  
  N

  
  S  

   
 

   
 

  R
  

  E
  

  G
  

  I  
  O

  
  N

  
  S  

   
 

   
 

   
 

   M
ea

su
ri

ng
  

   1  
   2  

   3  
   4  

   5  
   6  

   7  
   8  

   9  
   10

  
   11

  
   12

  
   13

  
   14

  
   16

  
   17

  
   18

  
   19

  
   20

  

   
 Δ
1

a
a

i,
(

)   
  12

.5
5  

  4.
85

  
  0.

96
  

  7.
27

  
  1.

75
  

  2.
37

  
  3.

48
  

  4.
76

  
  8.

21
  

  4.
84

  
  6.

94
  

  4.
75

  
  5.

91
  

  2.
93

  
  1.

68
  

  6.
82

  
  9.

8  
  1.

31
  

  1.
9  

   
 Δ
2

a
a

i,
(

)  
  12

.5
9  

  4.
93

  
  0.

72
  

  7.
07

  
  1.

45
  

  2.
57

  
  3.

32
  

  4.
12

  
  8.

09
  

  4.
76

  
  6.

46
  

  4.
51

  
  6.

07
  

  2.
85

  
  1.

56
  

  6.
82

  
  9.

48
  

  0.
17

  
  0.

49
  

98



BASIC PROCEDURES OF ART AND ADT  99

 The following components of the basic procedures of ART/ADT technol-
ogy can help to dramatically improve the accelerated testing, then accurate 
prediction process. 

 In 1999, the author fi rst published the step - by - step ART/ADT process that 
follows  [101] . This technology consist of the following 11 procedures. 

   3.3.1    Procedure 1: Collection of the Initial Information from the Field 

 This step investigates the kind of input infl uences that act on the specifi c 
product in the fi eld. Select the input infl uences that must be simulated in the 
laboratory to provide accurate ART/ADT. This information is necessary to 
substantiate accurate ART parameters and regimes. 

 It is necessary to obtain actual fi eld input infl uences that affect product 
reliability, durability, and maintainability during operation, that is, the range, 
character, speed, and limiting range of values for temperature, air pollution, 
air fl uctuations, humidity, solar radiation (ultraviolet, infrared, and visible), 
input voltage, air pressure, and road features (type, surface, density, and others), 
for the various fi eld conditions where the product will operate. 

 It is necessary to study all input infl uences, in the example for temperature 
(Fig.  3.6 ), 

   •      On the product in single steps and in simultaneous combinations includ-
ing their interaction in the fi eld and    

   •      On the entire system in the full hierarchy as it is shown in Figure  3.7 .      

 The full hierarchy required is the complete product that is used as a test 
subject (system) in real life consisting of  N  subsystems that act in a series with 
interactions. The subsystems also consist of lower - level  K  sub - subsystems that 
also act in a series with interactions. Therefore, in real life, each subsystem and 

       Figure 3.6.     Scheme of study for temperature as an example of input infl uence on the 
test subject.  
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       Figure 3.7.     The full hierarchy of the complete product and its components as a test 
subject.  
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sub - subsystem may act in series with connections to and interactions with all 
other subsystems of the complete product. 

 To simulate real - life infl uences on the product accurately in the laboratory 
during ART, it is necessary to accurately simulate the full hierarchy of 
connections and interactions. Simulating only the fi eld input infl uences for 
separate subsystems or sub - subsystems to provide accelerated reliability does 
not take into account the connections and interactions among subsystems and 
sub - subsystems. This results in an inaccurate simulation that leads to an inac-
curate ART with results that will be different from the fi eld results. The 
outcome is an inaccurate prediction of the test subject ’ s life cycle cost (LCC), 
reliability, durability, maintainability, and quality in the fi eld. Elements of this 
inaccurate prediction include 

   •      Output variables such as vibration, corrosion, loading, tension, wear, 
resistance, output voltage, the decrease of protection after deterioration, 
the range, character, and speed that change under various fi eld conditions, 
including climatic areas (Fig.  2.7 ). Using data from the prototypes can 
reduce the study time for a developed product. Study variations may exist 
depending on the facilities of the researchers, the goals of the research, 
the conditions of the experiments, and the subject of the study.  

   •      The mechanism of degradation observed for the components or the test 
subject (the parameters of degradation, their value, speed, and the statis-
tical characteristics of these parameters, which change during the time of 
usage)  [18] .  
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   •      Input infl uences and output parameters of the data collection and analy-
sis. This includes the types of input infl uences that impact suffi ciently on 
the degradation and failure process. If it is known with assurance that 
one or several infl uences do not impact on the product degradation 
(failure), then those infl uences can be eliminated from consideration. This 
possibility is described in detail for electronic equipment  [102] .  

   •      The percentage of time the test subject is working under different usage 
conditions. This is important because most products are used under dif-
ferent conditions with different loads. These conditions depend upon the 
changing values of each output parameter. The results lead to the distri-
butions that are needed for the programming and understanding of the 
ART results. An example of these distributions for fertilizer applicators 
is shown in Reference  42 . If the fertilizer applicator is used in different 
climatic regions, this will probably alter the output distributions.  

   •      The testing scheme developed for the test subject as a system consisting 
of hierarchical subsystems (units) and sub - subsystems (details) with their 
connections and interactions shown in Figure  3.7 .    

 Appropriate analysis has to consider safety and human factors.  

3.3.2 Procedure 2: Analysis of the Initial Field Information as 
a Random Process 

 For a product, especially for a mobile product, there is a randomness into fi eld 
input infl uences and outputs. 

 It is necessary to evaluate the statistical characteristics (the mean, standard 
deviation, normalized correlation, and the power spectrum) of the studied 
parameters to estimate their infl uence. It is also necessary to look at the dis-
tribution of input infl uences and the output parameters. Figure  3.8  shows an 
example of ensembles for experimental normalized correlation and power 
spectra of tension data registered by sensor 1 for the car ’ s frame point under 
different fi eld conditions. The probability distribution can also be utilized for 
a more detailed evaluation.    

3.3.3 Procedure 3: Establishing Concepts for the Physical Simulation 
of the Field Conditions on the Product 

 The fi eld input infl uences safety and human factors must be accurately simu-
lated in the laboratory to achieve high correlation between the accelerated 
reliability/durability test results and the fi eld results. This leads to the accurate 
prediction of reliability, durability, and maintainability in the fi eld after ART/
ADT. This practice shows that the most accurate physical simulation of the 
input infl uences occurs when each statistical characteristic [ μ ,  D ,  ρ ( τ ),  S ( ω )] 
for all input infl uences differs from the fi eld condition measurements by no 
more than 10%. 
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 For each specifi c situation it is necessary to use these statistical criteria to 
compare the reliability measured in the ART/ADT with fi eld reliability. 

 The ART/ADT methods and other accelerated testing methods have an 
acceleration coeffi cient. The similarity of the degradation process in the fi eld 
and in the laboratory will determine the practical limit of stress (acceleration 
coeffi cient) (Fig.  3.9 ).   

       Figure 3.8.     Ensembles of normalized correlation and power spectrum of frame tension 
data of the car ’ s trailer in different fi eld conditions.  
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       Figure 3.9.     Accelerated coeffi cient description.  
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 The most accurate method of ART/ADT is based on minimizing breaks 
between work times. This type of testing can be accelerated if the product is 
tested 24 hours a day excluding idle time and time with minimum loading. This 
method is based on the principle of reproducing the complete range of operat-
ing conditions and of maintaining the correct proportion of heavy and light 
loads. The author ’ s experience shows that this method is especially effective 
for a product that is used with long storage periods. 

 This method has the following basic advantages:

    •      A maximum correlation occurs between the fi eld and ART/ADT 
results.  

   •      One hour of pure work performed by the product that faithfully repro-
duces the stress schedule is identical in its destructive effect to 1 hour of 
pure work under normal operating conditions.  

   •      There is no need to increase the pace of testing in terms of the size and 
proportion of stress.  

   •      The results of ART/ADT are obtained 10 – 18 and more times faster than 
in the fi eld. This method provides the successful correlation of ART/ADT 
results and fi eld results.    

 To evaluate the particular accelerated coeffi cient, one needs to divide the 
accelerated timescale by the fi eld use timescale, that is,  t  1 / t  1  1  (Fig.  3.9 ). 

 For storage time acceleration, one can use the stress of the environmental 
parameters (temperature, humidity, and pollution) for acceleration. However, 
the calculation of the correlation between the laboratory results and the fi eld 
results will be more complicated. 

 More stress means less correlation. Less correlation is less accuracy for the 
simulation results and greater problems in obtaining an accurate prediction of 
the product ’ s reliability and durability in the fi eld. 

 Therefore, the limit of the acceleration coeffi cient is very important 
(Fig.  3.10 ).   

       Figure 3.10.     Example of stress limit (acceleration coeffi cient limit).  
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 Less correlation leads to more problems in determining the reasons for 
failures (degradation) and how to eliminate them. 

 When using the accelerated coeffi cient number, it is necessary to decide 
which way will be more effective for each product. 

 Accelerated laboratory testing for ART is conducted as a simultaneous 
combination of different groups of testing (mechanical, multi - environment, 
and electrical). If only vibration testing of the product is conducted, then it is 
not possible to accurately predict the reliability or durability of the product. 
The same is true for the simulation of temperature and humidity testing or 
both. This is not environmental testing because only one or two parameters 
out of the combination of environmental fi eld infl uences are simulated. 

Acceleration (stress) factors  are factors that accelerate the product degrada-
tion process in comparison with normal usage. There are many types of accel-
eration factors including the following:

    •      Increasing concentrations of chemical pollutions and gases  
   •      Increasing air pressure  
   •      Increasing temperature, fog, and dew  
   •      Increasing the rate of change of input infl uences    

 One widely used testing method employs simulation with only a minimum 
number of fi eld combinations of input infl uences. For example, a temperature/
humidity environmental chamber is used for environmental testing. It is known 
that these are only a few of the many environmental infl uences acting on the 
product. 

 Care is required when using a high - level range of acceleration or a combi-
nation of the fi eld infl uences with ART/ADT.  

3.3.4 Procedure 4: The Development and Use of Test Equipment that 
Simulate the Field Input Infl uences on the Actual Product 

 Test design is impacted by the result of the analysis of the combination of fi eld 
input infl uences on the product ( X1

1     . . .     XM
1 ) (Fig.  3.1 ) and how they are simu-

lated in the laboratory. 
 Test equipment selections are made based on both universal and specifi c 

application test equipment. The basic reason to develop test equipment is to 
provide an appropriate simulation of the fi eld situation. 

 Universal test equipment can be used on many different types of products. 
Design and manufacturing companies typically use universal test equipment 
for specifi c applications. For example, all types of mobile products and many 
parts of stationary machinery vibrate in the fi eld. Companies conduct vibration 
testing using vibration equipment. This is also true for test chambers that 
simulate the environmental infl uences and their combinations. 

 The selection and characteristics of the test equipment are very important 
in controlling how stress is applied to the product and affects the ART/ADT 
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results. For example, single - axis and multiaxis  vibration test equipment  ( VTEs ) 
have different applications. For many types of stationary and for all mobile 
products, single - axis VTE cannot simulate real - life vibration. The solution is 
to use multiaxis VTE. 

 Vibration input can be generated in up to 3 or 6 degrees of freedom. 
Vibration is simultaneously generated for one to three linear axes (vertical, 
lateral, and longitudinal) and for one to three angular (rotational) axes (pitch, 
roll, and yaw). 

 Test chambers are another type of universal test equipment. There are many 
types of test chambers and other types of universal testing equipment available 
(Chapter  5 ). ART/ADT requires test chambers for multiple environment 
testing. 

 Every industrial company has many types of specifi c testing equipment that 
can be used as components to provide ART/ADT. The type of specifi c testing 
equipment depends on the type of product manufactured. Usually, industrial 
companies design, or specify the design for, the required test equipment. 

 If it is desired to conduct ART/ADT, then it is necessary to use both uni-
versal and specifi c testing equipment. 

 The above analysis relates to safety and human factors too.  

   3.3.5    Procedure 5: Determining the Number and Types of Test 
Parameters for Analysis during  ART/ADT  

 The basic objective is to determine the minimum number of test parameters 
that are suffi cient for the comparison of the ART/ADT and fi eld - testing results 
to provide an accurate prediction of reliability, durability, and maintainability. 

 Let us consider the fi eld input infl uences. 
 Thus, it is necessary to establish the applicable area of each infl uence that 

can be introduced into all varieties of operating conditions to set acceptable 
test conditions. This is

    E N> ,  

  where

   E     is the number of fi eld input infl uences,  X  1     . . .     X a   (Fig.  3.1 ), and  
  N     is the number of simulated input infl uences,  X  1  1     . . .     X b   1  (Fig.  3.1 ).    

 And the allowable error for simulation input infl uences is

    M t X t X t1 1 1
1( ) ( ) ( ),= −  

  where

   X  1 ( t )    are input infl uences of the fi eld and  
  X  1  1 ( t )    are simulated input infl uences.    
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 The basic steps for choosing the area of infl uences that introduce all the 
basic variations of the fi eld situation are the following:

   1.     Establish the type of random process to be studied. For example, a sta-
tionary process is determined by the normalized correlation from the 
difference of the variables.  

  2.     Establish the basic characteristics of the process. For a stationary random 
process, use the mean, the standard deviation, the normalized correla-
tion, and the power spectrum.  

  3.     Defi ne an area ’ s ergodicity, that is, the possibility to make judgments 
about the process. This occurs when the correlation approaches zero as 
the time τ     →     ∞ .  

  4.     Check the hypothesis that the process is normal. Use Pearson ’ s criterion 
or another criterion.  

  5.     Calculate the length of the infl uence area.  
  6.     Select the size of the divergence between basic characteristics in differ-

ent areas.  
  7.     Minimize the selected measure of divergence and fi nd the area of infl u-

ence that introduces all the possibilities of the fi eld.    

 The result of the number and types of fi eld input infl uences used in the 
analysis determines the impact on the product ’ s degradation (failure) 
mechanism.  

3.3.6 Procedure 6: Selecting a Representative Input Region for ART

 To execute this step, it is necessary to identify one representative short region 
from the multitude of input infl uences (or output variables) under specifi ed 
fi eld conditions with a minimum of divergence. Next, one needs to simulate 
this representative region ’ s characteristics in performing ART. The solution is 
shown for normal processes by the use of the Pearson criterion, but other types 
of statistical criteria can be used.  

3.3.7 Procedure 7: The Procedure for ART/ADT Preparation 

 The preparation for ART/ADT should consider the following:

    •      The schedule applied to the product ’ s technological processes, including 
all areas and conditions of use (time of work, storage, and maintenance) 
for each condition  

   •      The conditions of infl uences on safety and human factors  
   •      Sensor disposition  
   •      The kind of input infl uences and output variables that occur under each 

fi eld condition analyzed  
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   •      The measurement regimes used for speed, productivity, and output 
rate  

   •      The typical measurements of conditions and regimes in the fi eld and their 
simulation by ART/ADT, as compared to the fi eld  

   •      Establish the value of the testing  
   •      Execute the test  
   •      Determine the schedule for checking the testing regimes  
   •      Obtain the test results and the analysis of the data.     

   3.3.8    Procedure 8: Use of Statistical Criteria for Comparison of  ART/ADT  
Results and Field Results 

 The degradation mechanism is the criterion for comparing the fi eld results to 
the ART/ADT test results. To calculate this comparison, it is necessary to use 
statistical criteria comparing the ART/ADT results to the fi eld results. 

 The use of statistical criteria can help determine whether to use the current 
ART/ADT technique or to continue to develop this technique until the dif-
ference between the reliability/durability function distribution during ART/
ADT and during fi eld usage is not more than the fi xed limit. 

 The statistical criteria shown in this book must be used in these three stages 
of testing:

    •      During ART/ADT for a comparison of the output variables or the labo-
ratory degradation process with the output variables or the degradation 
process in the fi eld respectively  

   •      During ART/ADT for a comparison of the time required for the main-
tenance process and the cost of maintenance with the indices determined 
during normal fi eld conditions  

   •      After completing ART/ADT, to conduct a comparison of the reliability 
indices ( failure modes and effects analysis  [ FMEA ], time to failure, 
failure intensity) and maintainability indices with fi eld reliability and 
maintainability indices. Additional information could be generated in this 
step by a failure analysis of the events classifi ed as failed and not failed 
test subjects.    

 The difference between the fi eld and ART/ADT results should not be more 
than a fi xed limit. The limit for fi xed parametric differences in the fi eld and in 
the laboratory depends on the desired level of accuracy, such as 3, 5, or 10% 
as a maximum difference. 

 Another criterion can be used for correlating results of ART/ADT with 
fi eld testing. It can include any or all of the following:

    [( ) ( ) ]C N C NL f/ /− ≤ Δ1  

    [( ) ( ) ]D N D NL f/ /− ≤ Δ2  
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    [( ) ( ) ]V N V NL f/ /− ≤ Δ3  

    ………………..  

    [( ) ( ) ] ,F N F NL f i/ /− ≤ Δ  

  where

   Δ  1 ,  Δ  2 ,  Δ  3     . . .     Δ   i      are divergences calculated from the results of the laboratory 
and fi eld testing;  

  L  and  f     are laboratory and fi eld conditions;  
  C ,  D ,  V , and  F     are measures of output parameters: corrosion ( C ); destruc-

tion of polymers, rubber, and wood ( D ); and vibration ( V ) or tension 
failures (F);  

  N     is the number of equivalent years (months, hours, or cycles) of exposure 
in the fi eld ( f  ) or laboratory ( L ).    

 Figure  3.11 , for example, shows the normalized correlation data for  ρ ( τ ) 
and the power spectrum  S ( ω ) of a car ’ s trailer frame tension data in the fi eld 
and ART/ADT after using the above - mentioned criteria.   

 The implementation of criteria for correlating the ART/ADT results and 
the fi eld results is described in References  42 ,  103 , and  104 . 

 The results of the implementation of these criteria for a car ’ s trailer are also 
shown in Tables  3.7  and  3.8 . These results are also presented in Chapter  4  of 
this book.   

       Figure 3.11.     Normalized correlation  ρ ( τ ) and power spectrum  S ( ω ) of the car ’ s trailer 
frame tension data  [18] : _______ fi eld;  -  -  -  -  -  -  -  -  -  -  -  -  -  ART/ADT  .
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  TABLE 3.7    Results of the Calculation of Tensions on the Wheel Axles of a 
Fertilizer Applicator  [14]  

   Class 
Number  

   Class 
Frequency  

   Class 
Accumulated 

Frequency  
   Accumulated 

Relative Frequency  

  Modulus of 
Congruence 

Accumulated Relative 
Frequency Difference  

    N i        N j        ∑  N i        ∑  N j    
     P

N
N

I
i

i

=
∑        P

N
N

j
j

j

=
∑   

   Max | D |  

  1    10    16    10    16    0.020    0.040    0.020  
  2    18    10    28    26    0.070    0.065    0.05  
  3    20    14    48    40    0.121    0.100    0.021  
  4    32    32    80    72    0.202    0.180    0.022  
  5    39    50    119    122    0.303    0.305    0.002  
  6    84    68    203    190    0.512    0.476    0.037  
  7    68    72    271    262    0.680    0.655    0.025  
  8    49    63    320    325    0.808    0.812    0.004  
  9    30    36    350    361    0.884    0.900    0.016  

  10    24    16    374    377    0.994    0.940    0.004  
  11    10    12    394    389    0.969    0.971    0.002  
  12    12    11    396    400    1000    1000    0.000  

   Where  i  is during the fi eld and  j  is during the ART/ADT.   

  TABLE 3.8    Part of Assembly of Fertilizer Applicator ’ s Tension Data  [39]  

   Digit 
Number  

  Field  
  Laboratory 

Testing    Difference  
  Defi nition 

from Average  
  Defi nition from 

Average in Square  

    n i        n j        n i      −     n j       [( n i      −     n j  ) x ]     [( n i      −     n j  ) x ] 2   

  1    1    1    0     − 32.5    1056.25  
  2    5    4     − 1     − 33.5    1122.25  
  3    18    8     − 10     − 42.5    1808.25  
  4    20    25     − 5     − 27.5    756.25  
  5    121    66     − 55     − 87.5    7658.25  
  6    223    174     − 49     − 81.5    6642.25  
  7    270    201     − 59     − 101.5    10,302.25  
  8    217    107     − 110     − 142.5    20,302.25  
  9    105    40     − 55     − 97.5    9506.25  

  10    37    11     − 26     − 58.5    3422.25  
  11    13    4     − 9     − 41.5    1722.25  
  12    3    1     − 2     − 34.5    1190.25  

     ∑ =ni 1033;   ∑ =nj 642;   ∑ − =n ni j 391;   ∑ − − =[( ) ] , .n n xi j
2 65 489 5.   
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 The experimental results can be used to fi nd the correlation. Figure  3.12  
shows the experimental distribution of tension amplitudes or frequencies on 
a fertilizer applicator axle (sensor 1), the frame (sensor 2), and the carrier 
system (tension 3) during fertilizer distribution under fi eld conditions and 
during ART/ADT (Fig.  3.12 ).   

 The results of the calculation based on sensor 1 data are given in Table  3.7 . 
 These comparison data show a very small deviation:

    λ = ⋅
⋅

+
max/ / .D

N N

i N
i j

j

Σ Σ
Σ

  

 If  λ  is less than 1.36, then adopt the hypothesis that both samples belong 
to one statistical population; that is, the loading regimes in the fi eld and in the 
laboratory are closely tied to each other. Here,  λ     =    1.36 is the value of Smirnov ’ s 
criterion at the 5% level. 

 Table  3.8  shows an example of the use of Student ’ s  t  - distribution for the 
evaluation of the mean. 

 The following results were obtained by sensor 2. The average is equal to 
1.4. Therefore, 1.4    <    1.8, where 1.8 comes from the tables of the Student  t  -
 distribution at the 5% level of degree of freedom. 

       Figure 3.12.     Distribution of fertilizer applicator ’ s tension amplitudes during fi eld testing 
and ART/ADT ( - x -  is the fi eld;  -  is the ART/ADT)  [18] .  
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       Figure 3.13.     Normalized correlations  ρ ( τ ) and power spectrum S( ω ) of car trailer ’ s 
frame tension data  [18] : _________ fi eld;  -   -   -   -   -   -  accelerated (laboratory) testing.  

5 10 15 20 25 30
0

0.05

0.1

0.5 1.0 1.5 2.0 2.5 3.0
0

0.5

1.0

ρ (τ)

τ (seconds)

S (ω)

ω (s−1)

 Therefore, our hypothesis is true for this example. 
 The results of the comparison of random tension data in the fi eld and in 

ART/ADT are illustrated in Figure  3.13 . The time of correlation is between 
0.10 and 0.12; the time of attenuation is the same; the maximum of a power 
spectrum equals 8 – 12 seconds; and the interval of frequencies is substantially 
the same (from 0 to 16 – 18 seconds). The maxima of the power spectrum have 
small changes in velocity.   

 Overall, the test regimen for the carrier and the running gear systems of a 
fertilizer applicator in the laboratory is closely related to the test regimen in 
the fi eld. 

 Sections of Chapters  4  and  5  also cover vibration testing as a component 
of ART/ADT.  

   3.3.9    Procedure 9: Collection, Calculation, and Statistical Analysis 
of  ART/ADT  Data 

 Data are the foundation for reliability, quality, and maintainability analyses, 
models, and simulation. 

 Data include total operating time, number of failures, and the chronological 
time of each subsystem failure, component failure, and the times to each com-
ponent failure, time for maintenance (repair), how failures are displayed, the 
reasons failure causes, and the mechanisms of failure and degradation. The 
system for collecting and using degradation and failure data from testing 
is often called  “  failure reporting, analysis, and corrective action system  
( FRACAS ). ”  This step concerns test data collection during the test time, sta-
tistical analysis of this data based on the failure (degradation) type and test 
regimens, and the reasons for deterioration leading to the ultimate failure of 
the test subject, including the accelerated coeffi cient. 
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 Figure  3.14  shows the accelerated loss of paint protection in the test 
chamber. The acceleration coeffi cient can be easily found as shown next.   

 The loss of the protection quality of paint A (curve 1) for 5 days of acceler-
ated testing is the same as for 90 days in the fi eld. The accelerated coeffi cient 
is 18. 

 Since the paint deterioration data show the importance of collecting and 
analyzing many data points, a computer monitors most tests and the data are 
automatically collected. The computer is also used to ensure that the test 
conditions are maintained or to monitor deviations from the desired condi-
tions. The importance of this data collection step is discussed in Reference  102 .  

   3.3.10    Procedure 10: Prediction of the Dynamics of the Test Subject ’ s 
Reliability, Durability, and Maintainability during Its Service Life 

 ART is not a fi nal goal; it is a source of initial information for quality, reliability, 
maintainability solutions, and for the solution of other problems. This initial 
information is used in the evaluation of the above - mentioned problems for 
testing conditions or in predicting these problems for use in fi eld conditions. 
Chapter  6  shows how these conditions can be predicted.  

   3.3.11    Procedure 11: Using  ART/ADT  Results for Rapid and Cost - Effective 
Test Subject Development and Improvement 

 When the ART/ADT results have suffi cient correlation with the fi eld results, 
it is possible to rapidly fi nd the reasons for test subject degradation and failure. 
These reasons can be determined by analyzing test subject degradation during 
the time of usage through the location of initial degradation and the develop-
ment process of degradation. Next, it is necessary to rapidly eliminate the 
reasons for degradation. This is the author ’ s approach. 

       Figure 3.14.     Accelerated destruction of paint protection in test chambers (two types of 
paint)  [43] . First type of protection (paint A): 1 — protection quality; 2 — impact strength; 
3 — bending strength. Second type of protection (paint B): 4 — impact of strength.  
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 This method is both time and cost - effective. Figure  3.15  illustrates the stra-
tegic process of this approach for accelerated reliability/durability/maintain-
ability improvement.   

 If the correlation is not suffi cient, the reasons for test subject degradation 
and the character of this degradation during ART usually do not correspond 
to the degradation in the fi eld. Therefore, the conclusion from ART may be 
wrong and may increase the cost and time required for test subject improve-
ment and development. 

 Often in this misleading circumstance, designers and reliability engineers 
thought that they understood the reason for failure (degradation). The design 

       Figure 3.15.     The scheme of the updated process of rapid reliability/durability improve-
ment during and after ART/ADT of systems, subsystems, or components.  
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or manufacturing process was changed. However, after reviewing further test 
results for the  “ improvement ”  in the fi eld, the improvement was shown to be 
invalid. It was then necessary to look for other reasons for degradation. This 
process does not allow for rapid improvement or the development of test 
subject reliability (quality). Moreover, it increases cost and time. Two practical 
examples follow to illustrate the advantages of the author ’ s approach to 
ART/ADT for the rapid improvement of product quality, reliability, and 
durability. 

Example 1.  The designer did not eliminate the problems with the harvest-
er ’ s reliability and durability over several years of fi eld testing and data col-
lection. A special complex was developed for ART/ADT and to provide an 
accurate prediction of the harvester ’ s reliability/durability/maintainability. 

 As a result, after 6 months of the above research  [105] , 

   •      Two of the harvester ’ s specimens were subjected to evaluation for the 
equivalent of 11 years.  

   •      Three variations of one unit and two variations of another unit were 
tested. The resulting information was satisfactory based on an evaluation 
for their equivalent service life (8 years).    

 The results of eliminating the rapid degradation process were the 
following:

    •      The harvester ’ s design was changed based on the conclusions and recom-
mendations drawn from the testing results.  

   •      The units with the incorporated design changes were then fi eld tested.  
   •      This reduced the cost for the harvester ’ s development by a factor of 3.2 

and the time by a factor of 2.4.    

 The reliability increase was validated in the fi eld. Also, the design changes 
were validated for the harvester ’ s basic components that limited their durabil-
ity. Usually, this volume of work requires a minimum of 2 years for an accurate 
comparison. Thus, this improved process was four times faster. 

Example 2.  There was a problem with the durability of another type of wide 
belts (10   in.) — working heads for another type of harvester. For several years, 
beginning with the design stage and continuing through the manufacturing 
stage, the low durability of the belts limited the reliability of the whole machine. 

 Designers increased the strength of the belt design but could not increase 
durability of the belts more than 7% for several years. 

 During this period, the cost of the belts increased twice. The author created 
special test equipment for accurate simulation of fi eld input infl uences on the 
harvester, including the belts. After several months of testing (studying), the 
reason for the low durability of the belts was discovered. The designers devel-
oped recommendations for improving the machinery design (the roller design 
was the root cause for the belt failures). The fi eld - testing results showed that the 
average life of the belt in the updated harvester was increased by a factor of 
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2.2. The cost of the above work increased the harvester ’ s cost by 1%. The cost 
increase included the cost of the testing equipment and all the work involved 
in fi nding the root cause of failure and thereby increasing the belts ’  
durability. 

 If accurate initial information is not provided by the results of ART/ADT, 
the best methods of reliability prediction cannot be useful. 

 There is another approach for reliability/durability/maintainability predic-
tion. Mathematical models can describe the relationship between the product 
reliability and the different stress factors in manufacturing or the relationship 
of reliability to the operating conditions (fi eld). These factors (infl uences) 
should be evaluated using the results of the ART/ADT. Other factors such as 
special fi eld testing (for the evaluation of the operator ’ s reliability on the 
product reliability) can also be evaluated by using mathematical models from 
specifi c fi eld testing. The coeffi cients must be changed to fi t the desired goals. 
The authors of this approach recommended equations for the prediction of time 
to failures and time to maintenance. This approach was undeveloped until the 
current time; therefore, it was not useful for effective product improvement. 

 Another approach by the author and colleagues  [106]  is a multivariant 
Weibull model utilizing ART results of the components to predict system reli-
ability with reduced test length and minimized cost. 

 The description of the results is especially important for a new product. The 
testing results should show no more than several failures and are important 
when one cannot approximate the product reliability function. 

 The use of applied statistics for reliability prediction is shown in International 
Electrotechnical Commission (IEC) standards (Section  8.1 ).   

3.4 ART AND  LCC

3.4.1 General

 A life cycle is the time interval from a product ’ s conception through its dis-
posal. ART has a direct infl uence on the product ’ s LCC. 

 A life cycle consists of three basic phases: research and development, pro-
duction or construction, and operation and maintenance. 

 The phase research and development includes 

   •      Concept development  
   •      Product research  
   •      Product and life cycle planning  
   •      Engineering design and development  
   •      System/product software design and development  
   •      System/product technological test and evaluation  
   •      System/product ART/ADT  
   •      Prediction of dependability parameters    
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 The phase production or construction includes 

   •      Production/construction management  
   •      Industrial engineering and operations analysis  
   •      Manufacturing  
   •      Construction  
   •      Quality control  
   •      Initial logistics support  
   •      Recall and complaints after operation commences.    

 Operation and maintenance support consists of 

   •      System/product life cycle management  
   •      System/product operations  
   •      System/product distribution  
   •      System/product maintenance  
   •      Inventory — spares and material support  
   •      Operator and maintenance training  
   •      System/product modifi cations  
   •      Technical data    

 The design phase usually consists of 10 – 12% of the total LCC; the manu-
facturing phase consists of 23 – 32% of the total LCC; and the usage phase 
consists of 55 – 65% of the total LCC. 

 The distribution of LCC that corresponds to the data in Reference  107  is 
shown in Figure  3.16 .   

       Figure 3.16.     Percentage of the total life cycle cost components  [107] .  
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 Desirable ART directly infl uences the product ’ s LCC during the above -
 mentioned basic phases for the following reasons:

    •      A slight increase occurs in the design phase cost, for the equipment and 
testing using ART, but this is offset by providing more accurate predic-
tions of quality, reliability, maintainability, durability, and supportability.  

   •      Decreased costs in the manufacturing phase due to a dramatic decrease 
in product quality defi ciencies, resulting in fewer complaints and recalls. 
This results in a signifi cantly reduced cost for redesign and changes 
in manufacturing to eliminate failure modes and greater customer 
satisfaction.  

   •      Decreased usage phase costs because there is a dramatic decrease in 
maintenance and quality costs, as well as increases in reliability and 
supportability.    

 For this reason, ART impacts the LCC of the product. 
 To minimize the LCC, use ART to decrease the usage cost that has the 

largest infl uence. For example, accurate prediction, which is one of the results 
of using ART, decreases maintenance frequency and costs. 

 It is essential to understand a product ’ s life cycle during all phases to under-
stand the relationship of these activities to the product ’ s performance, reli-
ability, maintainability, and other characteristics that contribute to LCCs. 

 There are six major life cycle phases of a product:

    •      Concept and defi nition  
   •      Design and development  
   •      Manufacturing  
   •      Installation  
   •      Operation and maintenance  
   •      Disposal    

 From an owner ’ s perspective, the total costs incurred during these phases 
can also be divided into acquisition cost, ownership cost, and disposal costs:

    LCC acquisition costs ownership costs disposal costs= + + .   

 Acquisition costs are generally visible and can be readily evaluated before 
an acquisition decision is made. This may or may not include installation cost. 

 Ownership costs exceed acquisition costs and are not as readily visible. 
These costs are diffi cult to predict and may include the cost associated with 
installation. 

 Disposal costs may represent a signifi cant proportion of the total LCC. 
Legislation may require activities during the disposal phase that involve a 
signifi cant expenditure for major projects. 
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 Costs associated with dependability elements (reliability    +    maintainabil-
ity    +    maintenance support) may include the following, as appropriate (Fig. 
 3.17 ):

    •      System recovery cost including corrective maintenance cost    
   •      Preventive maintenance cost  
   •      Consequential cost due to failure     

   3.4.2    Consequential Costs 

 When a product or service becomes unavailable, a series of consequential costs 
may be incurred. These costs may include  [108] 

    •      Warranty costs  
   •      Costs due to recalls and complaints  
   •      Liability cost  
   •      Cost due to loss of revenue  
   •      Costs for providing an alternative service  
   •      Image  

       Figure 3.17.     Typical relationship between dependability and LCC for the operation and 
maintenance phase.  
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   •      Reputation  
   •      Prestige    

 These consequential costs may result in loss of clients and market share.  

3.4.3 Warranty Costs 

 Warranties provide protection to customers, insulating them from the cost of 
correcting product failures, particularly during the early stages of product 
operations. The cost of warranties is usually borne by the suppliers and may 
be impacted by reliability, maintainability, and the maintenance support char-
acteristics of the product. Suppliers can exercise signifi cant control over these 
characteristics during the design, development, and manufacturing phases, 
thereby infl uencing their warranty costs. 

 Warranties also limit vendor liability. Warranties usually last for a limited 
period of time, and a number of conditions and limitations generally apply. 
Rarely do warranties include protection against consequential costs incurred 
by the customer as a result of product unavailability. 

 Warranties may be supplemented or replaced by service contracts where 
the supplier, or a third party, performs all preventive and corrective mainte-
nance for a fi xed period of time. Service contracts can be renewed for any 
period of time up to the whole product lifetime. Suppliers who provide long 
service contracts are motivated to build an optimum level of reliability and 
maintainability into their product, usually by incurring higher acquisition costs.  

3.4.4 LCC Breakdown into Cost Elements 

 In order to estimate the total LCC, it is necessary to break down the total LCC 
into its constituent cost elements. Identify these cost elements individually to 
be distinctly defi ned and estimated. The identifi cation of the cost elements and 
their corresponding scope should be based on the purpose and scope of the 
LCC study. 

 The cost element links cost categories with the product/work breakdown 
structure. The selection of cost elements should be related to the complexity 
of the product and to the cost categories of interest in accordance with the 
required cost breakdown structure. 

 One approach often used to identify the required cost elements involves 
the work breakdown of the product to lower levels, cost categories, and life 
cycle phases. This approach can best be illustrated by the use of a three -
 dimensional matrix. This matrix involves the identifi cation of the following 
aspects of the product:

    •      The work breakdown of the product to lower indenture levels (the 
product/work breakdown structure)  

   •      The period in the life cycle when the work/activity is to be carried out 
(the life cycle phases)  
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   •      The applicable cost category of resources such as labor, materials, fuel/
energy, overhead, and transportation/travel (the cost categories) to be 
applied.    

 This approach has the advantage of being systematic and orderly, thus 
giving a high level of confi dence that all cost elements have been included.  

3.4.5 Estimation of Cost 

 Examples of methods that may be used to estimate the parameters of a cost 
element include the following:

    •      Engineering cost method  
   •      Analogous cost method  
   •      Parametric cost method    

 An example of the application of the engineering cost method follows in 
Section  3.4.6 . 

 In order to reduce different types of uncertainties involved in the analyses, 
perform sensitivity analyses by introducing minimum and maximum values for 
the parameters of the model into the cost estimation equations.  

3.4.6 Engineering Cost Method 

 The cost attributes for the particular cost elements are directly estimated by 
examining the product component by component or part by part. 

 Often, standard established cost factors, for example, the current engineer-
ing and manufacturing estimates, are used to develop the cost of each element 
and its relationship to other elements. Older available cost estimates may be 
updated by the use of appropriate factors, for example, annual discounting and 
escalation factors. 

 The engineering cost method is illustrated by the following example, which 
examines the cost related to a recurring cost element. 

 The labor cost for the manufacturer of a power supply is to be estimated. 
The following information is given:

    •      Product:      Power supply  
   •      Life Cycle Phase :      Manufacturing phase  
   •      Cost Category :      Labor cost     

3.4.7 Review of Life Cycle Costing Results 

 A formal, possibly independent review of the analysis may be required to 
confi rm the correctness and integrity of the results. The following elements 
should be addressed:

    •      Review of the objectives and scope of the analysis to ensure that they 
have been appropriately stated and interpreted  
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   •      Review of the model (including cost element defi nitions and assump-
tions) to ensure that it is adequate for the purpose of the analysis  

   •      Review of the application to ensure that the inputs have been accurately 
established, that the model has been used correctly, that the results 
(including those of sensitivity analysis) have been adequately evaluated 
and discussed, and that the objectives of the analysis have been achieved  

   •      Review of all assumptions made during the analysis to ensure that they 
are reasonable and that they have been adequately documented     

   3.4.8    Analysis Update 

 It is advantageous in many LCC studies to keep the LCC model current so 
that it can be exercised throughout the life cycle of a product. For example, it 
may be necessary to update the analysis results that were initially based on 
preliminary or estimated data with more detailed data as they become avail-
able later in the product life cycle. Maintaining and updating the LCC model 
may involve modifi cations to the LCC breakdown structure and changes to 
the cost estimating methods as additional information sources become avail-
able, and alterations in the assumptions embodied in the model change. 

 The updated analysis should be documented and reviewed to the same 
extent as the original.  

   3.4.9    Implementation Result 

 The approach included in this book in Chapter  7  has been implemented in 
industrial companies. The implementation of the ART/ADT effect on the LCC 
of an industrial product is included in Figure  3.18 .    

       Figure 3.18.     Distribution of the average life cycle cost after using the author ’ s approach.  
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EXERCISES

3.1    ART/ADT may be successful or unsuccessful. What are the key ele-
ments of successful ART/ADT?   

3.2    Identify and describe an acceptable set of input infl uences and output 
variables in the fi eld for a product to be tested.   

3.3    What is an accurate physical simulation of input infl uences? Show the 
equation for accurate physical simulation.   

3.4    The simulation of fi eld input infl uences in the laboratory can be accurate 
or inaccurate. Show and describe the basic concepts for providing accu-
rate input infl uences and describe how they are different from those 
that are inaccurate.   

3.5    Schematically show what a simultaneous combination of fi eld input 
infl uences means for any type of product.   

3.6    Write an equation that shows when the reliability distribution function 
cannot accurately evaluate reliability after accelerated testing. Describe 
this situation.   

3.7    When does the reliability distribution function in accelerated testing 
conditions not correspond to the reliability distribution function in the 
fi eld?   

3.8    Show the equation and describe the role of the physical degradation 
mechanism (chemical and mechanical) during ART/ADT to provide an 
accurate simulation of the fi eld input infl uences in the laboratory.   

3.9    How can the degradation mechanism be practically evaluated during 
and after testing?   

3.10    Describe the parameters of the basic types of degradation 
mechanisms.   

3.11    Describe the connection of physical degradation with ART/ADT.   

3.12    What does  “ representative region ”  of fi eld input infl uences mean? What 
is its value?   

3.13    Determine the basic components of the methodology for selecting the 
representative input region of the fi eld input infl uences.   

3.14    Describe the basic steps in fi nding the representative region for the fi eld 
input infl uences.   

3.15    Show the equation for the evaluation of the length of the input 
region.   

3.16    Show the equation for the estimation of divergence between any two 
regions of input infl uences.   
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3.17    Describe the seven basic steps of estimation of the representative input 
region.   

3.18    List 11 basic procedures of ART/ADT preparation and performance.   

3.19    Describe the fi rst procedure of ART/ADT preparation: collection of the 
initial information from the fi eld.   

3.20    Describe the second procedure of ART/ADT preparation and perfor-
mance: analysis as a random process of the initial information from the 
fi eld.   

3.21    Describe and show schematically the full hierarchy of the complete 
product with the connections of its components   

3.22    Describe the third procedure of ART/ADT preparation and perfor-
mance: establishing the statistical criteria for the physical simulation of 
the input infl uences on the product.   

3.23    Describe the meaning of the acceleration coeffi cient and the limit of 
this coeffi cient when conducting ART/ADT.   

3.24    Describe the fourth procedure of ART/ADT preparation and perfor-
mance: development and use of test equipment that simulates the fi eld 
input infl uences on the actual product. What are the basic requirements 
of this equipment?   

3.25    Describe the fi fth procedure of ART/ADT preparation and perfor-
mance: determining the numbers and types of test parameters to be 
analyzed during the testing.   

3.26    Describe the steps in this book ’ s approach to choosing the area of infl u-
ences that introduces all the basic variations of the fi eld.   

3.27    Demonstrate the sixth procedure of ART/ADT preparation and perfor-
mance: selecting a representative input region for providing ART.   

3.28    Demonstrate the seventh procedure of ART/ADT preparation and per-
formance: procedures for the ART/ADT preparation.   

3.29    Show the eighth procedure of ART/ADT preparation and performance: 
use of statistical criteria for a comparison of ART/ADT results and fi eld 
results.   

3.30    Demonstrate the criterion for the correlation of the results of ART/
ADT with the results of fi eld testing.   

3.31    Show the ninth procedure of ART/ADT preparation and performance: 
collection, calculation, and statistical analysis of ART/ADT data.   

3.32    Describe the tenth procedure of ART/ADT preparation and perfor-
mance: evaluation and prediction of the dynamics of the test subject 
reliability, durability, and maintainability during its service life.   
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3.33    Describe the eleventh procedure of ART/ADT preparation and perfor-
mance: using ART/ADT results for the rapid cost - effective develop-
ment and improvement of the test subject.   

3.34    Show examples using ART/ADT results for rapid and cost - effective 
development and improvement.   

3.35    Identify all the life cycle phases of the product.   

3.36    What percentage of the total LCC is traditionally incurred during the 
design phase, the manufacturing phase, and the usage phase?   

3.37    Why must one evaluate the cost of ART/ADT not only for the present 
time but also for the future?   

3.38    What must one take into account when calculating the ART/ADT cost?   

3.39    Show the basic components of the LCC.   

3.40    Schematically show the typical relationship between dependability and 
the LCC for the operation and maintenance phases.   

3.41    What kind of consequential costs may occur when the product or service 
becomes unavailable?   

3.42    What does a warranty cost mean?   

3.43    Describe the estimation cost and its elements.   

3.44    Provide an outline of the LCC with examples from this chapter.   

3.45    Show the resulting distribution of the LCC after the implementation of 
the author ’ s approach to ART/ADT.   

3.46    How does reliability infl uence the LCC?         
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Chapter 4

Accelerated Reliability and 
Durability Testing Methodology 

4.1 ANALYSIS OF THE CURRENT SITUATION 

 Product and technology quality and reliability are two of the most critical 
elements for achieving success today and in the future for both industry and 
service areas. Accelerated reliability testing (ART)/accelerated durability 
testing (ADT) is one of the basic components needed to achieve success. 

 Let us analyze the current situation in ART/ADT methodology. 
 Many of the examples in Chapter  1  enable each user to understand the 

defi nition of ART/ADT. Now consider the methodological examples pre-
sented by other authors. In Reference  109 , other authors describe ongoing 
research for an ART strategy called  multiple environment stress analysis  
( MESA ). The goal is to fi nd potential reliability problems quickly and effi -
ciently during the design phase of high - volume consumer products. This test 
method has shown promising results in its capacity to induce failures, espe-
cially those formerly identifi ed as  no - fault - found  ( NFF ) failures. The method-
ology applies combinations of stressors in a statistically effi cient test scheme. 
However, in fact, this is not reliability testing. 

 A description of Alion Science and Technology Corporation reported about 
an accelerated stress testing methodology that its authors called accelerated 
reliability tests. The defi nitions in Chapter  1  show that this is not ART. 

 A publication  [110]  reported,  “  . . .    Accelerated testing, just like other  forms
of reliability testing , is a reliable test method supported by scientifi c logic. ”  The 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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authors were unable to see the difference between accelerated testing and 
reliability testing. One can see the difference from the defi nitions in this book 
for these types of testing. 

 In  “ Reliability Tests on Power Devices ”   [111] , the authors wrote,  “ Environ-
mental tests (temperature and humidity) were applied, to the devices in a 
climatic box for more than 1800 hours. ”  The authors did not recognize the 
difference between temperature – humidity testing and reliability testing. 

 The publication  “ Accelerated Reliability Test Results: Importance of Input 
Vibration Spectrum and Mechanical Response of Test Article ”   [112]  noted the 
installation of two types of vibration screening systems:

    •      Repetitive shock machine, which produces vibration  
   •      A second vibration screening system    

 The use of two vibration systems for ART clearly contradicts the true ART 
defi nition. 

 In the publication  “ Accelerated Reliability Tests: Solder Defects Exposed ”  
 [113] , it was reported:  “ This paper describes a methodology to perform risk 
assessment and establish the quality and reliability of solder joints utilizing 
accelerated reliability life testing techniques. Temperature cycling tests were 
conducted on an equal number of 100 - pin  Quad Flat Pack  ( QFP ) package 
mounted on printed circuit board assemblies from a reworked and non -
 reworked soldering process. The data showed that the accelerated reliability 
tests exposed the latent defects inherent in reworked solder joints. ”  Testing by 
temperature cycling alone is not equivalent to ART. 

 Truck body vibration testing with vertical sinusoidal loads reported  [114]  
 “ body durability testing, in which a vehicle ’ s body structure is evaluated for 
reliability. ”  Vibration testing alone contradicts the basic principles of durabil-
ity and reliability testing described herein, as well as other qualifi ed engineer-
ing literature. 

 Reference  115  contains a description of the development of multiaxis accel-
erated durability tests for commercial vehicle suspension systems:  “ The pro-
cedure starts with a defi nition of the vehicle ’ s duty cycle based on the expected 
operational parameters, namely: road profi le, vehicle speed, and warranty life. ”  
The procedure is to 

  1.     Determine the proving ground test schedule for durability such that the 
accumulated pseudodamage is representative of the vehicle ’ s duty cycle  

  2.     Develop a multiaxis laboratory rig test for the suspension system to 
replicate the proving ground accumulated damage in a compressed time  

  3.     Design a single - axis, accelerated durability test for the suspension 
subsystem    

 The authors demonstrated the procedure by using a trailing arm in the front 
suspension of a class 8, tractor - semi - trailer combination. 
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 This  “ durability testing ”  does not correspond to the requirements shown in 
Figure  4.1 . It includes the simulation of only part of the real - life input infl u-
ences. Therefore, it cannot help obtain initial information for the accurate 
prediction (AP) of the product durability. Many other examples characterize 
the situation in the following literature: References  38, 63, 78, and 116 – 119 .   

 Many practical engineers and managers who have read the above publica-
tions fail to understand the difference between accelerated testing, reliability 
testing, and ART methodologies. This lack of understanding results in prob-
lems continuing to occur in quality, reliability, and maintainability (QRM) in 
industrial and service areas. 

 Therefore, one needs a precise defi nition to substantiate and describe the 
term  “ ART. ”  The defi nition must clearly state how ART differs from other 
types of testing like accelerated testing, reliability testing, vibration testing, and 
durability testing. If the difference is well - known and understood, then under-
standing true ART makes it possible to accurately evaluate and predict QRM. 
This will reduce many of the mistakes made in these areas. 

       Figure 4.1.     Consideration of accelerated reliability (durability) testing as an intercon-
nected system of systems approach.  
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 Let us analyze a current situation in ART/ADT in the aerospace, aircraft, 
and automotive industries. Use the presentations for the Aerospace Testing 
Expo North America 2006, Automotive Testing Expo Europe 2008, Automotive 
Testing Expo North America 2008, Aero Test America 2008, SAE International 
2009 AeroTech Congress  &  Exhibition, the Automotive Testing Expo 2009 
North America, Automotive Testing Expo 2010 North America, and Automotive 
Testing Expo 2011 Europe meetings (Open Technology Forums). 

 Let us analyze the presentations for these eight testing expos. 
 Speakers made 46 presentations during the development forum at 

Aerospace Testing Expo North America 2006. Individuals from well - respected 
companies and organizations such as NASA Ames Research Center, NASA 
Glenn Research Center, Lockheed Martin Aeronautics, Sandia National Labs, 
Aero Testing Alliance ONERA/DNW, Vought Aircraft Industries, Gulfstream 
Aerospace Corporation, and the National Instruments and  General Atomics -
 Aeronautical Systems Inc.  ( GA - ASI ) gave the presentations. 

 Accurate simulation in the laboratory of the actual fi eld input infl uences, 
human factors (HFs), and safety is necessary for accelerated reliability (dura-
bility) testing. In Aerospace Testing Expo 2006, simulation solutions were 
presented  [120 – 122] . 

 We next analyze the presentations according to the above - mentioned prin-
ciples of AP. The fi rst impression is that APs occurred for a high number of 
separate simulation input infl uences. 

 For example, there are separate simulations of temperature, humidity, vibra-
tion, and other parameters. Closer inspection reveals that sometimes, the titles 
of the presentations do not correspond to their contents. For example, the title 
is  “ Material and Components Models, ”  but the contents of the presentation 
addressed only the airframe and turbine. 

 Another presentation stated that the vibration data are  “ measured on all 
three major axes. ”  However, mobile machinery feels vibration along six major 
axes — vertical, transverse, longitudinal, and the three angular axes around 
them. The purported simulation of actual fi eld vibration is insuffi cient for 
accurate quality and reliability prediction. 

 The next presentation shows that a new technique has been developed 
 “  . . .    for ground - test simulation of fl ight environments in a combined accelera-
tion, axial spin, and vibration test. Until recently, ground testing could only 
simulate each environment separately, and the synergistic effects of the com-
bined environments experienced during fl ight were not accounted for. ”  
However, professionals know that a much wider combination of infl uence 
types than the three cited compose a real fl ight environment. Therefore, the 
simulation presented does not represent the real complex of the fi eld condi-
tions. It cannot provide ART suffi cient for determining the initial information 
needed for accurate reliability and durability prediction during a given period 
of use, such as warranty period or service life. 

 The Development Forum of Aerospace Testing Expo North America 2006 
did not include any presentations related to reliability or durability testing. 
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 Now consider the automotive industry. First, we analyze the Technology 
Forum of Automotive Testing Expo 2008 Europe. The contents of the technol-
ogy forum mentioned only one durability testing paper and no reliability 
testing paper in its nine sessions. 

 Next, analyze the Open Technology Forum of the Automotive Testing Expo 
2008 North America, October 22 – 24, 2008, Novi, Michigan. 

 Over 300 of the world ’ s leading automotive test equipment manufacturers 
and test service providers displayed their latest technologies for the North 
American automotive industry. Product sectors included 

   •      Acoustical evaluation  
   •      Quality assurance  
   •      Alternatives to physical testing  
   •      Quality management  
   •      Durability testing  
   •      Sensors and transducers  
   •      Dynamometers  
   •      Simulation software  
   •      EMC testing  
   •      Standard certifi cation and legislation  
   •      Emissions measurement  
   •      Stress analysis  
   •      Environmental equipment  
   •      Subassembly testing  
   •      Materials  
   •      Suspension kinematics and compliance  
   •      Track simulation and laboratory testing  
   •      Occupant protection  
   •      Vehicle aerodynamics  
   •      Onboard diagnostics  
   •      Wind tunnel technology    

 World - famous companies attended the exhibition and Open Technology 
Forum. The forum included 54 presentations in seven sessions. Only two 
testing - related papers applied to durability testing:

   1.      “ Standards and approaches for ball joint durability testing ”  by Dr. Eric 
Little of MTS Systems Corporation  

  2.      “ The application of dynamometers and auxiliary equipment for durabil-
ity testing of hybrid electric vehicle motors, ”  presented by Keith 
McCormick of Horiba Automotive Test Systems.    
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 It is not possible to analyze the contents of these two papers because the 
Open Technology Forum papers are unpublished. 

 The forum Vehicle Dynamics Expo North America occurred as a compo-
nent of Automotive Expo North America 2008. This forum included 41 pre-
sentations in seven sessions that did not include any presentations related to 
durability testing or reliability testing. 

 The Aero Test America 2008 met at the Fort Worth Convention Center 
(Texas), from November 18 through 20. This event targeted the aerospace 
industry ’ s testing, R & D, evaluation and inspection professionals. Attendees 
had a chance to hear more than 100 expert presentations. 

 It included the  Society of Flight Test Engineers  ( SFTE ) 2008 International 
Symposium and Global Wind Tunnel Symposium. The SFTE 2008 International 
Symposium included 18 presentations. It was evident that not one presentation 
in 3 days related to reliability or durability testing. 

 Only one presentation included the word  “ reliability. ”  It was the  “ Strain 
Gage Installation of Quality, Reliability and Performance ”  presentation by 
Mike McFarland, Ron Rutledge, J.R. Norman, and Paul Davis (Lockheed 
Martin Aeronautics). They reported:  “ RESULTS: The Fort Worth Strain Gage 
lab has maintained that in order for their mechanics to be profi cient they must 
have constant training and repetition. Instead of 100 part time mechanics with 
questionable skills, due to the importance of these data it is preferable to have 
10 highly skilled mechanics. Unfortunately, we ’ ve had to justify the way the 
strain gage lab does business at the start of every program, and it seems to 
become more diffi cult each time. ”  

 The SAE 2009 AeroTech Congress  &  Exhibition took place on November 
10 – 12, 2009 in Seattle, Washington. This event reported the newest technologi-
cal developments in materials composites, designing for green, safety and 
cyber security, and avionics. The SAE AeroTech Congress and Exhibition is 
the forum for the aerospace community to address solutions to current and 
future challenges, to create opportunities, and to determine requirements for 
the next - generation R & D, products, and systems. 

 The program included presentations in aerospace operations, autofastening/
assembly and tooling, aviation cyberphysical security, avionics, business/
economics, environment, and fl ight sciences. Not one presentation mentioned 
reliability or especially reliability testing. 

 Once again, the Automotive Testing Expo 2009 North America was held on 
October 29 – 29 in Novi, Michigan. The Open Technology Forum included all 
43 technical presentations. 

 No presentations were included for reliability testing or ART. Only one 
presentation related to durability testing:  “ Virtual Engine Dynamometer and 
Transmission Durability Testing; Complete ICE Torque Reproduction for 
Wear and Fatigue Effects on the Driveline. ”  

 The Global Wind Tunnel Symposium included 18 presentations with no 
mention of reliability or durability testing. 
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 The Automotive Testing Expo 2010 North America was held on October 
26 – 28 in Novi, Detroit, Michigan. The Open Technology Forum included all 
40 technical presentations. 

 No presentations were included for reliability testing or ART. Only one 
presentation related to durability simulation:  “  Hybrid System Response 
Convergence  ( HSRC ) an Alternative Method for Hybrid Durability 
Simulation. ”  

 The Automotive Testing Expo 2011 Europe was held on May 17 – 19 in 
Stuttgart Messe, Germany. The program of Open Technology Forum at 
Automotive Testing Expo Europe 2011 included 43 technical presentations. 

 No presentations were included for reliability testing or durability testing, 
or ART, or ADT. 

 The SAE 2009, SAE 2010, and SAE 2011 World Congresses in Detroit 
included special exhibition booths and presentations with titles that included 
ART or ADT, or durability testing. Most of their contents do not correspond 
to the author ’ s defi nitions of ART/ADT (Section  1.4 ). 

 But the above - mentioned SAE World Congresses included more presenta-
tions in reliability and accelerated testing than other forums in the world. 
These congresses included a special session,  “ Reliability and Robust Design 
in Automotive Engineering: Reliability and Accelerated Testing. ”   

4.2 PHILOSOPHY OF ART/ADT

 ART/ADT is one of the elements needed to predict fi eld values for quality, 
reliability, durability, and maintainability extended over the expected life of 
each product/process with confi dence. Another element is the development of 
input data for ART/ADT that is representative of actual infl uencing condi-
tions experienced during fi eld operations. Tracking of the unit begins in the 
design stage and continues throughout production, packaging, transfer, use, 
and service of each product/process. 

 Most current methods of accelerated stress testing, sometimes mistakenly 
called reliability testing or ART or ADT, do not determine the appropriate 
initial information to accurately solve many of the problems encountered 
during continuing design and the corresponding effect on and input to quality, 
reliability, durability, maintainability, and other design parameters. ART/ADT 
provides the means to enhance 

   •      The AP of product or technology serviceability, availability, and the 
dynamics of reliability/durability parameters during a predicted time, 
such as service time or a warranty period  

   •      The AP of the product/technology dynamics of maintainability during a 
predicted time such as time between maintenance, the cost of mainte-
nance, and maintenance time  
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   •      The AP of product/technology dynamics of the quality parameters during 
a predicted time of interest  

   •      The AP of the life cycle cost for the product/technology  
   •      The successful development of product quality, reliability, maintainability, 

and durability during the design and manufacturing phases    

 ART/ADT, as a specifi c type of accelerated testing, uses only random 
stresses. 

 Without ART/ADT, there are technical and economic problems that lead 
to an increase in recalls and customer complaints due to design and manufac-
turing defi ciencies. Additionally, designing the product/technology utilizes 
more time and resources than necessary, thus increasing time to market, rede-
sign, and production costs. Increasing redesign time for improvement to elimi-
nate emerging defi ciencies further increases costs and causes greater delay in 
providing a satisfactory product. 

 ART/ADT is a new and better way of providing accelerated product/
technology development consisting of accurate physical simulation (APS) of 
the fi eld situation, ART/ADT, reduced design time and results in more AP of 
product quality, reliability, maintainability, and durability during a given time. 
Thus, the philosophy of the ART/ADT processes includes the following 
elements:

   1.     Reliability testing and durability testing under artifi cial conditions (labo-
ratory, proving grounds) need to provide an accurate simulation of the 
fi eld situation. Otherwise, it would be impossible to obtain the initial 
information for the AP of a product ’ s quality, reliability, durability, main-
tainability, supportability, and other factors. This approach can also 
quickly fi nd the reasons for failures and degradation and changes in the 
characteristics of the product ’ s quality for accelerated product develop-
ment and improvement at a minimal expense. Figures  2.5  and  3.2  provide 
examples of fi eld situations for accurate simulation. The fi eld situation 
will vary for different types of products.  

  2.     The general requirements of the author ’ s philosophy consist of two basic 
groups of components. The fi rst group of components includes the 
following:  
   •      To achieve high levels of effectiveness in development and improve-

ment, it is necessary to provide a globally integrated complex of  
�      Accurate simulation  
�      ART  
�      AP of reliability/quality/maintainability/durability during a given 

time interval  
�      Successful development of accelerated quality and reliability 

solutions
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�      When providing ART separately from all the other components of 
the above - mentioned complex, it is necessary to fi rst use an accurate 
simulation of the fi eld input infl uences on the product/technology 
followed by conducting ART again.    

   •      Simultaneously simulate the whole complex of input infl uences such 
as temperature, humidity, air fl uctuations, air, chemical and mechanical 
air pollution, solar radiation, vibration, corrosion, and input voltage 
(Fig.  3.2 ) on the product/process in combination with each element.  

   •      Accurately simulate the whole complex of fi eld input infl uences simul-
taneously, as well as each infl uence using given criteria.  

   •      The physics or chemistry of the degradation process of the test subject 
must be similar to this process in an actual service environment while 
using the given criteria.  

   •      ART consisting of laboratory testing and special fi eld testing (in 
Chapter  3 )      

 The second group of components of the author ’ s philosophy includes the 
description of accelerated reliability and durability testing as interconnected 
systems using a  system of systems  ( SoS ) approach (Fig.  4.1 ), which consists of 
the following:

    •      Accurate simulation of the fi eld input while providing the simultaneous 
integrated combination of multi - environmental testing, mechanical 
testing, electrical testing, and other testing  

   •      Accurate simulation of safety issues including risk problems and hazard 
analysis

   •      Accurate simulation of HFs including psychological aspects, anatomical 
aspects, individual differences, and group factors    

 The philosophy relates to strategic thinking that requires the different steps 
of ART/ADT to be conducted and directed by engineers and managers who 
think in terms of capabilities. Achieving a capability requires many systems to 
work in unison. We can model the entire SoS, treating it as a  “ system ”  and the 
individual systems of the SoS as  “ subsystems. ”  It is possible to simulate the 
operation of the entire system when each step and component of ART/ADT 
are known; QRM metrics are known; and the characteristics of each of these 
subsystems are known. 

 The assessment can be continually refi ned as more ART/ADT data become 
available and are analyzed and then applied at appropriate levels of integra-
tion. Depending upon the step of the testing and amount of data, confi dence 
intervals are established for the measures of QRM indices. These assessments 
will be much more robust than the point estimates made earlier on the basis 
of analysis alone. Using operational tests and predictions, a more  “ accurate ”  
assessment of QRM is possible prior to fi elding a system. 
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 Accelerated reliability and durability testing technology are initially more 
expensive than testing each infl uence separately (Fig.  1.2 ). Therefore, one may 
choose to provide a step - by - step implementation of the ART/ADT technol-
ogy. For example, as a fi rst step of technology implementation, one could build 
a test chamber with a necessary line of communications with only the equip-
ment for vibration testing along six axes (three linear and three angular). For 
testing wheeled equipment, one can use vibration equipment along three 
linear axes. Later on, as a second step, one can build/add temperature – humidity 
equipment to the test chamber and continue this process until a fully equipped 
test chamber is completed.  

   4.3     ART / ADT  METHODOLOGY AS A COMBINATION OF DIFFERENT 
TYPES OF TESTING 

 As mentioned in the defi nition of the ART/ADT of a test subject (Chapter  1 ), 
two specifi cs of this type of testing one must consider are the following:

    •      The physics (or chemistry) of the degradation mechanism compared with 
the degradation mechanism in actual use  

   •      Does a high correlation exist between the reliability parameters from 
testing and the same parameters in actual use?    

 To achieve this goal, one must provide a combination of different and 
interconnected test types. As mentioned earlier, the condition of the test 
subject (its reliability, quality, and maintainability) is the result of these inter-
connections and infl uences and their interaction. 

 This is one of the basic methodological requirements of ART/ADT. Let us 
consider the methodology of the above - mentioned combination. 

       Figure 4.2.     Combination of accelerated laboratory testing and special fi eld testing as 
basic interconnected components of accelerated reliability/durability testing.  
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   4.3.1    The First Component of This Methodology 

 The ART/ADT methodology has to provide a combination of accelerated 
laboratory testing and special fi eld testing (Fig.  4.2 ).   

 Use special fi eld tests for the evaluation of fi eld infl uences that are impos-
sible or very expensive to simulate in the laboratory. The selection of appropri-
ate methodologies of accelerated laboratory testing and special fi eld testing 
depends on the specifi cs of the test subject and its use. For example, it is neces-
sary to provide special fi eld testing for the evaluation of the stability of a 
product/technology function for an automotive product and how the opera-
tor ’ s (driver ’ s) reliability infl uences the product ’ s reliability (Fig.  4.3 ).   

 There are different types of automotive products including cars, trucks, 
recreational vehicles, vans, and buses. Each of the products has a specifi c 
purpose. For example, trucks often transport different products and connect 
with other operations (Fig.  4.4 ) in technology chains. A technology chain 

       Figure 4.3.     Scheme of special fi eld testing for the automobiles.  
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depends on the specifi c technology of the truck ’ s use. For example, a truck can 
be used in a construction area, in an agricultural area, and in many other areas. 
The reliability, quality, and productivity of the truck ’ s performance change 
during use. This infl uences the reliability, quality, and productivity of the com-
plete technological chain.   

 To simulate the above - mentioned situation, it is necessary to compare the 
actual fi eld situation (the truck ’ s condition after different times of use) to that 
experienced in the laboratory. Determine the truck ’ s wear during accelerated 
laboratory testing and the information from the actual fi eld situation for cal-
culating reliability, quality, productivity, and maintainability. The operator ’ s 
reliability also infl uences the product ’ s reliability. 

 Consider the methodology for the evaluation (prediction) of the driver ’ s 
reliability. To understand the essence of a driver ’ s reliability, refer to Figure 
 4.5 , which demonstrates that the operator ’ s reliability is a function of different 
factors. In general, the evaluation (prediction) of this type of operator reli-
ability is problematic because of its use for specifi c situations. An important 
parameter of reliability prediction is the applicable duration of operation. It 
can be a long -  or short - term prediction. Therefore, the 

       Figure 4.5.     The factors that infl uence the product ’ s reliability, maintainability, and 
quality through the operator ’ s reliability and quality.  

Operator’s reliability
and quality

Product’s reliability,
maintainability,

and quality

Knowledge, skill,
experience

Personal
capacities

Genotypic
(from born)

Phenotypical
(asquired)

Chemical factors

Physical
factors

Social
factors

Health

Ability to work

Other
factors

Motivation

Environmental
factors

Biological
factors

Psychological
factors



ART/ADT METHODOLOGY AS A COMBINATION OF DIFFERENT TYPES OF TESTING  137

   •      Short - term prediction assesses the reliability for executing specifi c tasks 
during the workday, for example, prefl ight tests for pilots or prerun tests 
for vehicle drivers.    

   •      Long - term prediction utilizes longer time segments (several days, weeks, 
months, years) to predict when applicants are capable of working the 
required period. For example, use this period to assess and resolve the 
problems of  psychophysiology  ( PP ) orientation and selection as one of 
the basic components of HFs.    

 Setting limits on the levels of the abilities for specifi c tasks consisting of 
functional conditions is also a concern. An example is setting limits on the 
complex characteristics of the operator ’ s functions and personal qualities that 
impact the quality of the operator ’ s actions controlling the vehicle over a given 
time period. 

 The infl uences of complex and personally disturbing factors on the homeo-
static level of a person ’ s basic tolerance for psychological or emotional distrac-
tion must be included. There are circumstances that prevent a person from 
performing favorably under unusual and stressful conditions. Nevertheless, 
these mechanisms are limited and lead to a decline in adaptability and to a 
decrease of the operator ’ s reliability. Sometimes in situations resulting in a 
high level of stress and responsibility (life threatening, inadmissible psycho-
logical or economic consequences of mistakes), functional mobilization neces-
sarily affects an operator ’ s situation management and reliability for a limited 
time, which eventually may change to a dramatic failure. 

 Figure  4.5  describes factors from the  “ environment of movement ”  that 
relate to the basic characterization of an operator ’ s functional condition with 
respect to the reliability of the system  “ operator - mobile vehicle. ”  The circum-
stances in other industries, for instance, aerospace or any stationary equip-
ment, are similar. 

 In the environment of movement (Fig.  4.6 ), one can note the following:

    •      Adequate reaction to functional conditions and to disturbing infl uences    
   •      Duration of the conservation of the homeostatic level for basic functions 

with the use of minimal energy expenditures during the period of action  
   •      The time required to execute a given action at a functional level and its 

reinstatement from its initial start point to its completion.    

 To provide a short - term prediction, the defi nition of the current functional 
condition offers additional information that makes it possible to eliminate 
alcohol, drugs, medical, and stress infl uences. 

 The results of this research are available to solve the problem of psycho-
physiological professional selection of drivers for city buses as an example of 
long - term prediction. 

 The methodological complex of driver selection includes 
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   •      Research into reactions to a moving subject (capacity for perception and 
defi nition of special - time relations)  

   •      Different sensorimotor reactions  
   •      Patience for enduring monotony  
   •      Long duration and operational memory  
   •      Emotional stability  
   •      Capacity for adequate conduct in stress situations  
   •      Volume and concentration of attention  
   •      Capacity for probabilistic prediction  
   •      Inclination of risk  
   •      Extra (intra) vision    

 The following example studied 2000 people who fi nished driving school 
during 1 year of driving city buses. The study divided them into two groups 
based on the number of traffi c accidents: successful (no accidents) and unsuc-
cessful (one or more accidents). 

 As a practical example, compare the average levels that are important 
professionally for PP indices exhibited by both successful and unsuccessful 
drivers (Table  4.1 ). The research results show the higher average levels 
registered in the successful group for functional conditions. These functional 
conditions include the capacity for reliability prediction, adequate reaction 
to a moving object, and the ability to withstand monotony. The group of unsuc-
cessful drivers did better in the characteristic of attention. This means that 
an operator ’ s reliability is characterized not only by separate PP functions 
or the sum of these functions but also by their more complicated dynamic 
interconnections.   

       Figure 4.6.     General dimensions of human factors.  
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 The generalization of the results of the PP research assists using the meth-
od ’ s factor and cluster analysis in the development of a decision rule for an 
operator ’ s selection. This selection based on the operator ’ s reliability in the 
system  “ driver – bus – city ’ s environment of movement. ”  

 The vectors of training selection determined allowable limits for the suit-
ability of a person for a given activity based on psychophysiological parame-
ters. The study reviewed 450 auto school entrants to evaluate the effectiveness 
of the proposed method. A comparative analysis studied an entire year of 
predicted and actual reliability of their work as bus drivers. The predicted 
outcome confi rmed the real parameters of reliability for the people examined 
at least 80% of the time. 

 The data show that the proposed methodology is useful based on the 
dynamics of interconnected psychophysiological parameters for the prediction 
of an operator ’ s reliability under given conditions of use.  

4.3.2 The Second Component of This Methodology 

 A simultaneous simulation combining many input infl uences in one complex 
is required to conduct effective ART/ADT. Separate simulation of input from 
fi eld infl uence types or from only a portion of the many fi eld infl uences con-
tradicts the basic principles of ART. Accelerated laboratory testing must 
include a simultaneous combination of several groups of interacting testing 
infl uences in one integrated complex to account for the synergistic effect. The 
number of these groups needs to equal the number of groups that act on the 
test subject in the fi eld. 

TABLE 4.1 Comparison of Average Levels of Psychophysiological Indexes by 
Successful and Unsuccessful Drivers [146]

Number Indexes
Successful
M + −m

Unsuccessful
M + −m P (Less Than) 

  1    Capacity to 
probabilistic
prediction

  26.8    +     − 6.6    9.8    +     − 2.5    0.01  

  2    Research of reaction 
on moving subject 
(capacity to 
perception and 
defi nition of 
spatial - time relations  

  30.7    +     − 3.5    45.7    +     − 3.3    0.01  

  3    To withstand 
monotony

  1.4    +     − 0.39    3.2    +     − 0.67    0.025  

  4    Volume and 
concentration of 
attention

  7.5    +     − 0.53    6.1    +     − 0.52    0.05  
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 Figure  4.7  shows an example with the following groups:

    •      Multiple environmental testing    
   •      Mechanical testing  
   •      Electrical testing  
   •      Other necessary testings    

 One must use each of these testing groups as a complex for specifi c types 
of testing. For example, mechanical testing consists of different types of testing 
that mutually interact simultaneously. These types of testing depend upon the 
specifi cs of the test subject and the types of input infl uences that act on this 
subject in the fi eld. Figure  4.8  shows the possible types of mechanical testing 
with their interconnections.   

       Figure 4.7.     Interconnected groups of combined accelerated laboratory testing as a 
component of accelerated reliability testing.  
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       Figure 4.8.     Possible types of mechanical testing.  
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 A similar situation exists with multi - environmental, electrical, and other 
groups during laboratory testing. 

 As an example of the above - mentioned approach in aerospace, the experi-
ence of  Arnold Engineering Development Center ’ s  ( AEDC ) in simulation 
and the propulsion wind tunnel ground test complex for durability testing 
and prediction of test object (system) performance can be demonstrated. 
AEDC operates fi ve active wind tunnels in two primary facilities, the 
 Propulsion Wind Tunnel Facility  ( PWT ) and the  Von Karman Gas Dynamics 
Facility  ( VKF ). The above - mentioned complex includes two wind tunnels at 
remote operating locations — the Hypervelocity Wind Tunnel 9 in Maryland 
and the National Full - Scale Aerodynamics Complex in California. 

 AEDC wind tunnels are used for testing in areas including vehicle aerody-
namic performance evaluation and validation, weapons integration, inlet/
airframe integration, exhaust jet effects and reaction control systems, code 
validation, proof of concept, large -  and full - scale component research and 
development, system integration, acoustics, thermal protection system evalu-
ation, hypersonic fl ow physics, space launch vehicles, operational propulsion 
systems, and captive fl ight. 

 Propulsion Wind Tunnel 16T provides fl ight vehicle developers with the 
aerodynamic propulsion integration and weapons integration test capabilities 
needed for an AP of system performance. Pressure in the test section can be 
varied to simulate unit Reynolds numbers from approximately 0.03 – 7.2 million 
feet or altitude conditions from sea level to 86,000   ft. Air - breathing engine and 
rocket testing can also be performed in Tunnel 16T using a scavenging system 
to remove exhaust from the fl ow stream. 

 Sea - Level Test Cells SL - 2 and SL - 3 provide the capability to economically 
conduct durability testing on large augmented turbine engines at near - sea -
 level conditions by eliminating the cost of running inlet and exhaust plant 
machinery. In addition, they also provide the capability of using the engine 
testing facility plant to run ram conditions.   

4.4 ACCELERATED MULTIPLE ENVIRONMENTAL TESTING 

 Figure  4.7  shows that multiple environmental testing is a necessary subcom-
ponent of accelerated laboratory testing in ART/ADT. Many mistakes occur 
with this type of testing. Some forget that the word  “ multi ”  means many, not 
one to three. For example, some companies use testing chambers that simulate 
only temperature and humidity. 

4.4.1 Principles of Accelerated Multiple Environmental Testing 

 The fi rst principle of the establishment of  accelerated multiple environmental 
testing  ( AMET ) is an integrated simultaneous combination within the 
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laboratory simulation of multiple environmental factors that act on the test 
subject in actual service. 

 Advanced AMET applies the principles of laboratory simulation of the 
fi eld environmental infl uences on the actual product. These infl uences may 
include temperature (A 1 ), humidity (A 2 ), pollution (A 3 ), radiation (A 4 ), water 
(A 5 ), gas pressure (A 6 ), air fl uctuations (A 7 ), rain (A 8 ), snow (A 9 ), and wind 
(A 10 ) (see Fig.  4.9 ). The combination of these simulated infl uences depends 
upon the types of specifi c fi eld infl uences acting on the test subject.   

 The basic principle of AMET is the simulation of the simultaneous combi-
nation of fi eld input infl uences. The results of the simultaneous actions on the 
product are metal corrosion (B 1 ); destruction of polymers (B 2 ), rubber (B 3 ), 
and wood (B 4 ); and a decrease in the protective effects of grease (B 5 ) and paint 
(B 6 ). When combined with other subcomponents, the result is a decrease in 
the product ’ s quality and reliability through different types of degradation and 
failure processes. 

 An accurate simulation of the input infl uences is essential to conduct AMET 
successfully. 

 The common principles applied to obtain accurate information for fi eld 
input infl uences on the product for the simulation are the following:

   1.     The simultaneous combination of input infl uences that in real life infl u-
ence the product  

  2.     These infl uences are interconnected and simultaneously interact with 
each other.  

  3.     The interaction of the input infl uences results in an action on the product.  
  4.     Their effect on the product (degradation and failure) is a cumulative 

reaction to the combination of input infl uences.    

 The following information is necessary for an accurate evaluation of the 
environmental conditions for accelerated testing. The ideal ratio of simulated 
conditions in the test chambers to the number of naturally occurring condi-
tions equals one. Nevertheless, this is diffi cult to achieve in actual practice due 
to the presence of their conditions and constraints. If the infl uences on the 

       Figure 4.9.     The scheme of basic environmental infl uences on the actual product and 
the results of their action.  
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product under operating conditions differ from infl uences in the laboratory 
by no more than a fi xed limit, then the results in the test chamber correspond 
to the results in the fi eld. 

 Failures in the fi eld should differ from failures in test chambers because 
normally, the conditions of the test chambers only partly simulate fi eld condi-
tions. More details about these issues are included in the author ’ s other pub-
lications  [18, 101, 105, 123] . 

 The most important aspect of this strategy is fi nding the optimum condi-
tions for AMET (regimens in the test chambers). 

 The basic steps of the physical simulation of environmental conditions are 
the following:

    •      The analysis of the real - life input environmental infl uences on the product 
provide guidance for testing infl uences in accordance with the above -
 mentioned principles.  

   •      The analysis of the kinds of infl uences that are important depends on a 
result of their action on the degradation and failures of the product.  

   •      The development and use of the laboratory conditions for the simulation 
of the necessary combination of infl uences (important for failures, reli-
ability, and serviceability of the test subject) during testing    

 An analysis of the work and the storage of the test subject in the fi eld guide 
the choice of infl uences for AMET. Therefore, it is very important to evaluate 
the effect of probabilistic characteristics of the regional fi eld infl uences to 
include when building physical models of the environmental fi eld conditions 
in the test chamber. Different regions have different infl uences on the product.  

4.4.2 The Mechanism of the Infl uence of Environmental Factors 
on Product Reliability 

 The mechanism of this infl uence is the basis for the methodology of acceler-
ated multi - environmental testing (see Fig.  4.10 ).   

 Many types of environmental infl uences act on a product in real life. Some 
infl uences are studied, but many other infl uences are not studied. 

 A description of solar radiation action is included in Section  4.4.4 . There 
are fewer studies of solar radiation than for temperature, humidity, or some 
components of pollution. People who want to simulate the fi eld situation 
accurately must take into account that the environmental factors are inte-
grated with mechanical, electrical, and other factors. The environment acts on 
a product through input infl uences like temperature, humidity, air pollution, 
solar radiation, and many others. A result of these actions and interconnec-
tions is output variables such as loading, tension, voltage, amplitude, and fre-
quency of vibration (see Fig.  3.1 ). The result of these actions is a degradation 
of the product that one can measure in terms of metal corrosion, plastic and 



144  ACCELERATED RELIABILITY AND DURABILITY TESTING METHODOLOGY

rubber aging, the decrease of grease and lubricant properties, and failures. The 
fi nal result affects the product reliability, durability, and maintainability, and 
other measures. 

 The mechanism for the infl uence of environmental factors in the fi eld is 
very complicated. One of the most complicated problems is the integrated 
cause - and - effect relationship of different factor steps including input infl u-
ences, output variables, and degradation (see Fig.  2.7 ). 

 The integrated cause - and - effect relationship of input infl uences such as 
pollution with degradation from corrosion is an example. The corrosion of 
materials and systems is often partially responsible for accidents that cause 
pollution. 

 A description follows for the mechanisms of corrosion and pollution com-
bining to become one of the most complicated environmental factors. 

 The environmental damage caused by pollution is large and is rapidly 
becoming worse because of the increase in the industrialization of many coun-
tries throughout the world. Air is 99.9% nitrogen, oxygen, water vapor, and 
inert gases. There are several types of pollution. The well - known effects of 
pollution commonly discussed include smog, acid, rain, the greenhouse effect, 
and  “ holes ”  in the ozone layer. 

       Figure 4.10.     Scheme of accelerated multiple environmental testing.  
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 For an accelerated reliability test goal, one type of air pollution is the 
release of particles into the air from burning fuel. A good example of this 
particular matter is diesel smoke. The particles comprising this type of smoke 
are very small, measuring about 2.5   microns. This type of pollution is some-
times labeled  “ black carbon ”  pollution. 

 Another type of pollution is the release of noxious gases including sulfur 
dioxide (SO 2 ), hydrogen sulfi de (H 2 S), nitrogen dioxide (NO 2 ), chloride (Cl 2 ), 
and ozone (O 3 ). Once released into the atmosphere, these noxious gases can 
enter into further chemical reactions producing smog formation, acid rain, and 
formation of other pollutions. Most of these gases damage materials, electronic 
components, modules, devices, and structures. 

 Environmental corrosion is also a by - product of pollution, particularly 
when dealing with atmospheric corrosion and the corrosion of historical land-
marks or artifacts.  

4.4.3 Accelerated Environmental Testing of Composite Structures 

 The use of composites for structural components has increased because com-
posites have a number of advantages compared to metals. The main advantage 
is that composites reduce the weight of a structure because their specifi c 
strength and stiffness is greater than metal. Another advantage is that com-
posites enable production of complex three - dimensional structures in one 
piece. 

 Composites reduce the number of parts and the assembly costs signifi cantly, 
although part of the cost reduction goes to compensate for more expensive 
tools and materials. 

 The use of composite structures is a recent development compared to the 
use of metallic, wood, and plastic structures. Accelerated testing for composite 
structures has experienced less development, including accelerated environ-
mental testing. The current practice for accelerated environmental testing of 
composite structures follows. The ability to predict stresses and failures caused 
by out - of - plane loads has gained more and more importance as airframe 
manufacturers begin to use integral (co - cured or bounded) composite struc-
tures to minimize weight and maximize performance. Development of rapid 
and accurate analysis methods reduces the amount of testing required and 
ensures confi dence in integral composite structure performance. 

 Simple two - dimensional analysis methods exist to predict the out - of - plane 
failure strength of composite airframe structures  [124] . These analyses were 
primarily used to address induced stresses in laminate corner radii, direct 
stresses due to fuel pressure loads, induced stresses from panel buckling, and 
induced stresses from stiffener runouts or other load path changes. 

 The development and verifi cation of analyses for out - of - plane failures 
have demonstrated the need for out - of - plane material properties and strength 
that are not traditionally determined for composite laminates. Accurate 
stress and failure predictions depend heavily on these experimentally 
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determined values. The test methods and experience gained in this program 
 [124]  indicates the need for new techniques to determine the interlaminar 
properties required for accurate stress and failure predictions. This program 
suggested test techniques for determining some of the values necessary for 
these predictions. 

 In Reference  125 , Vodicka reported that composite materials lose mechani-
cal properties during exposure to aircraft operating environments. This 
is mainly due to the absorption of moisture from humid air by the matrix 
material. The RAAF uses composite materials extensively for both major 
structural components on the F/A - 18 and for bonded repairs and doublers. 
The performance of these materials under long - term environmental 
exposure is an important aspect for both aircraft certifi cation and in the 
understanding of how the components will perform as they age. The 
report  [125]  provides an overview of environmental effects on composite 
materials and methods that predict long - term behavior. Reducing the testing 
duration makes use of accelerated testing environments in the laboratory an 
attractive proposition. A number of accelerated testing methodologies and 
their implications are in Reference  125 . If the exposure conditions are repre-
sentative and the failure modes of the material during mechanical testing 
refl ect those seen in service, then one can conduct accelerated testing with 
confi dence. 

 In Reference  126 , Higgins et al. selected the composite grid - stiffened struc-
ture concept for the payload fairing of the Minotaur launch vehicle. Compared 
to sandwich structures, this concept has an advantage of lower manufacturing 
costs and lighter weight. The skin pockets may buckle visibly up to about 
0.5 - cm peak displacement to reduce weight. 

 The above - mentioned paper examines various failure modes for the 
composite grid - stiffened structure. The controlling criterion for this design is 
a joint failure in the tension between the ribs and skin of the structure. The 
identifi cation of this failure mechanism and the assessment strains necessary 
for control required an extensive testing and analysis effort. Increasing skin 
thickness to control skin buckling resulted in reduced strains between the skin 
and ribs. 

 A fi nal fairing design followed the identifi cation of the relevant failure 
criteria. Testing results show that the applied load envelope exceeded worst -
 case dynamic fl ight conditions with an added safety factor of 25%. 

 Data collected during the testing came from a variety of sensors including 
traditional displacement transducers and strain gages. Additionally, monitor-
ing the full fi eld displacement occurred at the critically loaded fairing sections 
a digital photogrammetric workstation. The results of testing document 
the overall performance of the fairing under the test loads, correlate test 
response, and analyze and identify lessons learned. Work continues at the Air 
Force Research Laboratory and Boeing to identify means to further control 
tensile failure of the unreinforced polymer - bonded joint between the ribs 
and skin.  
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4.4.4 Solar Radiation: Global Dimming 

 Scientifi c publications in climatology show the current situation and the global 
changes in solar radiation (in References  127, 128 , and other publications). 
These changes are infl uencing the testing regimes as well as the accuracy of 
reliability and durability predictions. Researchers at the Zurich - based World 
Radiation Monitoring Center (ZWRMC), an organization that measures the 
amount of solar radiation reaching the ground around the globe, discovered 
an interesting result. 

 Global dimming is the observed effect of an increase in particulate matter 
in the atmosphere. This particulate matter produced a substantial drop in the 
solar radiation reaching the planet ’ s surface over the past 60 years, approxi-
mately 22% globally and up to 30% in some locations. Pollution from burning 
coal, oil, and wood appears to cause global dimming. Because it reduces the 
amount of sunlight reaching the ground, it cuts the amount of heat trapped by 
greenhouse gases. This has troubling implications. 

 One of the most alarming implications is that global dimming may have led 
scientists to underestimate the true power of the greenhouse effect. Scientists 
have a measurement of the extra energy trapped in the earth ’ s atmosphere by 
the extra carbon dioxide produced on the planet. Surprisingly, this extra energy 
has resulted in a temperature rise of only 0.6 ° C so far. This has led many sci-
entists to conclude that the present - day climate is less sensitive to the effects 
of carbon dioxide than it was during the ice age when a similar rise in CO 2  led 
to a 10 times higher temperature rise of 6 ° C. 

 This result was a very surprising fi nding for the researchers at the ZWRMC 
 [129] . 

 As part of these studies into climate and atmospheric radiation, the research-
ers were checking levels of sunlight recorded around Europe when they made 
an astonishing discovery. Compared to similar measurements recorded by 
their predecessors in the 1960s, the results suggested that the levels of solar 
radiation reaching the earth ’ s surface had declined by more than 10% in three 
decades. Solar radiation was declining  [128] . 

 A function of solar radiation is its infl uence on the sweetness of white wine 
grapes. The more sun a grape plant ’ s leaves absorb, the more sugar the plant 
produces and the more sweetness is infused into the fruit. By paying close 
attention to the global meteorological records, particularly the geographic 
distribution of solar radiation, it should be possible to infer a wine ’ s origin by 
sensing its sweetness. 

 The ZWRMC reviewed national meteorological records and current pub-
lications, copying and pasting solar radiation measurements into a database 
until they had observations from 1600 locations around the world, including 
the oldest continuous measurement recorded by the Swedish professor Anders 
Angstr ö m in 1922. 

 Prof. Angstr ö m is famous for crawling up onto the roof of the University 
of Stockholm to set up his novel nyranometer that was the fi rst device to 
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measure accurately direct and indirect solar radiation. This initiated the science 
that would lead Prof. Ohmura from ZWRMC to the missing sunlight. Never 
before had anyone drawn such a thorough picture of worldwide solar radiation 
levels. This discovery was hard to believe at fi rst. However, the data were 
extensive. Prof. Ohmura presented this information about the  “ missing chunk 
of energy ”  at the 1988 International Radiation Symposium in Lille, France. 

 Israeli researchers Shabtai Cohen and Gerald Stanhill confi rmed these fi nd-
ings in 2001. They reported a 10% radiation loss between 1958 and 1992 that 
is virtually the same conclusion that Ohmura had reached in 1988. In 2003, 
Graham Farquhar and Michael Roderick, climatologists at the Australian 
National University in Canberra, discovered corroborating evidence in the 
global evaporation record. The ongoing explanation for the loss of sunlight is 
that particulate pollution - like soot plugs up the clouds. The result follows that 
when it is cloudy, the atmosphere is darker than before. 

 Clouds are made of water droplets that form by latching onto tiny particles 
called condensation nuclei. Condensation nuclei occur naturally in the atmo-
sphere and humans produce even more by emitting more particulate pollution 
into the atmosphere. 

 The result is that many smaller water droplets form, instead of fewer larger 
water droplets. In effect, this is like the difference between two sieves when 
one is coarse and the other fi ne. Like a coarse sieve, the cloud with fewer, 
larger particles lets more solar radiation through to the ground, whereas like 
the fi ne sieve, the cloud with lots of very small particles lets less sunlight pass 
through, resulting in less solar radiation reaching the ground. 

 For some time, scientists have wondered why the temperature remained 
relatively stable or even became colder during the 1960s and 1970s. At the 
same time, the greenhouse gases were suffi cient to increase the temperature. 
To illustrate the point, the ZWRMC scientists cite the average annual melt 
rates for each of the last four decades for 40 glaciers around the world:

    •      In the 1960s, the glaciers retreated by 200   mm/year.  
   •      In the 1970s, the glaciers retreated by 180   mm/year.  
   •      In the 1980s, the glaciers retreated by 260   mm/year.  
   •      In the 1990s, the glaciers retreated by 480   mm/year.    

 The results published in Reference  128  show that during the 1960s and 
1970s, global dimming buffered the climate against global warming caused by 
greenhouse gases. As increasing amounts of greenhouse gases warmed the 
earth, growing amounts of particulate pollution reduced the amount of sun-
light that reached its surface and cooled the planet. In other words, one form 
of pollution counteracted the other, hence the lower melt rates and stable 
temperatures of the 1970s. 

 Scientists then realized that particulate pollution was almost entirely respon-
sible for deaths related to air pollution — pollution that still causes a staggering 
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135,000 early deaths in the United States every year (6% of all deaths from 
any cause). While this number may seem large, the U.S. Environmental 
Protection Agency (EPA) found that if Congress had not adopted the Clean 
Air Act in 1970 and its amendments to the act in 1977, particulate matter would 
have caused the early deaths of 184,000 more Americans per year by 1990. 
Clearly, this type of pollution was, and still is, a big problem. Wisely, the indus-
trialized world began curtailing emissions of soot and smoke. 

 What happened to the particulate matter buffer? 
 As the emissions of deadly particulate matter decreased, so did their cooling 

power. Clouds let the solar radiation through and — behold — the greenhouse 
effect ’ s disguise diminished. Because of this double punch of more solar 
radiation and more greenhouse gases, the global temperature increased 
enormously. 

 Preliminary results based on radiation records from 1992 to the present 
support this theory. Key monitoring stations show a resurgence of radiation 
levels during the 1990s, not to pre - 1958 levels, but enough to expose the true 
warming potential of greenhouse gases. 

 The implication is the impact of both particulate matter and greenhouse 
gases on the climates has been underestimated. Traditional global climate 
models will have to be revised, and although the interactions between clima-
tological components are complex and uncertain, revised models and the 
above - mentioned results will undoubtedly raise challenging questions for the 
public and for policy makers. For instance, will further reductions in particulate 
pollution, which are necessary to alleviate serious, deadly, and widespread 
respiratory illnesses, mean even more global warming? If so, do even progres-
sive policies including the Kyoto Protocol underestimate the potential damage 
of climate change? 

 Until Prof. Ohmura and his colleagues examined the radiation records, no 
one had noticed that between 1958 and 1988, a whopping 10% of the expected 
solar radiation had disappeared. 

 Critics charged that the numbers had to be wrong. They are too big to be 
accurate. Moreover, the idea of a much darker planet did not fi t into conven-
tional climate models that predicted a much brighter planet. The theory went 
largely unnoticed for an entire decade while faced with this criticism.   

4.5 ACCELERATED CORROSION TESTING 

 The components that relate to accelerated corrosion testing are in Sections 
 4.5.1  –  4.5.4 . 

4.5.1 Cost of Corrosion 

 Corrosion is one of the most serious problems in modern societies. The losses 
from corrosion each year are hundreds of billions of dollars. Several countries 
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including the United States, the United Kingdom, Japan, Australia, Kuwait, 
Germany, Finland, Sweden, India, and China have studied the cost of corro-
sion. The studies have ranged from formal and extensive efforts to informal 
and modest efforts. The common fi nding of is that the annual corrosion costs 
ranged from 1 to 5% of the  gross national product  ( GNP ) of each nation. 

 Two annual reports, both numbered FHWA - RD - 010 - 156  [130, 131] , describe 
the annual direct and indirect costs of metallic corrosion in the United States 
and preventive strategies for optimum corrosion management. The estimated 
total direct cost of corrosion is $276 billion per year, which is 3.1% of the 1998 
U.S.  gross domestic product  ( GDP ). The direct cost of corrosion consists of 
the following  [130] :

    •      Utilities (47.9 B — 34.7%)  
   •      Transportation (29.7 B — 21.5%)  
   •      Infrastructure (22.6 B — 16.4%)  
   •      Government (20.1 B — 14.6%)  
   •      Production and manufacturing (17.6 B — 12.8%)    

 Analyzing 26 industrial sectors and extrapolating the results for a nation-
wide estimate determined this cost. The sectors divide into fi ve major 
categories. 

 The infrastructure category consists of 

   •      Highway bridges  
   •      Railroads  
   •      Airports  
   •      Hazardous material storage sites  
   •      Waterways and ports  
   •      Gas and liquid transportation pipelines    

 The utilities category consists of 

   •      Telecommunications  
   •      Electrical utilities  
   •      Gas distribution    

 The transportation category consists of 

   •      Ships  
   •      Aircraft  
   •      Motor vehicles  
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   •      Hazardous material transport  
   •      Railroad cars    

 The government category consists of 

   •      Nuclear waste storage  
   •      Defense    

 The production and manufacturing category consists of 

   •      Agricultural  
   •      Food processing  
   •      Electronics  
   •      Chemical, petrochemical, and pharmaceutical  
   •      Petroleum refi ning  
   •      Mining  
   •      Home appliances  
   •      Pulp and paper  
   •      Oil and gas exploration – production    

 The estimated indirect cost of corrosion is equal to the direct cost. Thus, 
total direct cost plus indirect cost is approximately 6% of the GDP. Components 
of the large indirect corrosion costs are lost time and damaged facilities leading 
to lost productivity due to outages, delays, failures, and litigation. 

4.5.1.1 Indirect Costs.   Indirect costs include the 

   •      Cost of labor attributed to corrosion management activities  
   •      Cost of the equipment required because of corrosion - related activities  
   •      Loss of revenue due to disruption in the supply of the product  
   •      Loss of reliability  
   •      Cost of corrosion abatement    

 The indirect costs total $275.5 billion per year. The drinking water and 
sewer systems ($36 billion), motor vehicles ($23.4 billion), and defense ($20 
billion) sectors have the largest cost impact from direct corrosion. 

 Spending on corrosion control methods and services totals $121 billion per 
year. The current study  [130]  shows that technology changes provide many 
new ways to prevent corrosion and improve the use of corrosion management 
techniques. 

 However, using preventive strategies in nontechnical and technical areas 
can achieve better corrosion management. These preventive strategies include 
the following:
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    •      Increase awareness of large corrosion costs and potential savings.  
   •      Change the common industry misconception that nothing can be done 

about corrosion.  
   •      Change policies, regulations, standards, and management practices to 

increase corrosion savings through sound corrosion management and 
best practices.  

   •      Improve staff education and training in the recognition of corrosion 
control.  

   •      Advance design practices for better corrosion management.  
   •      Advance life prediction and performance assessment methods.  
   •      Advance corrosion technology through research and development.    

 The direct costs associated with the corrosion of a valve, an oil tanker, and 
a gas pipeline can be tremendously amplifi ed when the subsequent events 
result in increased pollution. Releases of pollutants can contaminate drinking 
water and crops, cause expensive property damage, cause fi sh kills, and create 
explosions and fi res. For example, the lack of proper plant maintenance in 
Bhopal, India, resulted in the worst industrial catastrophe in history including 
loss of life.   

4.5.2 Mechanism of Corrosion 

 The literature study of corrosion processes and corrosion testing primarily 
addresses the corrosion of metallic materials. The corrosion process of a mate-
rial usually differs from the corrosion process of a product created from this 
material. The concentration of the loading, friction, and the interconnection 
between different units and details of the product may strongly infl uence the 
corrosion of the product. The corrosion of metals and corrosive degradation 
of paint and coatings are the result of a combined action from multi -
 environmental factors in combination with mechanical factors, plus the inter-
connection of these factors (see Fig.  4.11 ).   

 Finally, the corrosion of metals is the degradation of metals. The degrada-
tion of our quality of life due to the presence of unwanted metals in our body 
is a consequence of corrosion. Additionally, it is the degradation of the planet 
due to pollution, global warming, and global dimming. The author ’ s publica-
tions  [42, 103, 104] , among others, describe in detail the modern approach to 
the corrosion process. 

 Additional information follows about the mechanism of corrosion. 
Publications, including Reference  132 , and virtual information from the 
Corrosion Technology Laboratory,  Kennedy Space Center  ( KSC ) in Florida, 
are used. 

4.5.2.1 Why Metals Corrode.   Metals corrode upon exposure to environ-
ments where metals are chemically unstable. The only metals found in their 
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pure metallic state in nature are copper and the precious metals gold, silver, 
and platinum. Processing minerals or ores that are inherently unstable in their 
environments produces all other metals including the most commonly used 
metal, iron.  

   4.5.2.2    The Electrochemical Process.     Corrosion is an oxidation reaction and 
a reduction reaction of the surface of the corroding material. The oxidation 
reaction generates metal ions and electrons. The reduction reaction consumes 
electrons. The conversion of oxidants and water to hydroxide ions consumes 
electrons in environments with water present including moisture in the air. In 
iron and in many iron alloys, these hydroxide ions in turn combine with iron 
ions to form a hydrated oxide [Fe(OH) 2 ]. Subsequent reactions form a mix of 
magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ). This red - brown mixture of iron 
oxides is rust. Figure  4.12  illustrates the basic oxidation/reduction reaction 
behind corrosion.    

   4.5.2.3    Forms of Corrosion.     There are several methods of classifying corro-
sion, and no universally accepted terminology is currently used. The forms of 

       Figure 4.11.     Principal scheme of corrosion as a result of multi - environmental infl u-
ences, mechanical infl uences, and interconnection factors.  
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corrosion described next are part of the terminology used at NASA KSC. 
Given conditions may lead to several forms of corrosion on the same piece of 
material. 

 A list and descriptions of 14 forms of corrosion follow:

    •      Uniform corrosion  
   •      Galvanic corrosion  
   •      Concentration cell corrosion  
   •      Pitting corrosion  
   •      Crevice corrosion  
   •      Filiform corrosion  
   •      Intergranular corrosion  
   •      SCC  
   •      Corrosion fatigue  
   •      Fretting corrosion  
   •      Erosion corrosion  
   •      Dealloying  
   •      Hydrogen damage  
   •      Microbial corrosion     

   4.5.2.4    Uniform Corrosion.     General corrosion is another name for uniform 
corrosion. The surface effect produced by the direct chemical attack by an acid 
is a uniform etching of the metal. On a polished surface, this type of corrosion 
appears as a general dulling of the surface and, if corrosion continues, the 
surface becomes rough and possibly frosted in appearance. Discoloration or 
general dulling of metal created by exposure to elevated temperatures is not 
uniform etching corrosion. The use of chemical - resistant protective coatings 
or other resistant materials will control these problems. 

       Figure 4.12.     Electrochemical process.  
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 While this is the most common form of corrosion, it is generally of little 
engineering signifi cance. Structures will normally become unsightly and will 
attract maintenance long before they become structurally degraded.  

4.5.2.5 Galvanic Corrosion.   Galvanic corrosion is an electrochemical action 
of two dissimilar metals in the presence of an electrolyte and an electron 
conductive path. It occurs when dissimilar metals are in contact with one 
another. 

 It is recognizable by the presence of a corrosion buildup at the joint between 
the dissimilar metals. Galvanic corrosion may occur on and accelerate the 
corrosion of the aluminum or magnesium when aluminum alloys or magne-
sium alloys are in contact with carbon steel or stainless steel.  

4.5.2.6 Concentration Cell Corrosion.   Concentration cell corrosion occurs 
w hen two or more areas of a metal surface are in contact with different con-
centrations of the same solution. Three general types of concentration cell 
corrosion are 

   •      Metal ion concentration cells  
   •      Oxygen concentration cells  
   •      Active - passive cells    

Metal Ion Concentration Cells.   In the presence of water, a high concentration 
of metal ions will exist under faying surfaces. A low concentration of metal 
ions will exist adjacent to the crevice created by the faying surfaces. An electri-
cal potential will exist between the two points. The area of the metal in contact 
with the low concentration of metal ions will be cathodic and protected. The 
area of metal in contact with the high concentration of metal ions will be 
anodic and corroded. 

 Sealing the faying surfaces to exclude moisture will eliminate this condition. 
Applying a protective coating of inorganic zinc primers is effective in reducing 
faying surface corrosion.  

Oxygen Concentration Cells.   A water solution in contact with a metal surface 
will normally contain dissolved oxygen. An oxygen cell can develop at any 
point where the oxygen in the air does not diffuse uniformly into the solution, 
thereby creating a difference in oxygen concentration between two points. 
Typical locations for oxygen concentration cells are under either metallic or 
nonmetallic deposits (dirt) on the metal surface and under faying surfaces such 
as riveted lap joints. 

 Oxygen cells can also develop under gaskets, wood, rubber, plastic tape, and 
other materials in contact with a metal surface. Corrosion will occur at the 
area of low - oxygen concentration (anode). Sealing the surfaces, maintaining 
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clean surfaces, and avoiding the use of material that permits the wicking of 
moisture between faying surfaces will minimize the severity of this type of 
corrosion.  

Active-Passive Cells.   Active - passive cells can corrode metals that depend on 
a tightly adhering passive fi lm (usually an oxide) for corrosion protection (e.g., 
austenitic corrosion - resistant steel). 

 The corrosive action usually starts as an oxygen concentration cell. Salt 
deposits on the metal surface in the presence of water containing oxygen can 
create the oxygen cell. If the passive fi lm is broken beneath the salt deposit, 
the active metal beneath the fi lm is susceptible to corrosive attack. An electri-
cal potential will develop between the large area of the cathode (passive fi lm) 
and the small area of the anode (active metal). Rapid pitting of the active 
metal will result. Frequent cleaning and the application of protective coatings 
will prevent or delay active - passive cell corrosion.   

4.5.2.7 Pitting Corrosion.   Passive metals, such as stainless steel, resist cor-
rosive media and can perform well over long periods. However, when corro-
sion does occur, it randomly forms in pits. Pitting is most likely to occur in the 
presence of chloride ions combined with depolarizers like oxygen or oxidizing 
salts. Pitting can be controlled by maintaining clean surfaces, applying a protec-
tive coating, and using inhibitors or cathodic protection for immersion service. 
Molybdenum additions to stainless steel (e.g., in 316 stainless) are intended to 
reduce pitting corrosion. 

 Rust bubbles or tuberculosis on cast iron indicate that pitting is occurring. 
Researchers have found that the environment inside the rust bubbles is usually 
higher in chlorides and lower in pH than the overall external environment. 
This leads to a concentrated attack inside the pits. 

 Similar changes in the environment occur inside crevices, stress corrosion 
cracks, and corrosion fatigue cracks. These forms of corrosion are sometimes 
included in the term  “ occluded cell corrosion. ”  

 Pitting corrosion can lead to unexpected catastrophic system failure. 
Sometimes pitting corrosion can be quite small on the surface but very large 
below the surface. Pitting can lead to stress corrosion fracture. A complete 
discussion of this corrosion is contained in Reference  133 .  

4.5.2.8 Crevice Corrosion.   Crevice or contact corrosion is the corrosion 
produced at the region where metals contact with metals or nonmetals. It may 
occur at washers, under barnacles, at sand grains, under applied protective 
fi lms, and at pockets formed by threaded joints. Whether or not stainless steels 
are free of pit nuclei, they are always susceptible to this type of corrosion 
because a nucleus is not necessary. 

 Cleanliness, the proper use of sealants, and protective coatings are effective 
means of controlling this problem. Molybdenum - containing grades of stainless 
steel (e.g., 316 and 316L) have increased crevice corrosion resistance. 
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 Crevice corrosion happens when an aerospace alloy (titanium – 6 aluminum – 4 
vanadium) is used instead of a more corrosion - resistant grade of titanium. 
Special alloying additions added to titanium make alloys that are crevice cor-
rosion resistant even at elevated temperatures. Screws and fasteners are 
common sources of crevice corrosion problems.  

4.5.2.9 Filiform Corrosion.   Filiform corrosion normally starts at small, 
sometimes microscopic defects in the coating. It occurs under painted or 
plated surfaces when moisture permeates the coating. Lacquers and  “ quick -
 dry ”  paints are most susceptible to this problem. Avoid these paints unless 
fi eld experience shows the absence of an adverse effect. 

 Where a coating is required, it should exhibit low water vapor transmission 
characteristics and excellent adhesion. Also, consider zinc - rich coatings for 
coating carbon steel because of their cathodic protection quality. 

 Minimize fi liform corrosion by careful surface preparation prior to coating, 
by the use of coatings that are resistant to this form of corrosion, and by careful 
inspection of the coatings for developing holes.  

4.5.2.10 Intergranular Corrosion.   Intergranular corrosion is an attack on or 
adjacent to the grain boundaries of a metal or alloy. A highly magnifi ed cross 
section of most commercial alloys will show its granular structure. This struc-
ture consists of quantities of individual grains, and each of these tiny grains 
has a clearly defi ned boundary that chemically differs from the metal within 
the grain center. Heat treatment of stainless steels and aluminum alloys accen-
tuates this problem.  

4.5.2.11 Exfoliation Corrosion.   A form of intergranular corrosion, exfolia-
tion manifests itself by lifting up the surface grains of a metal by the force 
of expanding corrosion products occurring at the grain boundaries just below 
the surface. It is visible evidence of intergranular corrosion and most often 
occurs on extruded sections where the grain thickness is smaller than in rolled 
forms. 

 This form of corrosion is common on aluminum, and it may occur on carbon 
steel. 

 The expansion of the metal caused by exfoliation corrosion can create 
stresses that bend or break connections and lead to structural failure.  

4.5.2.12 Stress Corrosion Cracking ( SCC).   The simultaneous effects of 
tensile stress and a specifi c corrosive environment cause SCC. Stresses may be 
due to applied loads, residual stresses from the manufacturing process, or a 
combination of both. 

 Cross sections of SCC frequently show branched cracks. This river branch-
ing pattern is unique to SCC and is used in failure analysis to identify this form 
of corrosion. 
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 This type of failure occurs on an aluminum alloy subjected to residual 
stresses and salt water. Changes in alloy heat treatment as recommended by 
McDaniel  [132]  eliminate this problem. 

 Several years ago, the widespread use of plastic tubing began in a new house 
construction and the repair of old systems. The faucets connect to the fi xed 
metal piping using fl exible tubing. The KSC Corrosion Technology Laboratory 
identifi ed SCC after 8 years in service. The tubing bent and stress cracks 
started at the outer tensile side of the tube. Now, services seldom use fl exible 
plastic piping for this application — especially for hot water service.  

4.5.2.13 Corrosion Fatigue.   Corrosion fatigue is a special type of stress cor-
rosion caused by the combined effects of cyclic stress and corrosion. No metal 
is immune to some reduction of its resistance to cyclic stressing if the metal is 
in a corrosive environment. Damage from corrosion fatigue is greater than the 
sum of the damage of both cyclic stresses and corrosion. Lowering the cyclic 
stresses or controlling corrosion limits corrosion fatigue. 

 An infamous example of corrosion fatigue occurred in 1988 on an Aloha 
Airlines Boeing 737 - 200 aircraft fl ying between the Hawaiian Islands. This 
disaster, which took one life, prompted the airlines to inspect their airplanes 
for corrosion fatigue.  

4.5.2.14 Fretting Corrosion.   The rapid corrosion that occurs at the interface 
between contacting, highly loaded metal surfaces when subjected to slight 
vibratory motions is fretting corrosion. This type of corrosion is most common 
on bearing surfaces in machinery, such as connecting rods, splined shafts, and 
bearing supports; it often causes a fatigue failure. It can occur in structural 
members including trusses where highly loaded bolts are used and some rela-
tive motion occurs between the bolted members. 

 Delay fretting corrosion by lubricating the contacting surfaces to exclude 
direct contact with air. For example, lubricate machinery - bearing surfaces to 
prevent direct air contact. 

 The bearing race is a classic location for fretting corrosion to occur. Reduce 
fretting corrosion by keeping the contacting surfaces well lubricated.  

4.5.2.15 Erosion Corrosion.   Erosion corrosion results from of a combina-
tion of an aggressive chemical environment and high fl uid surface velocities. 
This can be the result of fast fl uid fl ow past a stationary object, which is the 
case for an oilfi eld check valve, or it can result from the quick motion of an 
object in a stationary fl uid, which happens when a ship ’ s propeller erodes from 
cavitation. 

 The surfaces experiencing erosion corrosion are generally clean, unlike the 
surfaces from many other forms of corrosion. 

 Control erosion corrosion by using harder alloys including fl ame - sprayed 
or welded hard facings and by using a more corrosion - resistant alloy. 
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Alterations in fl uid velocity and changes in fl ow patterns can also reduce the 
effects of erosion corrosion. 

 Erosion corrosion is often the result of the wearing away of a protective 
scale or coating on the metal surface. The oilfi eld production tubing shown in 
Reference  130  corroded when the pressure on the well became low enough 
to cause multiphase fl uid fl ow. The impact of collapsing gas bubbles caused 
the damage at the joints where the tubing was connected and the turbulence 
was greater. 

 Many people assume that erosion corrosion is associated with turbulent 
fl ow. This is true because all practical piping systems require turbulent fl ow 
(the fl uid would not fl ow fast enough with lamellar [nonturbulent] fl ow). Most, 
if not all, erosion corrosion is attributable to multiphase fl uid fl ow. The check 
valve  [130]  failed due to sand and other particles in an otherwise noncorrosive 
fl uid. The tubing failed due to the pressure differences caused by collapsed gas 
bubbles against the pipe wall that destroyed the protective mineral scale that 
was limiting corrosion.  

4.5.2.16 Dealloying.   Dealloying is a rare form of corrosion found in copper 
alloys, gray cast iron, and some other alloys. Dealloying occurs when the alloy 
loses the active component of the metal and retains the more corrosion -
 resistant component in a porous  “ sponge ”  on the metal surface. It can also 
occur by depositing the noble component losses of the alloy on the metal 
surface. 

 Control is by the use of alloys that are more resistant, inhibited brasses and 
malleable or nodular cast iron.  

4.5.2.17 Hydrogen Damage.   Hydrogen can cause a number of corrosion 
problems. Hydrogen embitterment is a problem with high - strength steels, tita-
nium, and some other metals. To control hydrogen embitterment, it is neces-
sary to eliminate hydrogen from the environment or to use resistant alloys. 

 Hydrogen blistering can occur when hydrogen enters steel via a reduction 
reaction on a metal cathode. Single - atom nascent hydrogen atoms then diffuse 
through the metal until they meet with another atom, usually at inclusions or 
defects in the metal. The resultant diatomic hydrogen molecules are too big 
to migrate elsewhere and remain trapped. Eventually, a gas blister builds up 
and may split the metal. 

 Control hydrogen blistering by minimizing corrosion in acidic environ-
ments. Hydrogen blistering is not a problem in neutral or caustic environments 
or with high - quality steels that have low impurity and inclusion levels.  

4.5.2.18 Microbial Corrosion.   Microbial corrosion is due to the presence 
and activities of microbes. This corrosion can take many forms. Control micro-
bial corrosion with biocides or by conventional corrosion control methods. 

 There are a number of mechanisms associated with this form of corrosion, 
and detailed explanations of the mechanisms are available in the literature. 
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Most microbial corrosion takes the form of pits that develop underneath colo-
nies of living organic matter, minerals, and biodeposits. This biofi lm creates a 
protective environment where conditions can become quite corrosive and 
accelerate corrosion. 

 Microbial corrosion can be a serious problem in stagnant water systems, 
including fi re protection systems that produce pitting. The use of biocides and 
mechanical cleaning methods can reduce microbial corrosion, but microbial 
corrosion can occur anywhere that stagnant water is likely to collect. Corrosion 
(oxidation of metal) can only occur if some other chemical is present for 
reduction. 

 In most environments, the reduced chemical is either dissolved oxygen or 
hydrogen ions in acids. Some anaerobic bacteria can thrive in anaerobic condi-
tions (no oxygen or air present). These bacteria provide the reducible chemi-
cals that allow corrosion to occur. That is what created the limited corrosion 
found on the hull of the Titanic. 

 Most microbial corrosion involves anaerobic or stagnant conditions, but it 
can also occur on structures exposed to air. In Reference  18  the author 
describes this phenomenon in more detail. 

 In addition, using corrosion - resistant alloys for limiting microbial corrosion 
involves the use of biocides and cleaning methods that remove deposits from 
metal surfaces. Bacteria are very small, and it is often very diffi cult to get a 
metal system smooth enough and clean enough to prevent microbial 
corrosion.   

4.5.3 Pollution by Oil Pipeline Releases and Corrosion 

 According to an  Environmental Defense Fund  ( EDF ) analysis, pipelines 
release an average of more than 6.3 million gallons of oil and other hazardous 
liquids each year. This is more than half the amount released from the  Exxon
Valdez  disaster. Since 1995, the amount of oil released into the environment 
increased each year. On average, tens of thousands of gallons of oil escaped 
from pipelines approximately every other day throughout the 1990s. Corrosion 
is the next most common cause of pipeline spills following excavation acci-
dents. The pipeline industry has developed a range of technologies to eliminate 
or reduce corrosion. 

 Cathodic protection, which uses a constant low - voltage electrical current 
running through the pipeline to counteract corrosion, is required on all inter-
state pipelines and has been required for decades. Recent improvements in 
pipeline coating materials also help reduce the risk of corrosion - related failure. 
The U.S. Department of Transportation is revising the pipeline safety regula-
tions to incorporate more stringent corrosion prevention rules — a change 
supported by the oil pipeline industry. 

 Lois Epstein, an EDF engineer stated,  “ The two upward trends in aggregate 
oil pipeline releases and release size clearly need to be reversed. ”  He also 
stated,  “ Numerous oil pipeline companies are not preventing pollution from 
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their pipelines, and the  Offi ce of Pipeline Safety  ( OPS ) is not forcing them to 
do so. The majority of these releases are from corrosion, operational incidents, 
and material defects. ”  The EDF ’ s analysis also examined property damage 
from oil and other hazardous liquid pipeline releases, which averaged over $39 
million annually in the 1990s. The average property damage cost per incident 
is more than $194,000 with a median cost of $20,000. The OPS has failed to 
issue any environmental protection regulations, despite Congress mandating 
the offi ce to do so in the Pipeline Safety Act of 1992. 

 Bhopal, India, is most likely the site of the greatest industrial disaster in 
history  [134, 135] . Between 1977 and 1984,  Union Carbide India Limited  
( UCIL ), located within a crowded working class neighborhood in Bhopal, was 
licensed by the Madhya Pradesh Government to manufacture phosgene, 
 monomethylamine  ( MMA ),  methylisocyanate  ( MIC ), and the pesticide carba-
ryl, which is also known as Sevin. 

 Severe corrosion was blamed for the environmental catastrophe that struck 
the coast of France in the last days of 1999. 

 There are different specifi cs in the corrosion process in different industrial 
areas. Now examine specifi c corrosion occurring in marine and aircraft 
environments.  

4.5.4 Corrosion in Marine Environments 

 Many industries like shipping, offshore oil and gas production, power plants, 
and coastal industrial plants use seawater systems. The primary use of seawater 
is in cooling systems, but it also has applications for fi ghting fi res, in oilfi eld 
water injection and desalination plants. The corrosion problems in seawater 
systems have been studied over many years, but failures still occur despite 
published information on the behavior of materials in seawater  [128] . 

 Most of the elements found on earth are present in seawater, at least in 
trace amounts. However, 11 of the components alone account for 99.9% of 
the total solutes with chloride ions being the largest component by far. The 
concentration of dissolved materials in the sea varies greatly with location and 
time because rivers, rain, and melting ice dilute seawater or evaporation con-
centrates seawater. The most important properties of seawater are 

   •      Remarkably constant ratios of the concentrations of the major constitu-
ents worldwide  

   •      High  salt concentrations , mainly sodium chloride  
   •      High electrical conductivity  
   •      Relatively high and constant  pH
   •      Buffering capacity  
   •      Solubility for gases including oxygen and carbon dioxide that are of 

particular importance in the context of corrosion  
   •      The presence of a myriad of  organic compounds
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   •      The existence of biological life either as microfouling (e.g., bacteria or 
slime) or macrofouling (e.g., seaweed, mussels, barnacles, and many kinds 
of animals or fi sh)    

 The U.S. fl ag fl eet  [131]  can be divided into several categories: the Great 
Lakes with 737 vessels at 62 billion ton - miles, inland with 33,668 vessels at 294 
billion ton - miles, oceans with 7014 vessels at 350 billion ton - miles, recreational 
with 12.3 million boats, and cruise ships with 122 boats serving North American 
ports (5.4 million passengers). The estimated total annual direct cost of corro-
sion to the U.S. shipping industry is approximately $2.7 billion. This cost 
includes costs associated with new construction ($1.1 billion), maintenance 
and repairs ($0.8 billion), and corrosion - related downtime ($0.8 billion) ( http://
corrosion - doctors ).  

4.5.5 Aircraft Corrosion 

 Corrosion damage of aircraft fuselages is an example of atmospheric corro-
sion, a topic described in detail in a separate section. Airports located in 
marine environments deserve special mention. The risk and cost of corrosion 
damage are particularly high in aging aircraft. In the United States alone, 
aircraft corrosion is a multibillion dollar problem. For example, corrosion 
maintenance hours outstrip fl ight hours on some military - type aircraft. 

 The current approach for dealing with corrosion is to remove it as soon as 
it is found and to repair the corroded structure or replace the component. This 
is costly in terms of increased maintenance time and decreased aircraft avail-
ability. Treating the corrosion with  corrosion prevention compound s ( CPC s) 
and leaving it in place until there is easier access to the affected areas during 
a scheduled service would increase aircraft availability. However, this approach 
requires detailed knowledge of the propagation rates for the specifi c corrosion 
type after treatment with CPCs, and this information is not currently 
available. 

 Corrosion manifests itself in many different forms. Concentration cell cor-
rosion is the most common type found on airplanes. It occurs whenever water 
is trapped between two surfaces, such as under loose paint, within a delami-
nated bond - line or in an unsealed joint. This corrosion can quickly develop 
into pitting or exfoliation corrosion, depending on the alloy, form, and temper 
of the material be attacked. 

 Crevice corrosion damage in the lap joints of aircraft skins has become a 
major safety concern, particularly after the Aloha Airlines incident. On April 
28, 1988, a 19 - year - old Boeing 737 - 200 aircraft, operated by Aloha Airlines, 
lost a major portion of the upper fuselage near the front of the plane, in full 
fl ight at 24,000   ft. The Aloha Airlines incident marked a turning point in the 
history of aircraft corrosion recognition and control. 

 In 1998, the combined commercial aircraft fl eet operated by U.S. airlines 
was more than 7000 airplanes  [131] . At the start of the jet age (1950s – 1960s), 
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corrosion and corrosion control received little or no attention. The continued 
aging of the airplanes beyond the 20 - year design life is a corrosion concern. 
Only the most recent designs (e.g., the Boeing 777 and late - version 737) have 
incorporated signifi cant improvements in corrosion prevention and control 
into the design and manufacturing process. The estimated total annual direct 
cost of corrosion to the U.S. aircraft industry is $2.2 billion including the cost 
of design and manufacturing ($0.2 billion), corrosion maintenance ($1.7 
billion) and downtime ($0.3 billion) in an online report  [131] .  

4.5.6 Accelerated Corrosion Testing of the Product 

 Use accelerated corrosion methods for accelerating corrosion damage and for 
obtaining test results in a relatively short time. Most include the following 
actions:

    •      Increasing the temperature to boost corrosion reaction kinetics and 
applying cyclic temperature ranges  

   •      Acidifying the corrosive medium  
   •      Increasing the medium ’ s corrosiveness by other chemical changes (e.g., 

salt concentration, degree of aeration, and addition of oxidizing species)  
   •      Alternate wetting and drying  
   •      Increasing the relative humidity  
   •      Cycling through different humidity ranges/different degrees of moisture 

exposure
   •      Application of stress, particularly relevant to SCC testing  
   •      Combining mechanical degradation including erosion, cavitation, and 

impingement with corrosion damage    

 To apply the acceleration factors listed earlier, testing conditions must move 
away from the actual service environment conditions. 

 Typically, alternate wet and dry cycles in the life of a system can create 
serious corrosion problems as a result of the formation of partially dry corro-
sion products that can further the accumulation of corrosive agents by the 
absorption of moisture and the creation of underdeposit corrosion. The cor-
rosion attack using alternating wetting and drying cycles accelerates corrosion 
and provides a relatively fast estimate of corrosion prevention measures. 

 The rapidness of the damage growth due to these cycles increases when 
operating at higher temperatures. This is typically the case with corrosion 
under insulation, a very rapid corrosion attack resulting from crevice corro-
sion. The above - mentioned processes apply to providing accelerated corrosion 
testing. The International Organization for Standardization (ISO) 11474 stan-
dard, for example, describes an accelerated outdoor corrosion test performed 
by the intermittent spraying of a salt solution onto the exposed pieces of 
equipment. This severe corrosion test, also called the  “ Volvo ”  outdoor for 
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 Simulated Corrosion Atmospheric Breakdown  ( SCAB ) test, is typically run 
for long periods (e.g., 12 months) at a 45 °  angle of exposure with a twice - daily 
salt spray application. Also, one can use the SCAB test to rank materials, 
processes, and variables of interest with regard to their impact on outdoor 
corrosion performance. 

 This is one of the simplest methods of accelerated corrosion testing. This 
method is inappropriate for the AP of equipment and systems corrosion deg-
radation because it does not take into account that corrosion in the fi eld is a 
result of complex input infl uences. Moreover, the corrosion does not act sepa-
rately in actual service. This is only one of the interconnected components of 
environmental action. 

 Therefore, corrosion testing is a component of multiple environmental 
testing, which is a component of ART. As a result,  separate  corrosion testing 
cannot offer accurate initial information for reliability (maintainability, dura-
bility) evaluation and the prediction of details, units, and the whole equipment. 
The usefulness of separate corrosion testing relates to materials (metals, poly-
mers, and composite materials). 

 Accelerated corrosion testing is a component of AMET and ART. 
 Begin with simple, but insuffi ciently accurate, types of accelerated corrosion 

testing. Accelerated atmospheric corrosion testing (ACT) is based on cyclic 
exposure conditions rather than the continually wet ( “ constant exposure ” ) 
conditions for a more simplistic result. Traditional salt fog testing is based on 
unrealistic test conditions that lead to poor correlation with real - life 
performance. 

 Electrochemical corrosion testing relies on electrochemical theory and 
electrochemical corrosion measurements to characterize corrosion damage 
and, where possible, estimate corrosion rates. Fundamentally, there are two 
types of electrochemical measurements:

    •      Apply an external current to generate electrochemical data away from 
the free corrosion potential. These tests generally explore the relation-
ship between electrochemical potential and current.  

   •      Conduct electrochemical measurements at the free corrosion potential 
without applying an external current.    

 The usefulness of electrochemical corrosion testing for the short term is 
based on the following fundamental considerations:

    •      The application of external current allows corrosion damage, such as 
pitting corrosion, to be induced and studied in very short time frames, 
typically within minutes.  

   •      Electrochemical corrosion rate measurements are available almost 
instantly, long before a conventional weight change would be 
measurable.    
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 Immersion corrosion testing can take the following forms  [136] :

    •      Conduct relatively simple testing involving constant immersion. The 
acceleration of corrosion damage can be achieved from the length of 
immersion in the corrosive medium and other accelerating factors.  

   •      Testing involving alternate immersions/drying in the form of cyclical 
testing

   •      Instrumentation of test specimens during immersion (connections to 
electrochemical instrumentation) to facilitate measurements other than 
simple weight loss measurements  

   •      From simple beaker - type testing to immersion of fl ush - mounted fl ow 
loops to simulate real - life conditions more closely    

 Historically, immersion testing occurs extensively to generate uniform cor-
rosion data from alloys used in the process industries under immersion 
conditions. 

 Generally, actual corrosive environments are more complex and less 
carefully controlled than accelerated laboratory tests in salt spray chambers. 
As a result, one can use salt spray chambers to measure the relative 
fi eld performance in terms of a particular corrosion mechanism. Some 
factors that make the correlation of accelerated laboratory testing results to 
actual in - service performance diffi cult include those cited in References  136 
and 137 :

    •      Accelerated corrosion testing designed to deviate from actual service 
exposure to produce results in signifi cantly shortened time frames  

   •      Laboratory testing is generally more simplistic and standardized, with 
fewer variables than actual service conditions.  

   •      Multiple failure mechanisms/modes and their interaction in the fi eld are 
not easily reproduced in the laboratory. Artifi cially accelerating one cor-
rosion mode may delay another mode.  

   •      The  “ acceleration ”  of corrosion by adjusting a few selected variables in 
laboratory testing usually does not represent the complex interplay of 
multiple variables under actual service conditions.    

4.5.6.1 Corrosion Testing in the Automotive Industry.   Consider an example 
of corrosion testing in the automotive industry. The Auto/Steel Partnership 
Corrosion Project Team completed a test program for perforation corrosion 
consisting of on - vehicle fi eld exposures and various accelerated corrosion tests 
 [138] . 

 Steel sheet products with eight combinations of metallic and organic coat-
ings were tested utilizing a simple crevice coupon design. On - vehicle expo-
sures were conducted in St. John ’ s and Detroit for up to 7 years in an effort 
to establish a real - world performance standard. 
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 Identical test specimens were exposed to the various accelerated tests and 
the results compared to the standard. 

 The accelerated test results (including SAE J2334, GM9540P, Ford APGE, 
CCT - 1, ASTM B117, South Florida Modifi ed Volvo, and Kure Beach [25 - m 
exposures]) were compared to the on - vehicle tests. Five criteria compared the 
results: the extent of corrosion, rank order or material performance, degree of 
correlation, accelerated factor, and control of test environment. Three of the 
laboratory accelerated tests — SAE J2334, GM9540P, and Ford APGE — have 
results that were reasonably consistent with the on - vehicle behavior. 

 Table  4.2  shows the eight materials selected to represent the currently avail-
able sheet products and provide a range of responses.    

4.5.6.2 Test Performed.   Table  4.3  lists the tests included in this study and 
information about test duration, the total minimum time required to perform 
the test, the number of replicates included in this study, and the organization 
responsible for performing the test.   

 The total minimum time calculated assumed tests ran 7 days a week. 
However, laboratory tests SAE J2334, GM9540P, and Ford APGE often run 
only 5 days a week, and this would affect the test by increasing the total 
minimum test time by a factor of 7/5.  

4.5.6.3 Results of On -Vehicle Testing.   The two sites selected for this study —
 Detroit, Michigan, and St. John ’ s, Newfoundland — are severe and extremely 
severe corrosion regions. 

 For each location, replicate test specimens of each material were placed on 
test vehicles for times of up to 7 years. One of the St. John ’ s vehicle test setups 

TABLE 4.2 Description of Test Materials [138]

ID Material Description 

Average Sheet 
Thickness

(mm)*
Actual Metallic 

Coating Mass (g/m 2)†

  1    Cold - rolled steel (CRS)    0.841    None  
  2    Electroplated Zn, 60   g/m 2  (EG60)    0.779    75  
  3    Hot - dipped ZnFe, 50   g/m 2  (A50)    0.874    63  
  4    Electroplated ZnNi, 30   g/m 2

+    organic  
  0.783    34  

  5    Electroplated Zn, 40   g/m 2  (EG40)    0.786    48  
  6    Electroplated Zn, 60   g/m 2     +    3 -  μ m 

e - coat (EG60)    +    EC)  
  0.782    73  

  7    Hot - dipped ZnFe, 50   g/m 2     +    3 -  μ m 
e - coat (A50    +    EC)  

  0.876    59  

  8    Electroplated Zn, 100   g/m 2  (EG100)    0.755    112  

*Average of all test specimens. 
†Coating mass calculated from metallic thickness measurements, assuming a density of gram per 
cubic centimeter. 
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TABLE 4.3 Tests Included in the Perforation Corrosion Study [138]

Test Description Duration

Total
Minimum Test 
Time (Days) Replicates

Conducted
by

  Detroit    On - vehicle 
test

  2 years    730    5 (11 for 
matl. 2)  

  Ford  

  7 years    2555    12 (11 for 
matl. 5)  

  St. John ’ s    On - vehicle 
test

  2 years    730    5    GM  
  4 years    1460    5  
  7 years    2555    6  

  SAE 
J2334*

  Cyclic 
corrosion
test

  40 cycles    40    3    Bethlehem 
Steel  80 cycles    80    3  

  120 cycles    120    3  
  160 cycles    460    3  

  GM9540P *     Cyclic 
corrosion
test

  40 cycles    40    3    GM  
          2 (matl. 3)  

  80 cycles    80    3 (2 for 
matl. 3, 4 
for matl. 
2)

  160 cycles    160    3  
  Ford 

APGE*
  Cyclic 

corrosion
test

  60 cycles    60    5    Ford  

  ASTM 
B117

  Neutral salt 
spray test  

  20 weeks    140    2    Bethlehem 
Steel

  CCT - 1    Cyclic 
corrosion
test

  100 cycles    33    3    LTV  
  200 cycles    67    3  
  400 cycles    133    3  

  South 
Florida

  Static 
outdoor
exposure
with salt 
application

  18 weeks    126    2 (matl. 1 – 4)    BASF  
          3 (matl. 5 – 8)  

  Modifi ed 
Volvo  

  9 months    270    3  
  18 months    540    2 (3 for 

matl. 1)  
  25 - m Kure 

Beach
  Static 

outdoor
exposure

  7 months    210    2    LaQue 
Center  14 months    420    Unknown  

  28 months    840    2  

*Total minimum test time is based on a 7 -day week. If a 5 -day week is used, the total minimum 
test time increases by a factor of 7/5. 

is in Table  4.3 . For each material, four or more specimens were removed for 
evaluation after 2, 4 (St. John ’ s only), and 7 years.  

4.5.6.4 Laboratory Tests.   Laboratory tests provide a quick and relatively 
inexpensive means of evaluating corrosion resistance. A summary of the labo-
ratory tests included in this study is in Table  4.4 .   
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 Davidson et al.  [138]  wrote that the results from using the above - mentioned 
methodologies of corrosion testing demonstrated the following:

   1.     Three of the laboratory accelerated corrosion testing methodologies, 
namely, SAE J2334, GM9540P, and Ford APGE, gave results that are 
reasonably consistent with the range of observed on - vehicle behavior 
and can be used with reasonable confi dence to predict on - vehicle 
behavior.  

  2.     The other laboratory tests (ASTM B 117 and CCT - 1) were less than 
satisfactory.      

4.5.7 Advanced Testing Methods for Accelerated Corrosion 

 Advanced testing for accelerated corrosion is a modernized type of testing. Its 
basic advantage is usefulness as a component of multi - environmental tests and, 
as a result, as a component of ART/ADT. There are several advanced testing 
methods for accelerated corrosion with published and approved results. 

TABLE 4.4 Test Parameters for Salt Solutions and Environmental Conditions in 
Laboratory Tests 

Cyclic Test Salt Application Drying Wet Exposure 

  SAE J2334  *      0.25 - hour dip    17.75 hours    6 hours  
  0.5% NaCl    +    0.1% 

CaCl2     +    0.075% NaHCO 3
  50% RH    100% RH  

  Ambient    60 ° C    50 ° C  
  GM9540P  *      Several intermittent spray 

applications with 0.9% 
NaCl    +    0.1% CaCl 2     +    0.25% 
NaHCO2  during an 8 - hour 
hold at 40 – 50% RH 

 25 ° C  

  8 hours    8 hours  
< 30%RH    95 – 100% RH  
  60 ° C    49 ° C  

  Ford APGE  *      0.25 - hour dip    1.25 hours    22.5 hours  
  5% NaCl  < 50% RH    85% RH  
  Ambient    25% C    50 ° C  

  ASTM B117    Continuous fog    None    Continuous  
  5% NaCl    100% RH  
  35 ° C    35 ° C  

  CCT - 1    4 - hour fog    2 hours    2 hours  
  5% NaCl  < 30% RH     > 95% RH  
  35 ° C    60 ° C    50 ° C  

The sequence for these cyclic tests is salt application/wet exposure, except for GM9540P, which 
is salt application/wet exposure drying [138].
*SAE J2334, GM9540P, and Ford APGE are typically conducted manually with one cycle per day 
for 5 days/week, with weekend holds in the drying stage. These tests can also be run in automated 
cabinets with one cycle per day for 7 days/week, without a weekend hold. 
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 This information, including a detailed description, is in the paper  [139]  that 
discusses the development of the theoretical and experimental basis of ACT 
for metals, complete machines, and/or their components. 

 The current techniques for ACT need to be improved. One approach for 
establishing the necessary environmental conditions for ACT on various prod-
ucts is to determine the range of metallic corrosion based upon the periodical 
wettings with KCl solution and the drying process of a fi lm of moisture, chang-
ing temperature, and humidity in the test chamber. 

 As an example of the methodology, an equation was developed to describe 
one range of test chamber parameters for calculating the quantity of metallic 
corrosion as a function of these parameters. Checking the related statistics 
confi rms the experimental results. 

 The author ’ s research results and the results of other researchers demon-
strate that the corrosive destruction of mobile machinery is dependent upon 
a complex of interconnected factors, such as temperature, humidity, chemical 
and mechanical pollution, vibration, mechanical wear, and other factors. This 
is very important for professionals working in the fi eld of corrosion testing. 

 The proposed methodology for accurate simulation of the fi eld input infl u-
ences as an example, on a sample of 1020 steel, with polyurea - thickened grease, 
and/or paint DBU - 4273W protection, is demonstrated in test chambers  [139]  
showing

   •      The limit of environmental infl uences  
   •      The required temperature and humidity  
   •      Determination of the dependence of steel corrosion on the number of 

wettings
   •      Measured accelerated corrosion versus the fi eld    

 The corrosion degradation mechanisms and the fatigue failure mechanisms 
confi rm that the proposed method of simulation using accelerated test condi-
tions is both practical and useful. 

 The proposed test methodology for complex mobile products takes into 
account the mechanical damage to all protective fi lms, especially during expo-
sure to surface drying, winter road salt, the impact of road sand and dust, 
combined with any mechanical wear, exposure of solar radiation, and/or elec-
trical actions. These mobile products include automotive, aircraft, off - highway 
vehicles, farm machinery, and construction machinery (whole machinery and 
their components). 

4.5.7.1 Development of the Technique of Accelerated Corrosion 
Testing.   Now observe the development and substantiation of accelerated cor-
rosion testing conditions for components and complete machinery by review-
ing the examples for various steels, automobiles, and machinery. It is useful to 
work with material specimens for the substantiation of the corrosion test 
regimen of the product. 
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 For steels, it is necessary to solve the following problems to establish the 
conditions of accelerated corrosion testing  [139] :

    •      The impact of environmental conditions on various products  
   •      Determine the physical - chemical processes causing product deteriora-

tion under the action of environmental factors.  
   •      Identify the parameters that characterize the above - mentioned 

processes.  
   •      Establish the intensity of possible environmental infl uences and deter-

mine the evaluation methods.  
   •      Find the limit of intensity of the physical - chemical mechanism for the 

fi eld deterioration processes.  
   •      Determine the optimal conditions for accelerated corrosion testing of a 

particular product with similar degradation mechanism as in the fi eld.  
   •      Check the correlation of the established conditions of ACT results with 

the fi eld results.    

 The practical establishment and application of ACT conditions for metals 
and metallic components leads to the following brief description. The magni-
tude of metal corrosion is usually a function of the wetting of the metallic 
surface. The maximum rate of corrosion should occur when the moisture fi lm 
is drying.  

   4.5.7.2    Establishing the Limits of Environmental Infl uences on Steel 
Corrosion and Protection   [43, 103, 104]  .     Examine the approach for a sample 
of 1020 steel. The basic environmental factors are temperature, humidity, and 
chemical pollution using wettings with a KCl solution. Figure  4.13  demon-

       Figure 4.13.     Infl uence of basic environmental factors on the deterioration of coating, 
greases, paints, and, as a result, corrosion of the steel.  
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strates the interaction of environmental infl uences in the deterioration of 
coatings, greases, paints, and metals.   

 The limit of the basic environmental factors determines the result of their 
action on the 1020 steel, polyurea - thickened grease, and a standard paint 
DBU - 4273W. The following problems have to be solved  [139] :

    •      Establish the limits of environmental stress infl uences on the paint 
DBU - 4273W.  

   •      Determine the necessary humidity conditions in the test chamber to 
evaluate or estimate the speed of the atmospheric corrosion of the 1020 
steel under a fi lm of moisture.  

   •      Determine the necessary temperatures for the test chamber to evaluate 
or estimate the speed of atmospheric corrosion of the 1020 steel under a 
fi lm of moisture.  

   •      Determine the time interval necessary for the evaluation of experimental 
dependence of  “ corrosion of 1020 steel on the duration of wettings by 
0.01 normal solution of KCl ”  applied during selected conditions of tem-
perature and humidity.     

4.5.7.3 The Establishment of Temperature in a Test Chamber [139].   The 
protective quality of grease is limited by the temperature that causes a fl ow 
down from the surface  [140] . The grease melts fi rst and then fl ows down, and 
the corrosion process develops afterward. Our experimental research was 
conducted at a relative humidity of 50% with temperatures of 30 ° C (85 ° F), 
35 ° C (95 ° F), 40 ° C (104 ° F), and 45 ° C (113 ° F). The results are in the graph in 
Figure  4.14 . After 6 days and nights at temperatures of 30 and 35 ° C, the elec-
trical resistance of the metal had not changed. The surface properties during 
these temperature changes have not changed. The indications of oxidation 
shown by an increase in the resistance of the metal appear fi rst at 40 ° C after 
only 72 hours and at 45 ° C after 48 hours. A trace of grease appears at the top 
of the electrolyte coats, resulting in a slower process of evaporation of the 
solution from the surface of the specimens.   

 As shown in Figure  4.14 , two opposing forces are acting on the grease element 
that is under the coat of the water solution of the electrolyte. The liquid exerts 
a force from one side and the force of cohesion with neighboring elements 
attracts the grease element from another side. If the temperature increases, the 
fl uidity of the grease increases too, but the force of cohesion is weakened. After 
the grease element tears away from the common mass and fl oats up to the 
surface of the liquid, the thickness of the protective coat continuously decreases, 
and the corrosion process begins. Testing specimens with a 0.005 - mm thickness 
of a greased coat confi rms the results of the test for this factor. 

 Therefore, to avoid destructive corrosion of the metal under the coat of 
grease during accelerated  “ wetting – drying ”  cycles of the accelerated corrosion 
test, the temperature in the test chamber must be higher than 35 ° C (95 ° F) for 
the particular grease studied.  
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   4.5.7.4    The Establishment of Necessary Humidity   [139]  .     This work, based 
on representing atmospheric corrosion by a model, employs many short -
 circuited microelements of the system on the metal surface  [141]  in contact 
with a corrosive fi lm. Therefore, one can estimate one measure of the steel 
deterioration from the electrical current generated by the microcorrosion ele-
ments on the surface of the metal. 

 In our experiments, the test objective was to create a battery with metal 
plates and to exploit the different potentials. 

 The microcathode consisted of 40 copper plates and the microanodes con-
sisted of 40 plates of 1020 steel. The thickness of the plates was 0.5   mm. These 
batteries were studied at relative humidity values of 50, 60, 70, 80, and 90% 
across a temperature range of 5 – 35 ° C with intervals of 5 ° C. The thickness of 
electrolyte solution fi lm was 100    μ k. The availability of current in the battery 
determines the duration of the corrosion process. The area under the curve of 
the graph of current versus time measured the anode destruction. 

 The common corrosive effect depends entirely on the time duration of the 
moisture on the wetted surface. The mean rate of corrosion is constant while 
the surface is wet because the speed of oxygen diffusion to the cathode does 
not depend upon the relative humidity when under a thick, wet fi lm. 

 The access of oxygen depends on the thickness of the electrolyte coat. This 
confi rms the observation that the corrosion current increases with high 
humidity. 

 The test plans have to have long periods between the uses of the sprinkling 
system for the stability of the environment in the test chamber. 

 The dependence of  “ corrosion versus temperature ”  shows that the increas-
ing corrosion is not proportional to the increase in temperature. The curves 
are at the maximum in the interval 10 – 15 ° C. The effect of increasing the speed 
of the reaction by 15 ° C is smaller than the effect of slowing the reaction rate. 
The results of these experiments are in Table  4.5 .   

 This research shows that the corrosion current time duration is dependent 
on drying duration and this is shown in Figures  4.15 – 4.17 .   

       Figure 4.14.     Dependence of the iron corrosion with protective grease as a function of 
different temperatures.  
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TABLE 4.5 The Infl uence of Humidity and Temperature on the Corrosion Speed 
under Dried and Wet Films [43]

Relative
Humidity (%) 

Temperature
(°C)

Value of 
Corrosion, C·10−1

Time
(Hour)

Speed of Corrosion, 
Vk·10−1 mg/cm2 /h 

  50    5    0.14    0.81    0.17  
  8    0.21    0.67    0.31  

  12    0.25    0.55    0.45  
  15    0.26    0.46    0.56  
  20    0.21    0.32    0.66  
  25    0.17    0.24    0.71  
  30    0.12    0.17    0.70  
  35    0.07    0.11    0.64  

  60    5    0.16    1.01    0.16  
  8    0.25    0.85    0.29  

  12    0.29    0.67    0.43  
  15    0.30    0.55    0.55  
  20    0.25    0.40    0.64  
  25    0.21    0.31    0.69  
  30    0.15    0.21    0.70  
  35    0.12    0.17    0.70  

  70    5    0.22    1.39    0.16  
  8    0.32    1.16    0.28  

  12    0.37    0.88    0.42  
  15    0.38    0.71    0.54  
  20    0.33    0.54    0.62  
  25    0.27    0.41    0.66  
  30    0.20    0.30    0.67  
  35    0.14    0.21    0.66  

  80    5    0.35    2.21    0.16  
  8    0.50    1.80    0.28  

  12    0.60    1.37    0.44  
  15    0.61    1.11    0.55  
  20    0.52    0.82    0.63  
  25    0.41    0.60    0.68  
  30    0.31    0.45    0.68  
  35    0.23    0.35    0.67  

  90    5    0.80    4.73    0.17  
  8    1.17    4.03    0.29  

  12    1.36    3.01    0.45  
  15    1.30    2.21    0.58  
  20    1.01    1.58    0.64  
  25    0.81    1.19    0.68  
  30    0.58    0.86    0.67  
  35    0.41    0.63    0.65  
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       Figure 4.15.     The dependence of the corrosion current on the conditions of Fe – Cu bat-
teries drying at a humidity of 70%.  
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       Figure 4.16.     The dependence of the corrosion time versus different surface drying 
conditions of the batteries (humidities are 1 — 50%, 2 — 60%, 3 — 70%, 4 — 80%, 
5 — 90%)  [43] .  
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       Figure 4.17.     Dependence of the duration of corrosion speed versus the temperature at 
90% humidity.  
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 The character of the curve  ν   k      =     f  2  ( t ,  W     =    90%) (Table  4.5 ), based on experi-
mental results, shows that the value of  ν   k   changes very slowly across the inter-
vals of the temperature increase from 20 to 35 ° C. This low dependence is 
enough to determine the optimal temperature, which is  t     =    30 ° C. Therefore, 
the optimal parameters of a test chamber regimen for this material are  t     =    30 ° C, 
 W  (humidity)    =    90%.  

   4.5.7.5    The Determination of the Dependence of  “ Steel Corrosion versus 
the Number of Wettings ”    [139]  .     Compare the fi eld and laboratory results for 
the evaluation of the acceleration coeffi cient during the time interval. This 
experiment used specimens of 1020 steel of size 50    ×    80   mm with a thickness 
of 1.6   mm. The dependence of the amount of the corrosion versus the number 
of wettings with 0.01 normal KCl solutions is the result of this experiment. 

 The drying time of the surface determined the microcorrosion. The time 
between wettings was 55 minutes. The specimens changed places after 10 wet-
tings. The loss of the mass determined the level of corrosion. An agreed - upon 
method eliminated the product of corrosion. The results of the approximation 
for these experiments are included in the curve in Figure  4.18 .   

 The dependence of steel corrosion on the number of wettings for  N w      >    100 
is approximated by the equation

    C Nw= 0 546 0 97. ,.     (4.1)  

  where

   C     is the quantity of the metal ’ s corrosion in gram per square centimeter,  
  N w      is the number of wettings of the corroded surface, and  
 0.97    is the experimental coeffi cient.    

 Fill in Equation  4.1  with the accumulated steel corrosion in any region. 
Calculate the required number of wettings needed to simulate this accumu-
lated corrosion in the test chamber for the particular region. If one knows the 
interval between two wettings and how many years are required for accurate 

       Figure 4.18.     Dependence of 1020 steel corrosion values on the number of wettings.  
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simulation, then one can determine how long the test time in the chamber 
should be. The ratio of this time to the time of 1 year (365 days) will show the 
testing acceleration coeffi cient. For an example, see Table  4.6 .    

4.5.7.6 Checking the Laboratory Corrosion versus the Field Corrosion 
[18].   Consider an example. The sample plates are 1020 steel of size 
50.0    ×    80.0    ×    1.6   mm and are coated with grease to a thickness of 0.5   mm. 
Other samples are 

   •      The same plates of 1020 steel with paint DBU - 4273W protection  
   •      Glass plates with iron coated with grease to a thickness of 0.2   mm  
   •      Specimens of 5140 steel and 1045 steel of the same size    

 The test conditions are  t     =    30 ° C,  W     =    90%. From Equation  4.1 , there are 
456 wettings with a normal solution of KCl. The wetting is for 0.9 minutes with 
intervals of 1 hour. The results of the laboratory testing (a degradation mecha-
nism) and real life will correspond only for sample  “ 1 ”  (Table  4.7 ). The variants 
are ( σ1

2     −     σc
2 )    ≤     Δ1σ  and ( μ1

2     −     μc
2 )    ≤     Δ1μ ;  Δ1σ  and  Δ1μ  are permissible squares 

of standard deviations and mathematical expectation (mean) between the 
expected value for real - life and test chamber conditions   

 where

μ     is the mathematical expectation,  
σ     is the standard deviation,  
σ1     is the standard deviation in real life, and  
σc     is the standard deviation in the test chamber.    

 The experimental results using 1020 steel for 1 year under real - life condi-
tions yield a mean corrosion μ  of 198.4   g/m 2  with a standard deviation  σ1

2  of 
203.0   g 2 /m 4 . The hypothesis of normality, which was checked using the Pearson 

TABLE 4.6 Example of Calculating the Acceleration Coeffi cient (The Time between 
Wettings Is 1 Hour) 

How Many Years (Days) 
Are Required to Simulate 

How Long the Test Time in 
the Chamber Should Be (Day) 

Acceleration
Coeffi cient 

  1 year (365 days)    13.77    26.50  
  2 years (730 days)    30.42    24.00  
  3 years (1095 days)    43.80    25.05  
  4 years (1460 days)    61.34    23.80  
  5 years (1825 days)    72.85    25.05  
  6 years (2190 days)    87,25    25.10  
  7 years (2555 days)    106.41    24.01  
  8 years (2920 days)    154.50    18.90  
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criterion, does not contradict the experimental data ( P     =    0.62 for  χ  2     =    3.56). 
The necessary number of wettings for the test chamber is calculated from 
Equation  4.1  as  N w      =    436. Table  4.8  shows that the value of the calculated 
mathematical expectation is 179.1   g/m 2 , and the variance is 250.0   g 2 /m 4 .   

 The degradation corrosion mechanism in our example is measured through 
the comparison of the mathematical expectations and standard deviations of 
both distributions, under the real fi eld conditions and laboratory conditions. 
The result of this comparison evaluates the level of similarity of the test 
chamber conditions to the fi eld conditions. 

 Hypothesis checking provides

    H M

N
0

2

2
1

σ
σ

= .   

 The alternative hypothesis is

    σ σm n
2 2> .   

 In this case, the sampling ratio is

    
S
S

m

n

2

2
,   

 where  S m   2  and  S n   2  are estimations of the standard deviations for the corrosion 
model and the natural results. Use the percentage points of the  F  distribution 
(tables of mathematical statistics) as a limiting value of this ratio. 

 The level of importance  α     =    1% is found from the above - mentioned tables 
with 1%,  ∞ , 49 yielding a value of 1.523. These tables are in different hand-
books on the theory of probability. 

  TABLE 4.7    Possible Variants of Standard Deviation and Mathematical Expectation 

   Example     Standard Deviation     Mathematical Expectation     Variants  

  1     σ  1  2     =     σ   c   2      μ  1     =     μ   c      1 – 1  
   μ  1     ≠     μ   c      1 – 2  

  2     σ  1  2     ≠     σ   c   2      μ  1     =     μ   c      2 – 1  
   μ  1     ≠     μ   c      2 – 2  

  TABLE 4.8    The Corrosion in Real Life and in Test Chamber (Calculated from 
Eq.  (4.1) ) for 1 Year (Number of Wettings is 8760) 

   Where     Mean of Corrosion (g/m 2 )     Standard Deviation of Corrosion (g 2 /m 4 )  

  In real life    198.4    203.0  
  In test chamber    179.1    250.0  
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 The actual ratio of standard deviations derived from the data was 1.232.

    
S
S

m

n

2

2
1 232= . .   

 Since 1.232    <    1.523, the hypothesis that  σ   m   2     =     σ   n   2  does not contradict the 
experimental data. 

 Typical engineering estimates usually suggest that the deviations from 
the model should not be more than 8 – 10%. Using this measure,  δ     =    | m n      −     m m  |     =     
15   g/m 2  with a level of importance equal to 1%, the critical value of acceptance 
statistic is equal to 2.33. 

 From the data, we obtain a value of  V     =    1.84, which is less than 2.33. 
Therefore, the suggested hypothesis does not contradict the experimental 
data. 

 Using the known ratio for standard deviation to check the null hypothesis 
 H  0 / m n   *     −     m m   *     =     δ /. With the help of the limiting values of the statistic, the 
following relationship shows:

    V
S S

C
S

S Sm m n n

= −
+

=
+

η δ
λ λ

λ
λ λ2 2

1 1
2

1 1
2

2 2
2

, ,  

  where

    λ λ η δn
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m

n m n m
N N

m m m m= = = − = −
1 1

; ; ; .∗ ∗   

  n n   and  m m   are values for the fi eld results and test chamber results. 
 The standard fatigue testing results for the metallic specimens establish the 

fi nal correspondence of the recommended conditions in the test chamber with 
real - life conditions. The experimental results (Fig.  4.19 ) show that corrosion 
destruction of 5140 steel specimens due to fatigue decreases from 18.0 to 
14.8   kg/mm 2  after testing in test chambers. The  “ Shenck ”  test machine per-
formed 5    ×    10 6  cycles of fatigue testing. After fi eld testing (Fig.  4.17 ), the 
fatigue of the same specimens decreases from 18.6 to 13.8   kg/mm 2 .   

 Similar results occurred after testing 1045 steel specimens (see Fig.  4.17 ). 
 It provided micro -  and macroscopic research for the destroyed specimens. 

One example is included in Figure  4.20 .    

   4.5.7.7    Accelerated Corrosion Testing of the Complete Product.     For accel-
erated corrosion testing of a complete product like whole (especially mobile) 
machinery and their major components, it is necessary to take into account 
other infl uences, in addition to those factors demonstrated earlier. One type 
of infl uence is mechanical damage of protective fi lms during surface drying. 
Other infl uences causing corrosion include road salt, impact of sand dust 
thrown up by wheels, any mechanical wear, and solar radiation. To obtain 
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       Figure 4.19.     Results of the fatigue testing of steel specimens  [43] :  �  is 1045 steel before 
exposure;   *   is 5140 steel after testing in test chambers;  x  is 1045 steel after fi eld testing; 
 �  is 5140 steel before exposure;  �  is 5140 steel after testing in test chamber; and   �   
is 5140 steel after fi eld testing.  
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       Figure 4.20.     The surface of fatigue fracture of the steel 1020 after the infl uence of 
climate conditions (the size increased by six times).  

accurate information for the real corrosive processes of machinery in the fi eld, 
it is necessary to simulate these factors correctly. 

 It is becoming more common for mobile product life testing to include a 
combination of motion from special road or off - road simulation with a bath 
or spray of a saline - type solution with the corrosion test solutions. 
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 Different testing programs correspond to this methodological approach. 
 For example, one of these programs includes the following conditions 

during a single day  [142] :

    •      Six hours in the corrosive test chamber (salt spray or fog, with humidity 
and high temperature)  

   •      Movement through a bath or spray of a 5% salt solution  
   •      Motion to simulate a 40 - mile drive along a dirt road, combined with 

simulating 14 miles of macadam road and 3 miles of cobblestone road  
   •      Multiple passes through the bath or spray with a 5% salt solution    

 The equivalency of the corrosive destruction of an automobile by acceler-
ated testing and by fi eld use is

    D D D Nf a s= + ( ),  

  where

   D f      is the maximum depth of design corrosion for life in the fi eld in m μ ;  
  D a      is the maximum depth of corrosion life testing, ignoring the time of stress 

infl uences in m μ ; and  
  D s      is the maximum depth of corrosion for time of testing in a regime of 

stress infl uences of moving cycles with the use of the corrosive test 
chamber, in m μ .    

 Corrosion depth has a constant speed; thus,

    λ λf f s r s r s sT T T D N= −( ) + ( ). . . . ,  

  where

   T f      is the life of automotive components under given conditions, such as the 
normative index of corrosive endurance of the test subject in years;  

  T s   .   r      is the common duration of special roads testing in years;  
  T s      is the duration of testing stress regimes in years;  
  λ   f   and  λ   s   .   r   .     are the speeds of distribution of atmospheric corrosion in given 

fi eld conditions and accelerated testing conditions in m μ  per year;  
  N     is the number of cycles of accelerated stress corrosive infl uences; and  
  D s  ( N )    is the dependence of corrosion depth on the number of accelerated 

stress testing cycles.    

 For new components, use  T f   and  T s   .   r   .  as values of time for the basic types of 
studied components from actual use experience. These components can be 
new technical conditions, prototypes, and estimates of accelerated testing 
duration. Evaluate the function  D s  ( N ) to measure the value of corrosion infl u-
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ences on accelerated testing to obtain the corrosive results identical to fi eld 
testing.  D s  ( N ) measures the correlation of corrosion depth with the number 
of cycles of the accelerated infl uences. 

 The following research result measures the dependency of automobile com-
ponent corrosion depth due to the number of accelerated testing cycles for 
the above - mentioned methodology. It is

    D N Ns
0 0 711 2( ) = ⋅. ..   

 The dispersion of the evaluated function of deviation is

    Dd = 536 2mμ .   

 The confi dence interval of function  D   σ   0 ( N ) for  N I   can be evaluated as the 
confi dence interval of its mathematical expectation in given experiments for 
 n     =    8 random observations and the common variance of their deviations. 

 If one will use the Student ’ s criterion, this interval is available in the fol-
lowing equation:

    T D N t D ns I dβ β= ( ) ±0 / ,  

  where

  Index  β     is determined by the confi dence probability of the calculated inter-
val of function  D s   0  values and  

  t   β      is evaluated by Student ’ s distribution density tables for the accepted value 
 β  and  n     −    1   DOF.    

 Figure  4.21  shows the common approach for determining this 99% 
interval.   

 Use the following formula to calculate the number of infl uence cycles nec-
essary for the corrosion testing of automobiles, their components, and other 
types of mobile products:

    11 2 0 7
1 0. ,.⋅ − −N k N k  

  where  k  1     =     T c  /365 ·   ν  s   .   r   . ;  k  0     =     ν   f T f      −     ν   s   .   r   .  T s  , and where

  1       =    approximated mathematical expectation of function  D D   0 ( N );  
 2       =    the limit of its 99% confi dence probability intervals;  
  T c      is the duration of one cycle of stress infl uences by testing in days; and  
  ν   f   and  ν   s   .   r   .     are speeds of corrosion development under given climatic condi-

tions in m μ  per year.    

 The above - mentioned approach for accelerated corrosion testing evaluates 
different types of components in the automotive industry, farm machinery, 
off - highway equipment, food technology, and other industrial products. 



182  ACCELERATED RELIABILITY AND DURABILITY TESTING METHODOLOGY

 Another approach to accelerated corrosion testing of complete vehicles 
 [143]  is used for military vehicles. Corrosion testing combined with  “ durabil-
ity ”  (Baziari ’ s term) testing improves the ability to evaluate the interaction 
between corrosion and the physical stresses that act upon a vehicle. 

 The army service environment is different from the commercial automotive 
vehicle environment. Driving will include more off - road applications and the 
hauling of heavy loads. Vehicles also undergo long periods of static exposure 
at training locations or at prepositioning locations on land and at sea. The 
maintenance performed by military personnel will differ from a commercial 
automotive owner. The impact of these variations is unknown, but the army 
service environment is (expected to be) at least as severe as the worst com-
mercial environment. Table  4.9  provides the weight loss due to corrosion 
targets.   

 Corrosion test events by design are to 

   •      Apply different corrosive contaminants that are likely to be present in 
different service environments  

   •      Work those contaminants onto/into vehicle surfaces where they may 
occur during the expected use of the vehicle  

   •      Create an environment where the corrosion caused by these contami-
nants will occur at an accelerated rate    

 Applying contaminants and working them onto/into all appropriate 
surfaces of the vehicle occurs simultaneously throughout the CDT procedure 
test events. Accelerate the corrosion mechanisms with an environmental 

       Figure 4.21.     Statistical probability generalization of the data of corrosion depth by 
dependence on the cycle number of stress infl uences combined with the used corrosion 
chamber and normalized road motion  [43] .  
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chamber that maintains a high - temperature and high - humidity environment. 
Baziari  [143]  wrote that the amount of time spent within the chamber controls 
the severity of the corrosion on the test vehicles throughout the test.  “ Event ”  
refers to the lowest level of vehicle driving activity.  “ Cycle ”  refers to the group 
of events completed in a driving period.  “ Phase ”  refers to a test year. The 
hierarchy of corrosion test events includes the following:

    •      Each individual corrosion or durability input is considered an event.  
   •      The sequence of events is considered a cycle.  
   •      One phase is composed of 10 cycles.    

 The corrosion/durability test utilizes an expected mission profi le that 
includes driving on four different terrains 

TABLE 4.9 Test Year Cumulative Control Coupon Corrosion Weight Loss 
Targets [143]

Test Year Cumulative Weight Loss (g) Test Year Cumulative Weight Loss (g) 

  1    0.489    12    8.30  
  2    1.28    13    8.94  
  3    2.13    14    9.57  
  4    2.98    15    10.2  
  5    3.83    16    10.9  
  6    4.47    17    11.5  
  7    5.11    18    12.1  
  8    5.74    19    12.8  
  9    6.39    20    13.4  

  10    7.02    21    14.0  
  11    7.66    22    14.7  

Note: Weight loss values are for a 1008 steel coupon measuring 1 × 2 × 1/8 in., having a total 
surface area of 30.65 cm2.

  Surface    Percentage of Travel  

  Primary roads (paved road)    10%  
  Secondary roads (gravel road)    20%  
  Trails ( “ Belgian ”  blocks)    30%  
  Cross country (rolling hills)    40%  

 The corrosion/durability test  [143]  closely approximates the anticipated 
fi elding of this vehicle. The test phases closely match the type of driving terrain 
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and accelerate the environmental infl uences in which the vehicle will be oper-
ated. The conceptual design of the daily test events is in Figure  4.22 .   

 Several different test events are included in the accelerated corrosion 
testing. Each event is a corrosion input. The establishment of these test event 
requirements occurred during the development of the CDT in the 1980s. 
Recently, the requirements were modifi ed to refl ect the current state - of - the -
 art conditions in vehicle corrosion testing. 

 The salt solutions used for this test contain contaminants representative of 
elements found in the various natural environments where the vehicle will 
operate. They may include airborne chlorides and deicing salts among others. 
This corrosion test uses two solutions. The salt splash portion of the corrosion 
course uses the fi rst solution exclusively: 5% by weight sodium chloride solu-
tion. The grit trough and salt mist portions of the corrosion course use the 
second solution. Its chemical makeup is listed with the following mixture 
percentages:

   0.9% Sodium chloride (NaCl)  
  0.1% Calcium chloride (CaCl)  
  0.075% Sodium bicarbonate (NaHCO 3 )    

 Both tests illustrate the modern essence of accelerated corrosion testing, as 
a component, in combination with other types of testing, for ART/ADT.  

4.5.7.8 Accelerated Corrosion Testing by Corrosion Technology Laboratory 
at KSC.   The Corrosion Technology Laboratory at KSC has the facilities, 
equipment, and experience to conduct indoor accelerated laboratory testing. 
The available equipment includes a salt fog chamber, a Q - Fog programmable 

Figure 4.22. Test cycle events. 
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CCT - 1100 cyclic corrosion salt fog chamber, a QUV/spray accelerated weath-
ering tester, and a Q - Sun Xenon test chamber Xe - HDS with dual spray capa-
bility cabinets to perform the typical accelerated corrosion testing  [132] . 

 While the use of accelerated corrosion testing for quality control and pre-
liminary investigations is routine, it is important to conduct real - time outdoor 
exposure tests in conjunction with accelerated laboratory tests to obtain mean-
ingful service life data. The Corrosion Technology Laboratory at the KSC has 
a beachside atmospheric exposure site to conduct long - term corrosion perfor-
mance testing. All facilities and expertise are available to customers outside 
NASA.  

4.5.7.9 Development of Accelerated Corrosion Testing Mode.   Oh SL  [144]  
published that the simulation of accelerated corrosion for a vehicle in a con-
trolled environment not only involves large chambers for actual vehicle testing 
but also requires careful consideration of the interactions between various 
parameters given the short time period that bounds the test. New corrosion 
testing modes now exist to reproduce various fi eld conditions using salt spray, 
climatic sunlight simulation, and cold chambers. Verifi cation of the test mode 
is verifi ed using four actual vehicle corrosion tests that correlate to the used 
cars of North America and northern Europe.    

4.6 TECHNOLOGY OF ADVANCED VIBRATION TESTING 

 Accelerated vibration testing may be one of the components of accelerated 
reliability (durability) testing, or an independent type of testing. It depends on 
the goal of vibration testing. Of greater value is the use of vibration testing as 
a component of ART. There are different types of vibration: random, sinusoi-
dal, classical shock, and others. 

 The vibration as an output variable for all mobile products, as well as most 
stationary products, has a random character. Therefore, it is necessary to use 
random vibration for ART/ADT. Accordingly, this book considers the meth-
odology and equipment for random vibration. 

 A basic criterion for the use of vibration testing technology as a component 
of ART/ADT technology is that the technology for vibration testing must be 
accurate in order to simulate real - life input infl uences of the vibration on the 
actual product. As shown earlier, the vibration of a product is an output param-
eter. This is a result of the input infl uences for a mobile product including 
(Fig.  4.23 ) road features (type of road, profi le, density, hardness, and moisture), 
design and quality of the whole product, design and quality of wheels, coupling 
of wheels, surface of road, surface stability due to weather changes, speed of 
test subject movement, and wind speed and direction. The types of road sur-
faces include concrete, asphalt, cobblestone, brick, or dirt road. Most of the 
surface infl uences on the product have a random character.   
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 The characteristics of the infl uences determine the stiffness, inertia, 
elasticity, and dampening qualities of the product. The result of the intercon-
nection for these factors is the vibration of a mobile product on a particular 
surface under specifi ed conditions. Therefore, treat the mobile product as a 
dynamic system that vibrates due to the complex input infl uences and 
interconnections. 

 Together with his colleagues, the author created a new technology of vibra-
tion testing, including methodology and equipment. The basis of this method-
ology is the theoretical and experimental research results with electronic 
products, car trailers, trucks, and farm machinery. The basic components of this 
methodology are the following:

    •      Accurate simulation of real fi eld infl uences as shown in Figure  4.23   
   •      Vibration in three linear axes for a wheeled mobile product and six axes 

(three linear and three angular) for another product  
   •      Execution of a random process of input infl uences as it is in real life  

       Figure 4.23.     Vibration of a mobile product as a result of complex input infl uences.  

Vibration of mobile product

Stiffness, damper, elastic, and inertia
qualities of the product

Others

Features of the
road

Speed of test
subject

Design and
quality of the
whole product

Speed and
direction of the

wind

Type of the road

Concrete

Asphalt

Cobblestone Other

Earth
road

Profile
(surface)

Etc.

Density

Coupling of
the wheels

with the surface
of the road

Design and
quality of
the wheels



TECHNOLOGY OF ADVANCED VIBRATION TESTING  187

   •      This random process of values for the statistical characteristics (normal-
ized correlation, power spectrum, variance, and mean) of the amplitudes 
and frequencies of vibration for the test must be similar to the random 
process of corresponding values of statistical characteristics in the fi eld, 
within given divergences (3%, 5% or other limit)    

 The advanced vibration testing technology requires unique features like 
working heads that provide accurate assigned random values for the accelera-
tion amplitude and frequency. The system of control consists of a computer 
with a peripheral network system and sensors for vibroacceleration and 
tension. Vibration is available for both mobile and stationary products. 
Vibration is delivered by universal and special - purpose vibration equipment 
and equipment provided for special products. It covers wheeled and stationary 
applications acting in one to three linear and in one to three angular axes for 
a total of up to 6  degrees of freedom  ( DOF ). This technology design is simpler 
than modern technologies that use electrohydraulic and electrodynamic equip-
ment with no deterioration of performance. It also expands the functional 
applications to a wider range of markets. 

 Figure  4.24  shows the principal scheme for mounting sensors on a car ’ s 
trailer. To execute this technology, the parameters of the vibration equipment 
are provided by a different combination of the following factors: high level of 
simulation, frequency of the drum rotation, and the number of lugs that act 
on the test subject during each moment.   

 When the large automotive company KAMAZ Inc. (Russia, 200,000 
employees, about 100 plants) wanted to change its current multiaxis vibration 
equipment for new equipment to test completed trucks (30 tons of weight and 

       Figure 4.24.     Example of sensor locations on a car ’ s trailer.  
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with three axles) in one to three linear axes at the end of the 1980s, they 
ordered this equipment from Carl Schenk (Germany). Carl Schenk asked $9 
million for this equipment. 

 The Russian company TESTMASH, where the author was once chairman 
and research leader, agreed to solve this problem for $1.5 million. Then 
TESTMASH implemented this type of equipment for KAMAZ Inc. The 
TESTMASH equipment is simpler to produce, has greater functional possibili-
ties, and more accurately simulates the fi eld situation. The basic advantage of 
this equipment is the accurate simulation of real vibration. It is still modern, 
up - to - date, and other companies continue to use it. 

 The components of this equipment with working heads are in Chapter  5  
(Figures  5.38  and  5.39 ). 

 This technology is for electronics, car trailers, trucks, farm machinery, and 
other items. Tables  4.10  and  4.11  show some of the car ’ s trailer testing results. 
The difference of the tension in the laboratory (new vibration technology) 
compared to the fi eld was no more than 8%.   

TABLE 4.11 Results of Comparative Testing of the Car Trailer in the Field and in 
the Laboratory * [43]

Type of Testing 

Linear Speed 
Tension at the Most Loaded Point of 

Trailer Frame 

mph kg/cm2 %

  Empty trailer  
     Town road    37.50    272.00    100.00  
     Laboratory    5.60    251.00    92.00  
  Full trailer  
     Highway    37.50    442.00    100.00  
     Laboratory    5.60    424.00    96.00  
     Field    12.50    318.00    100.00  
     Laboratory    4.00    312.00    98.10  

*The mathematical expectation is shown. The normalized correlation and power spectrum would 
have a difference similar to that of frequency and amplitude. 

TABLE 4.10 The Frequency of Vibroaccelerations of the Car ’s Trailer Axle [43]

Type of 
Road

Field Under Laboratory Conditions 

Linear
Speed
(mph)

Minimum
Frequency

(Hz)

Maximum
Frequency

(Hz)

Linear
Speed of 

Drum (mph) 

Minimum
Frequency

(Hz)

Maximum
Frequency

(Hz)

  Town road    37.50    26    248    5.60    16    324  
  Highway    50.00    36    224    5.60    24    357  
  Field    12.50    28    221    4.05    26    362  
  Cobblestone    12.50    30    271    3.08    23    314  



TECHNOLOGY OF ADVANCED VIBRATION TESTING  189

       Figure 4.25.     Normalized correlation and power spectrum of frame tension data for a 
car ’ s trailer in fi eld conditions and with the new vibration equipment  [43] .  
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 Figure  4.25  shows that the characteristics of the random process with new 
vibration equipment are also similar to these characteristics in fi eld 
conditions.   

 The test results show that this technology makes it possible to eliminate 
some of the negative aspects of the current vibration equipment. 

 As Chapter  5  shows, the equipment developed for this methodology has 
the following capabilities:

   1.     The equipment has the ability to simulate different physical - mechanical 
qualities of roads. This is not possible with the other current vibration 
testing equipment.  

  2.     The equipment has the capability to simulate random vibration in three 
axes for equipment (cars and others) with wheels.  

  3.     It can simulate torsion swing in the simultaneous combination of linear 
and angular vibrations. Other equipment cannot do this simulation.  

  4.     This equipment can integrate vibration and dynamometer testing.    

 This equipment is easy to combine with other components for ART/ADT. 
It combines with a test chamber, transmission, engine, clutch, fans, or a power 
system to achieve their simultaneous vibration requirements. The design of 
this equipment is less complex and expensive than current electrodynamic and 
servohydraulic equipment. 
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 The plan to achieve system control for truck vibration equipment is in 
Figure  4.26 .   

 The second use for advanced vibration testing technology (simulation 
6   DOF) is similar, but it is less complex and less expensive. The basic advan-
tages of this type of vibration testing is that it ’ s applicable to many types of 
stationary and mobile products, such as mechanical, electrical, and electronic 
products plus to more complicated products. 

Figure 4.26. Scheme of system of control for truck vibration equipment. 
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 Specifi cally, the basic advance by this technology is vibration testing in 
6   DOF: three linear and three angular. In the 21st century, the author devel-
oped the above technology for vibration testing concurrently with the devel-
opment of ARTT and ADTT.  

4.7 FIELD RELIABILITY TESTING 

 Usually when one conducts reliability fi eld testing, one wants to evaluate reli-
ability during a short time, usually one season of work. This applies to products 
that work for a short time during the year, such as some farm machinery 
including different types of harvesters and fertilizer spreaders. 

 These machines work in the fi eld during one season, and the results of their 
work provide initial information for evaluation of their reliability and main-
tainability for this season. If one performs this fi eld testing more intensively 
than under normal usage to obtain the volume of work for more than one 
season of normal usage, then the results of this test are not accurate for reli-
ability and maintainability evaluation for this volume of work. For example, 
the normal volume of a harvester ’ s work for one season is 150 hours. If the 
harvester operates for 300 hours (two normal seasons ’  volume of work) during 
one season, then one cannot accurately evaluate the reliability and maintain-
ability of this harvester for 2 years (seasons) because this does not take into 
account the results of interacting environmental infl uences (corrosion, crack, 
and deformation) on the harvester ’ s reliability and maintainability during 
the storage time. This is important because storage time is much longer than 
work time. 

 Field test results for reliability, quality, and performance and the evaluation 
of the ease of operation and servicing are one of the most important decision 
criteria for or against a farm machine. One cannot underestimate criteria like 
postsale service or machinery reliability and durability. Thus, in a survey of 760 
combine owners, 66% reported service as a decisive reason for purchase  [145] . 

 Both customer service and spare parts supply through farm machinery 
dealers and manufacturers and the working lifetime and reliability cannot be 
precisely determined. To interpret the test results and decisions regarding the 
investment, the results from the fi eld tests and on - farm surveys, analysis of 
technical data, and the results of scientifi c tests are all essential.  

4.8 TRENDS IN THE DEVELOPMENT OF ART/ADT TECHNOLOGY 

 How can one improve the current situation and realize that ART/ADT tech-
nology gives initial information for the AP of fi eld reliability, provides rapid 
and cost - effective solutions, and provides initial estimates of other quality (Q), 
durability (D), and maintainability (M) problems? 
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 It is necessary to understand trends in the development of ART/ADT 
technology: the general trends and the trends for a specifi c product. 

 The basis of this technology is APS of the fi eld  input infl uences  ( II ) on the 
actual product, as well as, safety (S) and HFs. The trends in the development 
of  accelerated reliability testing technology  ( ARTT ) and accelerated durabil-
ity testing technology (ADTT) (Fig.  4.27 ) follow:

    •      Trend #1 includes    
   �      The basic concepts of development  
   �      Determination of how to obtain accurate initial information from the 

fi eld for a product under consideration  
   �      Determination of how to accurately simulate the fi eld situation for a 

considered product  
   �      Use the degradation (failure) mechanisms of the product as a criterion 

for an accurate simulation of fi eld input infl uences  
   �      Considering the simulation of fi eld input infl uences, safety, and human 

factors as interconnected components of one integrated complex  

       Figure 4.27.     Basic trends in the development of accelerated reliability/durability testing 
technology (ARTT/ADTT).  
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�      Development of the methodology to select the representative input 
region for the APS of the fi eld conditions    

   •      Trend #2 includes 
�      Use the fi eld characteristics as the external conditions during the 

machinery use  
�      Development of classifi cations and characteristics of the world ’ s 

climate for their effect on technical goals  
�      Performance of detailed analyses of the infl uences that quantitative 

fi eld characteristics have on the product reliability and durability. 
These infl uences include thermal regimes, air fl uctuations, air humidity 
and rain, wind speed, fog and dew, atmospheric phenomena, charac-
teristics of their combined factors, biological factors, infl uences of solar 
radiation, fl uctuations and rapid changes, and the characteristics of the 
combination of infl uences on basic climatic factors  

�      Separation of all fi eld factors by two groups  
  1.     Decrease in quality, reliability, durability, and maintainability (Q, R, 

D, and M)  
  2.     No decrease in quality, reliability, durability, and maintainability      

   •      Trend #3 includes 
�      Providing APS in the laboratory of each real - life input infl uence that 

decreases a product ’ s reliability, quality, maintainability, and 
durability

�      Development of a technique to perform the necessary simultaneous 
combination of the numerous fi eld infl uences for each product  

�      Development of a system of control for the physical simulation of 
random input infl uences  

�      Development of a technique to provide special fi eld testing (in general, 
as well as for the specifi c product) in addition to the accelerated labo-
ratory testing  

�      Development of a testing technique that takes into account the inter-
connection and interactions of the product components as well as the 
interconnection of different input infl uences with safety and human 
factors

�      Creation of a new artifi cial media substitute for natural technological 
media when necessary  

�      Development of an accurate simulation for safety problems and 
human factors 

   •      Trend #4 Testing equipment on the current market is not suitable for 
ART and ADT. It does not provide accurate simulation of the fi eld infl u-
ences. Therefore, it is important to develop new equipment to meet this 
goal. For example, it is expensive to mechanically combine the various 
test equipment for accelerated multi - environmental testing/humidity, 
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temperature, chemical and mechanical pollution, all three parts of radia-
tion (ultraviolet, infrared, and visible), air and gas pressure, wind, snow, 
and rain/. 

 One also needs to consider the design and overall cost problems. The 
particular system applies only to multi - environmental accelerated testing 
that is a component of ART and ADT. Complete ART is more compli-
cated and needs more attention. 

 Develop new, less expensive equipment with more functional possibili-
ties for the simultaneous combination of different types of fi eld input 
infl uences. 

 Sections  5.2 ,  5.3 , and  5.5  demonstrated how this trend developed. 
These sections describe the practical essence of the trends with new 
combined equipment for ART. The trends include the use of electronic 
devices, combined equipment for multi - environmental testing, equip-
ment for combined vibration testing, and other useful test apparatuses. 
This was not apparent 10 – 20 years ago. 

 The process of testing equipment development is moving very slowly, 
mostly through the development of electronic systems of control, but not 
through the development of the working heads for the equipment. The 
fault lies with both the companies that produce test equipment and the 
companies that use the test equipment. Combined test equipment is more 
expensive, and users want to save money by purchasing simpler and less 
expensive test equipment. However, this approach is wrong. It does not 
take into account lower testing quality that requires more time for 
product development and raises the cost of the product ’ s development, 
improvement, and use. 

 ART/ADT provides an effective means to reduce the time and cost 
of product development and to save money, especially in the manufacture 
and usage stages. 

 One needs to increase the speed of ART/ADT standards development 
and implementation to increase the speed of the ART/ADT equipment 
development. 

 Chapter  5  addresses this problem.  
   •      Trend #5 consists of 

�      Development of the entire technology for step - by - step ART/ADT  
�      Implementation of advanced reliability/durability testing as a step - by -

 step technology, that is, implementation of a test chamber with one 
type of equipment, for example, vibration. Then, add to this test 
chamber a second type of equipment, for example, for temperature 
and humidity simulation. Then, add to this test chamber a third type 
of equipment, for example, for solar radiation simulation. The more 
effective method of implementation begins with the types of testing 
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that have the greatest weight for the reliability and quality of the test 
subject. This is usually an expert ’ s estimate.  

�      Providing laboratory accelerated testing technology as a simultaneous 
combination of multiple environmental, mechanical, electrical, and 
other components of ART/ADT.  

�      Providing the previously mentioned accelerated laboratory and special 
fi eld testing in combination with safety and human factors.    

   •      Trend #6 The development of methods and equipment using ART/ADT 
results as a source of initial information for AP and accelerated develop-
ment of reliability, quality, maintainability, availability, and safety.  

   •      Trend #7 The life cycle of the product consists of three stages: design, 
manufacturing, and usage. ART/ADT can help to decrease the cost of all 
three stages and, as a result, to minimize the life cycle cost of the product. 
Usually, the usage stage incurs more than 50% of the life cycle cost. 
Therefore, decreasing the cost at this stage is the most important factor 
of minimizing the life cycle cost. 

 How can ART/ADT help to do this? AP helps to minimize the time 
between maintenance or repairs and the duration of these procedures. 
As a result, a decrease in maintenance and repair costs reduce the life 
cycle cost. ART/ADT makes it possible to reduce the time and cost of 
product development and improvement. This saves money, especially in 
the manufacturing and usage stages. 

 Life cycle cost is all costs associated with design, manufacture, and 
usage. To show that ART (ADT) is cost effective, it is necessary to 
develop the methods that take into account the cost of recalls and com-
plaints, loss of business, the increase in the warranty period, the adjust-
ment in the time and cost of maintenance, and to maintain the product 
reputation.     

EXERCISES

4.1    What kind of testing do some other authors identify as ART/ADT? Why 
are they wrong?   

4.2    Describe the basic components of ART/ADT philosophy.   

4.3    Why base ART/ADT on the simulation of three complexes?   

4.4    Why is ART/ADT a combination of different types of testing?   

4.5    Describe the methodological requirements of ART/ADT.   

4.6    What kind of human factors need consideration for general 
dimensions?   
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4.7    Why does one not need to simulate separate input infl uences or their 
small group when conducting ART/ADT?   

4.8    Describe the basic principles of AMET.   

4.9    Describe what AMET is as a component of ART/ADT. Show this 
schematically.   

4.10    Describe the specifi cs of accelerated environmental testing of composite 
structures.   

4.11    What is the essence of global dimming?   

4.12    How does the direct cost of corrosion differ from the indirect cost of 
corrosion?   

4.13    Describe and show corrosion resulting from different complexes and 
types of different groups of infl uences. What is the composition of each 
group?   

4.14    Describe the forms of corrosion you know. What are the specifi cs of 
each of them?   

4.15    Describe corrosion in the marine environments.   

4.16    Describe the specifi cs of aircraft corrosion.   

4.17    Briefl y describe accelerated corrosion methods and their specifi cs. Why 
is it not possible to use all of them for the AP of the system ’ s corrosion 
degradation in the fi eld?   

4.18    Why does separate corrosion testing not provide accurate information 
for reliability and durability prediction?   

4.19    Describe an example demonstrating corrosion testing in the automotive 
industry.   

4.20    What is the basic advantage of modernized accelerated corrosion 
testing?   

4.21    What kind of problems must one solve to establish the accelerated cor-
rosion testing conditions of steel?   

4.22    How does one proceed to establish the necessary temperature in the 
test chamber if the temperature is one of the components of accelerated 
corrosion testing?   

4.23    How does one proceed to establish the necessary humidity in the test 
chamber if humidity is one of the components of accelerated corrosion 
testing?   

4.24    Describe a short methodology for determining the dependence of  “ steel 
corrosion versus the number of wettings. ”    
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4.25    Show and describe the equation for the approximation of steel corro-
sion based on the number of wettings when the number of wettings 
exceeds 100.   

4.26    Draw the table that demonstrates the possible variants of standard 
deviation and mathematical expectation between the expected value for 
real - life and test chamber conditions.   

4.27    After conducting corrosion testing in test chambers, how can one evalu-
ate whether the testing conditions correspond to the fi eld conditions? 
Show how the testing results correspond to the fi eld results.   

4.28    Accelerated corrosion testing of components differs from the acceler-
ated testing of complete equipment. What are the basic differences?   

4.29    Show schematically the complex of input infl uences that have an infl u-
ence on the mobile product ’ s vibration.   

4.30    There are many types of vibration equipment. Which types of vibration 
equipment constitute advanced vibration equipment? What are the spe-
cifi cs of advanced vibration equipment?   

4.31    The book includes seven trends in the development of ART/ADT tech-
nology. Describe one of these trends.        
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Chapter 5

Equipment for Accelerated 
Reliability (Durability) 
Testing Technology 

5.1 ANALYSIS OF THE CURRENT SITUATION WITH EQUIPMENT FOR 
ACCELERATED RELIABILITY (DURABILITY) TESTING 

 One can use these recent exhibitions to analyze testing equipment: Aeros-
pace Testing Expo 2006, Automotive Testing Expo 2008 Europe, Automotive 
Testing Expo 2008 North America, Aero Test America 2008, SAE International 
2009 Aero Tech Congress and Exhibition, the Automotive Testing Expo 2009 
North America, and Automotive Testing Expo 2010 North America. 

 The Aerospace Test Expo 2006 occurred on November 15 – 17 in the Anaheim 
Convention Center, California. David Pegler, Managing Director — Exhibitions 
Division, UkiP (United Kingdom) Media  &  Events Aerospace Testing Expo 
2006, wrote that more than 250 of the world ’ s leading suppliers of testing 
technologies, solutions, equipment, and special services attended. They 
addressed the full life cycle of airframe, power plant, subassembly, and com-
ponent  “ test ”  applications within the critical areas of 

   •      Research and development testing and evaluation  
   •      Flight testing and certifi cation  
   •      Production, assembly testing, and quality management  
   •      Maintenance engineering test and inspection plus much more    

 This expo consisted of three basic components: exhibition, seminars, and 
forums (Chapter  4  analyzed the forums). Participating worldwide companies 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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and organizations included the Aero Testing Alliance (France), Boeing 
Technology Services (United States), Lockheed Martin (United States), MTS 
Systems Corporation (United States), NASA Glenn Research and Center 
Plum Brook Station (United States), Br ü el  &  Kj æ r (United States), CEL 
Aerospace Test Equipment Ltd. (Canada), Fabreeka International (United 
States), Honeywell (United States), Kyowa Electronic Instruments Co Ltd. 
(Japan), LDS Test and Measurement (United States), National Instruments 
(United States), RENK LABECO Test Systems Corporation (United States), 
TechSAT GmbH (Germany), and Tyco Electronics Gath (United States). 

 The following analysis of the exhibition and development forum contents 
provides information on how physical simulation and testing technology 
develop, especially accelerated reliability testing (ART) technology. The fi rst 
impression from the exhibition was that the booths did not demonstrate tech-
niques and equipment for reliability testing. 

 Let us analyze the booth contents for Aerospace Testing Expo 2006. 
 East - West Technology Corporation demonstrated  “ Environmental 

Simulation Climatic. ”  
 It showed equipment for the simulation of 

   •      Corrosive Atmosphere :      Salt fog/sulfur dioxide (SO 2 )/copper acidifi ed salt 
solution

   •      Blowing Sand and Dust :     Requirements of MIL - STD - 810, Method 510, 
and procedures with wind velocities to 6000   fpm  

   •      Explosive Atmosphere Environments :      Hexane, aviation fuels, hydrogen, 
propane, and butane to altitudes of 100,000   ft and temperature of 475 ° F  

   •      Fungus Resistance :      Certifi ed spores and inspections 28 -  to 90 - day 
exposures

   •      Temperature Extremes :   − 320 to 2000 ° F with transition rates up to 1000 ° F/
min

   •      Humidity:      Temperature humidity cycling from 2 to 100% condensing 
and noncondensing    

 The above - mentioned simulation equipment is suffi cient for the separate 
simulation of climate parameters, but it is not suffi cient for the simulation of 
the complete environmental complex. Therefore, it is inadequate for effective 
ART. 

 This company demonstrated vibration simulation for aircraft. One PAL 
133 - 30P supports the aircraft nose. This isolator can support and lift 13,300   lb 
(6000   kg), 11,500   kg, and other loads. 

 The vertical and horizontal natural frequencies are 1.0 and 1.5   Hz. The 
jacking unit raises the fuselage approximately 21   in. (530   mm). 

 This type of vibration simulation is inadequate for ART because it utilizes 
separate types of mechanical fi eld infl uences without taking into account wear 
and other interacting mechanical infl uences and environmental factors. 
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 The exhibits included several types of wind tunnels. These wind tunnels 
simulate fl uctuation and air pressure and are appropriate for experiments, 
development, and maintenance in areas such as aerodynamics, fl ight mechan-
ics, energetic, structures, materials, and test instrumentation. These wind 
tunnels are also suitable for research disciplines such as optics, electro - optics, 
electromagnetism, automation, and information technology required to 
support the aerospace industry worldwide. This type of wind tunnel cannot 
provide reliability testing for obtaining initial information for quality and reli-
ability prediction. It is only one of the components for ART. 

 In this case, one can use the title of the DNB Engineering, Inc. (an exhibitor 
at the Aerospace Expo) brochure:  Is Your Testing Solution Reliable?  The 
answer to this question lies in the contents of this company ’ s work demon-
strated at its booths and by other companies. The simulation is for their testing 
capabilities and includes the simulation for only the types of testing shown 
below

   •      Electromagnetic  
   •      Electromagnetic compatibility (EMC)  
   •      Lighting  
   •      High - intensity radiated fi eld  
   •      Product Safety  
   •      Environmental  
   •      Acoustics    

 These types of testing are independent of each other; therefore, they are 
insuffi cient for reliability/durability testing. 

 L - 3 Communications Cincinnati Electronics showed Simulated Environments 
that one uses to provide environmental and climatic stress screening. This 
company ’ s Environmental Simulation Test Laboratory includes the following 
simulation capabilities:

    •      For climatic testing  
   •  •      Temperature and humidity  

   –      One 32 - ft 3  chamber (38 "     ×    38 "     ×    38 "  working area)  
   –      Temperature    

   •  •      Altitude (low pressure) 
   1.     One 64 - ft 3  chamber (4 ′     ×    4 ′     ×    4 ′  working area)  
  2.     Temperature:  − 73 to  + 177 ° C ( − 100 to  + 350 ° F)  
  3.     Controlled altitude to 10   mbars (100,000   ft)  
  4.     Temperature cycling capabilities  
  5.     Microprocessor controlled    
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   •  •      Temperature cycling 
    –      Three chambers available  
  6.     Two chambers up to 6 ′     ×    4 ′     ×    4 ′
  7.     One chamber up to 54 "     ×    54 "     ×    42 "   
  8.     Temperature:  − 73 to  + 177 ° C ( − 100 to  + 350 ° F)  
  9.     Temperature cycling capabilities  

  10.     Temperature change of 10 ° C/min  
  11.     Microprocessor controlled        

   •      For environmental stress screening simulation and testing 
    •  •      Thermal shock  

  12.     Dual basket system (28 "     ×    28 "     ×    28 "  work space)  
  13.     Temperature:  − 73 to  + 177 ° C ( − 100 to  + 350 ° F)  
  14.     Microprocessor controlled    

   •  •      For vibration and shock simulation and testing  
   •  •      Electrodynamic vibration shakers provide the following maximum 

performance spectrum: 
   15.     T1000 Unholtz - Dickie shaker with slip plate  
  16.     D300 Ling shaker with slip plate  
  17.     A395 Ling shaker with slip plate  
  18.     Two EST 2648 fi xed horizontal shakers with temperature dwell 

and cycling  
  19.     Shock testing (electrodynamic vibration shakers that provide 

the capability of classical shock and shock response spectrum 
shock)        

 The previous items represent the simulation of separate parameters and 
therefore are unsatisfactory for successful accelerated reliability (durability) 
testing. 

 Let us analyze how the demonstrated test equipment relates to reliability 
testing. Lockheed Martin demonstrated the High - Speed Wind Tunnel for 

   •      Calibrations of balances and transducers  
   •      Strain gage installation  
   •      Six - component internal strain gage force balances, with or without fl ow -

 through capability  
   •      Special - purpose balances  
   •      Calibration equipment  
   •      Complete models, components, and modifi cations  
   •      Strings and support equipment  
   •      Thrust and test strands    
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 Similar solutions to problems were included in other presentations. These 
solutions are not relevant for accelerated reliability (durability) testing. 

 L - 3 Communications Cincinnati Electronics provides high - intensity radi-
ated fi eld testing that includes frequencies from 10   KHz to 40   GHz with 
continuous scan capability. The testing services offered include the following:

    •      Climatic testing (altitude [low pressure], humidity, temperature, tempera-
ture cycling, and salt fog atmosphere)  

   •      Electromagnetic interference/capability  
   •      Electromagnetic pulse  
   •      Electrostatic discharge (ESD)  
   •      Environmental stress screening  
   •      High - intensity radiated fi eld  
   •      High - power RF testing (power handling capability)  
   •      Lighting indirect effects  
   •      Nacelle attenuation testing  
   •      Shock and vibration    

 One can conclude that L - 3 provides a wide range of testing. These are sepa-
rate types of testing and use only part of the components that one needs for 
reliability testing. Therefore, it cannot accurately predict quality, reliability, and 
durability. 

 CEL Aerospace Test Equipment Ltd. (Canada) demonstrated that this 
company has 

   •      Test cell equipment  
   •      A turbofan test cell  
   •      A turbofan test cell — low/mid speed  
   •      A turbofan test cell — high speed  
   •      An APU test cell  
   •      Fuel accessories test stands  
   •      Component test stands  
   •      Engine throttle controls  
   •      An industrial engine test cell  
   •      A turbo shaft test cell — tilt rotor    

 This test equipment operates separately and independently; thus, it is not 
suffi cient for ART. 

 The description of the East - West Technology Corporation types of simula-
tion and equipment shows that this equipment is also not intended for reli-
ability testing. 
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 RENK LABECO Test Systems Corporation ’ s experience is in the manu-
facturing of transmission (dynamometer systems) and power transmission for 
testing, research, and development in aviation, automotive, aerospace, railway, 
and other areas of industry. This equipment independently simulates separate 
components of the fi eld situation. Therefore, it also is not adequate for the 
reliability testing of the product. 

 Other industrial companies that demonstrated their test equipment in the 
Aerospace Test Expo 2006 also did not show equipment for ART. Therefore, 
the above as well as other companies ’  booths at the Aerospace Test Expo 2006 
did not mention any equipment that could be used for ART as a source of the 
information for the accurate prediction of quality and reliability during the 
period of use (service life and guarantee period). As a result, problems con-
tinue with practical prediction. For example, when the research station was 
sent to Mars in 2001, the prediction was that the station would work for a 
minimum of 3 months. However, it only worked for 3 days. 

 In the chapter about testing services, only one company, Garwood 
Laboratories, Inc., mentioned that, in addition to shock and vibration, climatic, 
MIL/Aero and commercial hydraulics, EMS/EMI/RF lighting simulation, and 
product safety testing, it performs NEBS ESS/reliability testing. Nevertheless, 
it did not describe what it meant by the term  “ reliability testing. ”  We can 
conclude from the above - mentioned analysis of Aerospace Testing Expo 2006 
that existing techniques and equipment cannot help accurately to predict 
quality and reliability over time. The reason is the absence of an accurate 
simulation of the fi eld situation. They independently simulate only the sepa-
rate components of the fi eld input infl uences or part of them in the real envi-
ronment. They do not simulate most of the interconnected fi eld input infl uences 
(changing during a given time of temperature, humidity, fog, air fl uctuation 
and pressures, solar radiation, mechanical and chemical pollution, etc.) that 
act simultaneously and in combination. 

 This type of simulation will not provide a basis for ART that offers initial 
information for the accurate prediction of product quality, reliability, and 
durability. 

 The exhibit profi le of Aero Test America 2008 contained more than 40 types 
of testing, including static and durability testing and reliability/life cycle testing. 
However, the last two types of testing used only the simulation of parts from 
the whole complex of real - life input infl uences. This is one more example of 
the misunderstanding of what  “ durability testing ”  or reliability testing actually 
means. 

 Similar results emerged for the automotive industry during Automotive 
Testing Expo North America 2008 (October 22 – 24, Novi, Detroit), which 
encompassed 43 categories of products including the following:

    •      Acoustic testing  
   •      Aerodynamic and wind tunnel testing  
   •      Automated test equipment  
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   •      Automatic inspection  
   •      Calibration  
   •      Component testing  
   •      Crash test analysis  
   •      Data acquisition and signal analysis  
   •      Dynamometers  
   •      Electrical system testing  
   •      Electronics and microelectronics testing  
   •      EMC/electrical interference testing  
   •      Engine/emission testing  
   •      Hydraulics testing  
   •      Impact and crash testing  
   •      Materials testing    

 One of the 43 categories was reliability/life cycle testing. In this group, 89 
companies demonstrated their products. Only two companies, Weiss 
Environmental Technology Inc. and Seoul Industry Engineering Co, Ltd. R & D 
Center, demonstrated combined testing equipment for ART/accelerated dura-
bility testing (ADT). Several companies demonstrated equipment that com-
bined simulation for only two to three types of input infl uences out of many 
types of fi eld input infl uences. 

 ADT, especially ART, did not have an exhibit in the automotive industry 
during Automotive Testing Expo North America 2008. Thus, is it not possible 
to discuss the development of the accurate prediction and the accelerated 
improvement of reliability, durability, maintainability and, availability within 
this show.

Technical Program of SAE 2009 Aero Tech Congress 

  Aerospace Operations  
   •      Aerospace Modeling and Simulation  
   •      Airspace Systems Design    

  Automated Fastening/Assembly and Tooling (AeroFast) 
    •      Change to Assembly Methodologies and Advanced Assembly Fixtures 

and Tooling  
   •      Large Component Assembly and Subassembly  
   •      Major Section and Final Assembly  
   •      Automated Drilling and Fastening Systems  
   •      Automated Robotic Drilling and Fastening Systems  
   •      Advanced Portable Tools  
   •      New and Enhanced Fasteners  
   •      Composites Assembly    
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  Aviation Cyberphysical Security 
    •      Aeronautical Network and Application Security  
   •      Product Life Cycle Management  
   •      Security of Distributed, Integrated Software  
   •      Intensive Systems    

  Avionics 
    •      Display, Cockpit, and IFE Systems  
   •      Flight Control Systems  
   •      Avionics and Aircraft Control Systems IVHM  
   •      Distributed Electric Systems, Controls, Platforms, Smart Sensors, and 

Actuators
   •      Application of Avionics and Software in Harsh Environments (Space/

Defense)
   •      Integrated Model - Based System, Application, and Architectures  
   •      Infrastructure Technologies — Network Technology  
   •      Infrastructure Technologies — Multicore Processing and COTS 

Platforms
   •      Systems Integration Platforms and Architectures  
   •      Integrated Modular Avionics and Distribution  
   •      Computing Platforms    

  Business/Economics 
    •      Aircraft for 2030 and Beyond  
   •      Light Business Jets  
   •      Next Generation Air Traffi c Management  
   •      Market Forecasts  
   •      New Global Markets  
   •      Business Models    

  Environment 
    •      Aircraft ECS and Cabin Environment  
   •      Airplane Design for Environment  
   •      Emissions  
   •      Energy  
   •      Environmental Materials  
   •      Environmental Materials and Processes  
   •      Noise    

  Flight Sciences 
    •      General Aerodynamics  
   •      Aircraft Design  
   •      Aircraft Design Methods  
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   •      Flight Control Technology  
   •      Flying Cars  
   •       Computational Fluid Dynamics  ( CFD )  
   •      Aircraft Icing    

  Manufacturing, Materials, and Structures 
    •      Advanced Robotics Applications  
   •      Composites Fabrication and Joining  
   •      Direct Digital Manufacturing  
   •      Environmental Compliance, Green or Sustainable Applications  
   •      High Output Composites  
   •      Laser Applications  
   •      Lean Manufacturing, Six Sigma, and Supply Chain  
   •      Metals, Fabrication and Processing  
   •      Metrology Automated Systems  
   •      Product Design and Manufacturing Integration  
   •      RFID Applications in Aerospace  
   •      Structural Health Monitoring    

  Power Systems 
    •      Advanced Power Systems  
   •      Power Management and Distribution  
   •      Energy Storage — Aircraft Batteries  
   •      High - Temperature Electronics  
   •      Thermal Management  
   •      Modeling and Simulation  
   •      Prognostics and Health Management      

 The above - mentioned program did not consider reliability and testing. This 
emphasizes the importance of developing the ART/ADT technology that 
forms the contents of this book.  

5.2 COMBINED EQUIPMENT FOR ART/ADT AS A COMBINATION 
(INTEGRATION) OF EQUIPMENT FOR DIFFERENT TYPES OF TESTING 

 There are many types and designs of testing equipment. However, most of 
them cannot perform ART/ADT. 

 The current trend in the development of testing technology is the move-
ment toward the design of equipment employing ART/ADT functionality. The  
fi rst step in the process is the merging of various features into a single unit. 
As a result, the combined equipment is becoming more and more complicated. 
But professionals who are responsible for the purchase and use of these newly 
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developed units understand that more accurate real - word simulation during 
the testing means less expense during the following steps of design, manufac-
turing, and usage. 

 Therefore, the types of testing equipment currently available in the market 
that are prime candidates for ART/ADT use are described next. The descrip-
tion and specifi cation of advanced testing equipment will help the reader select 
useful testing equipment for the development of ART/ADT. 

 Chapter  1 , as well as other chapters, describes that the most accurate simu-
lation of the fi eld situation is the simulation of random stress. One can see in 
section 1.4 of Reference  18  a description of the system of control for the physi-
cal simulation of the random input infl uences. This description includes 

   •      Principles for the simulation of random input infl uences  
   •      The mechanisms for the simulation control of the fi eld random input 

infl uences  
   •      An example of physical simulation of random input infl uences on the 

trailer    

 Universal equipment for random simulation control is also included: the 
generator of normal stationary random processes, as well as the more devel-
oped generator for nonstationary random processes, and the multichannel 
generator of random processes. 

 Successfully developing appropriate ART/ADT technology requires a mul-
tidisciplinary team to engineer and manage the application of this technology 
to a particular product. The team should include, as a minimum, the 
following:

    •      A team leader who is a high - level manager who can understand the 
strategy of providing this technology and understands the principles of 
accurate simulation of the fi eld situation including what professional 
disciplines need to be included in the team  

   •      A program manager to guide the team through the process and to remove 
any barriers that prevent the team from succeeding, as well as from 
understanding the design and technology needed for ART/ADT  

   •      Engineering resources  
�      to perform unit fi ltering (selection and elimination)  
�      to conduct failure analysis  
�      to solve chemical problems in simulation  
�      to solve physical problems in simulation  
�      to predict methodology  
�      to guide the system of control development, design, and diagnostic and 

corrective action for mechanical, electrical, structural, and hydraulic 
problems
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�      to determine the need for hardware and software development and 
implementation      

 The team must work in close contact with departments responsible for 
design, manufacturing, marketing, and sales.  

5.3 CONSIDERATION OF COMPONENTS FOR ART/ADT AND 
COMBINED (INTEGRATED) EQUIPMENT TESTING 

5.3.1 General Consideration 

 ART/ADT equipment consists of components — groups of equipment. The 
basic components include 

   •      Equipment for mechanical tests  
�      Vibration testing  
�      Dynamometer brake testing    

   •      Equipment for multi - environmental testing and its components 
�      Combined equipment for multi - environmental tests  
�      Equipment for corrosion testing  
�      Wind tunnels  
�      Solar test chambers  
�      Dust and sand test chambers  
�      Ozone test chambers  
�      Accelerated weathering test chambers    

   •      Equipment for electrical tests    

 The number and type of components needed to conduct accelerated reli-
ability (durability) testing depend upon the test subject (product). 

 In the mid - 1960s, industrial companies, as well as research centers such 
as university research centers, began to provide the direction for future 
ART using a simultaneous combination of the types of appropriate testing 
equipment. 

 The development of ART/ADT was a systematic process. It began as a 
combination (integration) of two processes, then three, then four, and more as 
needed from the above - mentioned combinations. 

 Russia was the fi rst to do this, and then it spread to Western countries. In 
Russia, it began with farm machinery in the Kalinin Governmental Test Center. 
To provide ART, the equipment was integrated for the simultaneous simula-
tion of the road (fi eld) conditions and other equipment, including the use of 
artifi cial materials to accurately simulate farmers ’  products (grain, corn, fertil-
izer, manure, tillage, and sand). This was the fi rst such experience reported in 
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the world. As an example, two types of the combined test equipment (which 
are still in use) are shown in Figures  5.1  and  5.2 .   

 The equipment was developed in the 1990s. Figures  5.3  and  5.4  show two 
components of the above - mentioned equipment used for testing.   

 As an example of the quality of testing equipment simulation for fi eld 
loading (Fig.  5.2 ), one can see that the normalized correlation functions of the 
upper shaft screw unit loading in the laboratory are similar to those for the 
fi eld (Fig.  5.5 ).   

       Figure 5.1.     Scheme of the equipment for accelerated testing of the manure applicator ’ s 
distributors  [42] : 1, frame, 2, body, 3, spreading units, 4, bunker, 5, downhill elevator, 
6, plank, 7, elevator of test subject, 8, wheel, 9, pneumatic tire, 10, stilt, 11, axle, 12, 
scraping elevator, 13, scraper, 14 to 18 are units of fastening, 19, reducing gear, 20, 
main driver shaft, 21, 22 shaft of test subject elevators , 23, roll, 24, groove, 25, stops, 
26, pipeline, 27, control valve, 28 pressure valve, 29, compressor, 30, manometer of 
pressure, 31, 38, 42, and 43 are electric motors, 32, shafts, 33, prop, 34, buffer, 35, 
eccentric device. 36, beam, 37, bearing, 39, loading device, 40, 41, chain transmission, 
44, substitution material.  
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 The simulation of manure, grain, and other materials provided the correct 
substitute media for this special methodology.  

   5.3.2    How to Change a Natural Medium to an Artifi cial Medium 

 The equipment often contacts different media during operation. Most farm 
machinery contacts technological (natural) media: grain, glass, corn, and so 
on. This includes off - highway machinery, trucks, and many other types of 
equipment. 

       Figure 5.2.     The scheme of equipment for testing the working heads and drives of 
manure applicators  [42] : 1, frame; 2, body; 3, elevators; 4, spreader units; 5, chain 
drivers; 6, driver shaft of spreading units; 7, reducing gear; 8, common driver shaft; 9, 
cardan shaft; 10, barriers; 11, bunker; 12, horizontal screw; 13, inclined screw; 14, 
direct trough; 15, substitution material; 16, oven door; 17, regulated screw; 18, electric 
motor; 19, electric motor; 20, electric motor; 21, drive shafts of the elevator; 22, support 
plate; 23, hinge supports; 24, support; 25, beam; 26, electric motor; 27, reducing gear; 
28, drive chain; 29, eccentric; 30, buffer; 31, hydraulic pinion pump; 32, hydraulic 
drives; 33, manometer; 34, throttle; 35, oil box; 36, programmer microprocessor con-
troller; 37, apparatus for programming and adjustment; 38, control cupboard; 39, alarm 
sensors; 40, system of moisturizing.  
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Figure 5.3. System of additional loading (11, body; 12, horizontal screw; 31, hydraulic 
pinion pump; 32, hydraulic drives; 33, manometer; 34, throttle). 

Figure 5.4. The sensors of emergency signalization. 
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 One needs to simulate these contacts with natural media during ART/ADT 
because they infl uence the reliability and durability of the equipment. However, 
one cannot use identical measures for natural media (fertilizer, manure, and 
grain) because all natural media change their physical/chemical and mechani-
cal qualities rapidly. 

 One problem that arises is how to substitute artifi cial media for natural 
media for ART/ADT. For example, how does the corrosive - abrasive infl uence 
of artifi cial media compare with natural media? For several years, the author 
and his colleagues studied this problem and developed principles that led to 
a satisfactory solution. 

 The author based his solution on the acceptance of the structure and com-
position of the artifi cial media that simulate the wearability mechanism with 
enough accuracy. This, in turn, suffi ciently and accurately refl ects the wearability 

       Figure 5.5.     Normalized correlation functions of upper shaft screw unit loading pro-
cesses: F — fi eld; 2, 3, 4, and 5 are numbers of the various regimen in the laboratory.  
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mechanism of the machinery ’ s work when in contact with natural technological 
media. 

 The criterion of the similarity of an artifi cial medium to a natural medium 
is based on the wearability that developed. For capacity, one can use the simi-
larity of the rows of the materials ’  wearability. 

 After testing in the above - mentioned media, the basic steps of establishing 
equality between these two media are  [147]  the following:

    •      Testing samples of materials that consist of the product components 
(steel or plastic) and that come into contact with the natural medium  

   •      Obtaining a series of measurements of the amount of wear of these 
samples resulting from the natural medium and various artifi cial media  

   •      Establishing a correlation of this wear (or fatigue) between the natural 
and artifi cial media to determine if a particular artifi cial medium can 
effectively replace the natural medium    

 Consider the experimental research conducted in the search for natural 
media substitutes for a manure applicator. The methodological process includes 
fi ve basic steps  [147] :

   1.     Manufacture the test specimens from different steels (determinate the 
sample size and confi guration) to study them in both a technological 
medium and in artifi cial media.  

  2.     Study the effects of various natural media and the selection of an artifi -
cial medium and then identify identical results for physical - mechanical 
and chemical properties.  

  3.     Determine the conditions and regimens for testing metallic specimens 
from different types of steel in natural and artifi cial media. The regimens 
of testing have to be similar for both. For this purpose, analyze the regi-
mens of work for different components of machines (speed, surface of 
friction, distribution of the time between work processes, and breaks).  

  4.     Provide testing of metallic samples from different types of steel in the 
natural and artifi cial media, obtaining wear rows for artifi cial and natural 
media

  5.     Analyze the wear rows of materials resulting from specimen testing in 
the above - mentioned media    

 An example using manure illustrates the above - mentioned process. To 
achieve the substitution process (not only for manure substitution), one can 
use the following device in Figure  5.6 . The physical - mechanical quality of 
studied manure is included in Table  5.1 .     

 This research determined the friction coeffi cients provided in Table  5.2 . 
Table  5.3  includes the value of wear for each medium after 375 hours of testing. 
The measure for the value of wear is the loss of mass. The weight of each 
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sample of steel was checked after every 75 hours of testing. Table  5.2  shows 
that artifi cial medium 4 (quartz sand, 60.44%; turf, 21.36%; and water, 18.2%) 
is similar to the natural manure across all steel samples. The corrosive -
 mechanical wear of medium 7 is very different from the natural medium 
(manure), therefore it was decided that this medium would be removed from 
the next experiments. The following lines of corrosive - mechanical wear (Table 
 5.3 ) were determined using the results obtained from the above - mentioned 
media. In these lines, the values of corrosive - mechanical wear changed for the 

Figure 5.6. Device for testing the wearability of materials [147]: 1, frame; 2, motor; 3, 
transmission.

TABLE 5.1 Physical-Mechanical Quality and Chemical Composition 
of Studied Manure 

Dampness
(%)

Dry
Component

(%)

Organic
Component

(%)
Strawness

(%)

Abrasive
Content

(%)

Content in % to 
Gray Matter 

N P2O5 K2O

  65.00    35.00    31.90    6.10    1.82    0.45    0.05    0.78  
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previously mentioned types of steel. Here  ξw ,  ξ1 ,  ξ2 ,  ξ3 ,  ξ4 ,  ξ5 , and  ξ6  are rows 
of corrosive - mechanical wear of steels that were obtained from their testing 
in a natural medium and six compositions of artifi cial media. The analysis of 
the lines of corrosive - mechanical wear showed that the mechanism of the 
above - mentioned wear of the studied steels differs for different media.   

 Evaluate the level of divergence of the lines of corrosive - mechanical wear 
with the formula

TABLE 5.2 Friction Coeffi cient of Different Media by Steel [43]

Number Media Composition 
Friction

Coeffi cient 

  1    Manure (moisture  W     =    65%)    0.98  
  2    Manure (moisture  W     =    70%)    0.90  
  3    Manure (moisture  W     =    75%)    0.38  
  4    Quartz sand (dry) with sizes of samples from 0.1 to 

0.4   mm  
  0.60  

  5    Quartz sand (moisture  W     =    5%)    0.80  
  6    Quartz sand (moisture  W     =    10%)    0.62  
  7    Quartz sand (moisture  W     =    15%)    0.86  
  8    Quartz sand — 60.44%, turf — 21.36%, water — 18.2%    0.92  
  9    Polymer granules (dry)    0.50  

  10    Polymer granules (wet)    0.44  
  11    Polymer granules (wet) and quartz sand (6%)    0.47  

TABLE 5.3 Total Corrosive -Mechanical Wear of Steels by Manure and Artifi cial 
Media (g/m 2) [43]

Media S1020 5140 T5140* 1045 E1045* 1070 E1070* W108 LW108*

  Manure    125.6    136.5    105.8    143.9    115.9    138.0    165.4    122.0    130.1  
  Artifi cial 

medium 1  
  133.3    153.7    142.3    144.0    176.1    137.3    167.7    127.1    170.1  

  Artifi cial 
medium 2  

  279.7    280.8    253.6    275.0    313.6    307.3    323.7    280.9    361.0  

  Artifi cial 
medium 3  

  139.4    100.9    112.3    101.2    150.2    110.3    138.1    86.9    153.1  

  Artifi cial 
medium 4  

  135.3    145.0    110.1    145.5    122.4    142.8    162.8    129.0    139.8  

  Artifi cial 
medium 5  

  253.4    260.6    188.8    285.4    183.4    389.5    358.6    281.0    236.7  

  Artifi cial 
medium 6  

  101.8    98.8    91.5    102.7    87.5    89.5    88.5    90.9    75.9  

  Artifi cial 
medium 7  *    

  2.0    15.4    0.6    22.3    1.4    0.9    4.4    1.2    7.2  

*Shows that the steel is heat treated. 
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  where  n mn   is the number of materials in line  ξ   i   that must be displaced to obtain 
an analog of another line ( ξ   i  );  n um   is the total number of tested materials. 

 If the lines are fully equal,  R i      =    0, but they are fully divergent when  R i      =    1. 
 Therefore,  R i   is a measure of the divergence of the corrosive - mechanical 

wear of steels after testing in artifi cial media compared to the level of steel 
wear after testing in a natural medium. In other words, how different is the 
mechanism of corrosive - mechanical wear in artifi cial media is from that in 
natural media. Table  5.4  shows the coeffi cients of lines of  ξ  1 ,  ξ  2     . . .     ξ  6  to line 
 ξ   w  . One can see from Table  5.5  that the mechanism of corrosive - mechanical 
wear in manure is closest to that of the fourth artifi cial medium (0.22).   

 In Table  5.6 , one can see that the results of the abrasive indices show the 
relative capability of medium wear. The abrasive index  R a   is

  TABLE 5.4    Lines of Wearability of the Studied Steels   [43]   

    ξ   w       5140 *      1045 *      W108     1020     W108 *      5140     1070     1045     1070 *   

   ξ  1     W108    1020    1070    5140 *     1045    5140    1045 *     1070 *     W108 *   
   ξ  2     5140 *     1045    1020    5140    W108    1070    1045 *     1070 *     W108 *   
   ξ  3     W108    5140    1045    1070    5140 *     1070 *     1020    1045 *     W108 *   
   ξ  4     5140 *     1045 *     W108    1020    W108 *     1070    5140    1045    1070 *   
   ξ  5     1045 *     5140 *     W108 *     1020    5140    W108    1045    1070 *     1070  
   ξ  6     W108 *     1045 *     1070 *     1070    W108    5140 *     5140    1020    1045  

  TABLE 5.5    Values of Inverse Coeffi cients ( R I  ) in the Ratio of Materials ’  Wearability 
 ξ  1 ,  ξ  2     . . .     ξ  6 , and  ξ   w   

   Compared Lines      ξ  1  and  ξ   w        ξ  2  and  ξ   w        ξ  3  and  ξ   w        ξ  4  and  ξ   w        ξ  5  and  ξ   w        ξ  6  and  ξ   w    

  Coeffi cient of 
inversion  

  0.89    0.89    1.00    0.22    0.89    0.89  

  TABLE 5.6    Indices of Abrasives  R a   of Line  ξ  i  in Ratio to Line  ξ   w   

   The Rows of 
Wearability     S1020     5140     T5140 *      1045     E1045 *      1070     E1070 *      W108     LW108 *   

   ξ  1  –  ξ   w      1.06    1.13    1.34    1.00    1.44    0.99    1.01    1.04    1.31  
   ξ  2  –  ξ   w      2.23    2.06    2.40    1.91    2.71    2.23    1.96    2.30    2.77  
   ξ  3  –  ξ   w      1.11    0.74    1.06    0.70    1.30    0.80    0.83    0.71    1.18  
   ξ  4  –  ξ  w     1.08    1.06    1.04    1.01    1.06    1.03    0.98    1.06    1.07  
   ξ  5  –  ξ   w      2.02    1.91    1.78    1.98    1.58    2.82    2.17    2.30    1.82  
   ξ  6  –  ξ  w     0.81    0.72    0.86    0.71    0.75    0.65    0.54    0.75    0.58  
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  where  W ji   is the absolute value of the above - mentioned wear for the  j th mate-
rial and the fi rst line.   

 An analysis of the characteristic line values shows the spread in values of 
corrosive - mechanical wear for the materials for all examined rows of steel 
wear. It also shows that the closest characteristics are between manure and 
the fourth artifi cial medium (Table  5.7 ).   

 The conclusion for the similarity of the wear mechanisms of steels in dif-
ferent artifi cial media and manure came after an analysis of the corrosive -
 mechanical results for various steel wear in these media. The following functions 
were determined to relate the artifi cial media and manure (Table  5.8 ).   

 Analysis of the research results show that the value of corrosive - mechanical 
wear of steels in manure has linear time dependence. The data from the fourth 
medium also have linear dependence between time and the value of corrosive -
 mechanical wear in these steels (Fig.  5.7 ). For other media, this dependence is 
not as linear. Therefore, we can conclude that the fourth artifi cial medium is 
suitable to simulate manure for ART.    

   5.3.3    Combined Equipment Development 

 Development of the combined equipment took place after the 1970s, continu-
ally increasing the number of components. The author, along with his col-
leagues, obtained dozens of patents for this combined testing equipment. Each 
new combination of testing equipment for simulation fi eld input infl uences, as 
well as for each test subject, required a new technical solution. This equipment 
simulated the real - world situation — an interconnected combination of inter-
acting fi eld input infl uences. 

 This work continued in Moscow at the All - Soviet Union Institute of 
Agricultural Mechanization (VIM). The results of this work are provided in 
Reference  42 . 

 The same process was used for the automotive industry and for other 
industries. 

 To facilitate the development, the Russian government organized a special 
engineering center, TESTMASH, at AUTOELECTRONICA in Moscow. The 
next step was an organization called State Enterprise TESTMASH, which 
became the base for this engineering center. The engineering center and state 
enterprise developed combined testing equipment for the ART and ADT of 

  TABLE 5.7    The Spread in Values of Wearability 

   Line      W      1     2     3     4     5     6  

  Characteristic of line    1.56    1.34    1.42    1.76    1.48    1.96    1.35  
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cars, trucks, and heavy trucks. These universal test chambers provided the 
simulation of the environmental input infl uences (temperature, humidity, salt 
spray, and radiation) that worked simultaneously, as well as with mechanical, 
electrical, and other groups of infl uences. In the example in Figure  5.8 , one can 
see the computer - controlled equipment for engine combination testing. There 
are sets of equipment for ART/ADT composed hardware and other items.   

 In Western countries, especially in the United States, combined test cham-
bers began development in the 1980s – 1990s. The electronic industry was the 
fi rst to follow. 

       Figure 5.8.     The scheme of a computer - controlled test chamber with equipment for 
engine (and complete equipment) accelerated reliability/durability testing.  

TEST CHAMBER TESTED ENGINE POLLUTION
CHEMICAL

POLLUTION
MECHANICAL

INPUT
VOLTAGE

TEMPERATURE +
HUMIDITY

DYNAMOMETER

VIBRATION
EQUIPMENT

RADIATION

       Figure 5.7.     Dynamic wear of steels 5140 and 5140 *  by corrosive - mechanical wear in 
manure (W) and artifi cial media  [43] .  



CONSIDERATION OF COMPONENTS  221

 These included combined equipment  [102]  for physical simulation by the 
following:

    •      Test chamber (temperature and humidity)  
   •      Vibration (electrodynamic) equipment inside the test chamber  
   •      A device for the simulation of input voltage    

 Figures  5.9  and  5.10  show combined testing equipment for an electronic 
product.   

 When identifying a thermal chamber for environmental testing, key points 
to specify are  [102]  the following:

    •      Mechanical refrigeration versus liquid nitrogen (LN 2 ) cooling  
   •      Operating temperature range  
   •      Temperature rate of change    

 Most suppliers of combined environment thermal/vibration chambers use 
LN 2  as a standard method of cooling. 

 Weiss Umwelttechnik GmbH (Germany) is now the world leader in the 
design and manufacture of serial testing equipment for the combined (inte-
grated) simulation of a part of the environmental fi eld infl uences, as well as 
the mechanical infl uences, including vibration. 

       Figure 5.9.     Combined test chamber with vibration and input voltage  [102] .  
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 Several types of the combined test equipment that Weiss Umwelttechnik 
GmbH produces are listed next. 

 This company is proposing advanced testing equipment that is close to the 
integrated equipment required for ART and ADT. For example, 

  1.     Climate Test Chamber with Road Simulator .      This system combines 
humidity, heat, cold, solar radiation, and vibration.  

  2.     Combined Corrosion Test System .      This system is composed of two oper-
ating reliability test beds and enables the combination of the following 
test parameters: temperature, humidity, and corrosion with NaCl, CaCl, 
and MgCl solutions while simultaneously vibrating along three axes.  

  3.     Global Ultraviolet (UV) Testing System .      The simultaneous effects of UV 
radiation, temperature, humidity, (acid) rain, and their diurnal variations 
are decisive factors for the premature aging of many types of materials.    

 Weiss Umwelttechnik GmbH ’ s equipment (Figs.  5.11 – 5.17 )  [148]  is used for 
combined testing in Europe, America, and Asia.

Specifi cation (Fig.  5.11 ) 

  Test space volume: 500   m 3

  Temperature range:  − 20    . . .     + 50 ° C  
  Climate range:  + 10    . . .     + 35 ° C  
  Humidity range: 5.5    . . .    15.5   gH 2 O/kg dry air, max 75% relative   

Figure 5.10. Test hardware for controlling and monitoring units under the test chamber, 
which is shown in Figure 5.9 [102].
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Figure 5.11. Climate test chamber on rolling roads (MTS Systems Corporation) for the 
whole product (Windshear Inc.). 

Figure 5.12. Cold-heat climate test chamber with road simulator and sunlight 
simulator [148].
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Figure 5.13. Cold-heat climate test chamber with multiaxis vibration table [148].

Figure 5.14. Combined testing system: vibration, climate, and corrosion [148].

Specifi cation (Fig.  5.12 ) 

  Test space volume: 480   m 3

  Temperature range:  − 40    . . .     + 90 ° C  
  Climate range:  + 10    . . .     + 80 ° C  
  Dew point temperature range:  + 5    . . .     + 60 ° C   
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       Figure 5.15.     Climate test chamber combined with dynamometer  [148] .  

       Figure 5.16.     Vibration test chamber with different confi guration  [148] .  

  Specifi cation (Fig.  5.13 ) 

  Test space volume: 14   m 3   
  Vibration: in three linear axes  
  Temperature range:  − 30    . . .     + 90 ° C  
  Climate range:  + 20    . . .     + 60 ° C  
  Dew point temperature range:  + 10    . . .     + 55 ° C   

  Specifi cation of One More Unit 

  Test space volume: 13.6   m 3   
  Vibration: in three linear axes  
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  Amplitude of vibration: max    ±    mm  
  Temperature range:  − 40    . . .     + 130 ° C  
  Climate range:  + 13    . . .     + 90 ° C  
  Corrosion: with NaCl, CaCl, and MgCl solutions   

Specifi cation (Fig.  5.15 ) 

  Test space volume: 579   m 3

  Temperature range:  − 20    . . .     + 35 ° C  
  Climate range:  + 10    . . .     + 35 ° C  
  Humidity range: 5.5    . . .    12   gH 2 O/kg dry air    

 Weiss Umwelttechnik GmbH designs and manufactures combined vibra-
tion test chambers with different confi gurations (Fig.  5.16 ). 

 Other world - class companies that produce test equipment are now using 
the same process described in Chapter  4  of this book, particularly in the 
section  “ ART/ADT Methodology as a Combination of Different Types of 
Testing. ”  Presently, they are not producing equipment for accelerated reliabil-
ity (durability) testing, but trends in their development show that it would be 
possible for them to do it in the future. 

 A good example of this situation is ESPEC Corporation. Approximately 10 
years ago, this company produced mostly temperature/humidity chambers. 

Figure 5.17. Combined test chamber with vibration equipment [148].
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Now they state in their brochure  “ Testing more than temperature and humid-
ity. ”  To provide real - world simulation, ESPEC designed an insulated fl oor 
system that allows a road vibration simulator to integrate with a drive - in 
chamber. This fl oor moves to allow the simulator to adjust for vehicles with 
different wheelbases, from subcompact cars to extended - cab pickups. 

 In another instance, ESPEC created a drive - in chamber out of special fi ber-
glass for corrosion testing with road salt. The system includes an undercarriage 
with salt spray capability and an easy - maintenance brine tank made by ESPEC.

Chamber Integration with 

   •      Single and multiaxis vibration systems  
   •      Road vibration simulator  
   •      Salt or rain spray  
   •      Dynamometers  
   •      Emission test stands  
   •      Test - buck fi xtures  
   •      Light simulation (infrared [IR], UV, and visible)  
   •      Video recording (for airbag testing)  
   •      Measurement and data acquisition systems    

 Other advanced companies are using the above - mentioned process to 
develop complex equipment for accelerated reliability (durability) testing. For 
example, the Seoul Industry Engineering Co., Ltd. R & D Center  [149]  demon-
strated a bus climatic wind tunnel (Fig.  5.18 ).

Brief Features 

   •      Bus, truck, and commercial vehicle test    
   •      4WD vehicle test  
   •      Full - spectrum solar simulation  
   •      Sunlight area and adjustable angle  
   •      Frontal nozzle area (4.8 – 10.5   cm 2 )  
   •      Idle state simulation bypass airfl ow  
   •      Throttle actuator  
   •      Tire burst checking system  
   •      Exhaust gas pressure control system  
   •      Roller heating steam injection system  
   •      Driver ’ s aid system  
   •      Vehicle climatic wind tunnel for bus, truck, and commercial vehicle  
   •      Air conditioner cool - down test  
   •      Heater warm - up test  
   •      Cold and hot start test   
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Specifi cations

  Temperature control range:  − 40    →    60 ° C  
  Temperature drop time: 20    →     − 30 ° C (in 3 hours)  
  Humidity control range: 10    →    90% relative humidity (RH) (at 

10   m – 60 ° C)  
  Wind speed control range: 0    →    160   km/h (0    →    100   mph)  
  Wind fl ow uniformity: 3.0 at 80 nozzle area  
  Solar light control range: 0    →    1400   W/m 2  (0    →    1200   kcal/m 2  · h)  
  Chassis dynamometer speed control range: 0    →    200   km/h (0    →    124   mph)  
  Chassis dynamometer power control range: 0    →    373   kW  
  Chassis dynamometer roller size: 1600   mm (diameter)  
  Makeup air: provided at  − 40 ° C dew point  
  Test vehicle max weight: 20,000   kg  
  Vibration available    

Figure 5.18. Bus climatic wind tunnel [149].
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 The Unholtz - Dickie Corporation uses combined testing equipment  [150] . 
One can see an example of the combined (integrated) equipment for this 
company in Figure  5.19 . However, this company needs more time to develop 
equipment suitable for ART/ADT. Specifi cations for this equipment are in 
Table  5.9 .     

 Other companies are also working in this direction. 
 The information in this section demonstrates that there is a real and practi-

cal way to use this equipment to provide actual accelerated reliability (durabil-
ity) testing technology in the near future. 

 The Thermotron Company also produces combined specifi c equipment 
for different applications  [151] . Figure  5.20  displays a temperature/humidity 
test chamber combined with electrodynamic vibration equipment in one 
axis. This company is also producing equipment for accelerated stress testing 
that uses extreme temperature and repetitive shock vibration, mechanical or 
liquid nitrogen cooled options, and high - volume airfl ow. Thermotron will need 

Figure 5.19. Unholtz-Dickie Corporation vibration test equipment T2000 series [150].
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additional time to design and manufacture equipment capable of performing 
ART/ADT.   

 In the aerospace area, the  Arnold Engineering Development Center  
( AEDC ), Moog Inc., PFW Aerospace AG, and other advanced companies are 
working on the development of combined testing equipment. For example, 
AEDC supports a robust and versatile Test Technology Branch focused on 
three primary disciplines: modeling and simulation, instrumentation and diag-
nostics, and facility and testing technology. A team of engineers, scientists, and 
craft and support personnel provides expertise to develop, adapt, and apply 
complex computational models, test techniques, and others. 

 The turbine engine ground test complex at AEDC is responsible for propul-
sion testing in the Engine Test Facility test cells, which are used for develop-

TABLE 5.9 T2000 3 -in. System Performance and Confi guration [150]

System Model 
SA 1180 -

T2000-44-3

2XSA1120-
SA T2000 -

64-3

2XSA
1180-T2000-

44-3

2XSA
1240-T2000-

44-3

  Sine Force (pk)    20,000   lbf 
(89   kN)  

  25,000   lbf 
(111   kN)  

  25,000   lbf 
(111   kN)  

  25,000   lbf 
(111   kN)  

  Random Force 
(rms)

  20,000   lbf 
(89   kN)  

  23,000   lbf 
(102   kN)  

  23,000   lbf 
(102   kN)  

  23,000   lbf 
(102   kN)  

  Half Sine Shock 6

4   ms  
  50   g: 980   lb    50   g: 1200   lb    200   g: 240   lb    200   g: 400   lb  
  100   g: 420   lb    100   g: 580   lb    300   g: 150   lb    300   g: 200   lb  
  250   g: 60   lb    300   g: 70   lb    450   g:10   lb    500   g: 50   lb  

  versus Payload lb 
(kg) 11   ms  

  60   g: 620   lb    60   g: 800   lb          
  100   g:130   lb    100   g: 450   lb    100   g: 700   lb    100   g: 800   lb  
  100   g: 500   lb    120   g: 160   lb    120   g: 300   lb    120   g: 400   lb  

  Usable frequency 
range

      5   Hz to 
3000   Hz  

        

  Maximum 
Acceleration
Sine (pk)  

  180   g 
(1766   m/s 2 )  

  220   g 
(2158   m/s 2 )  

  220   g 
(2158   m/s 2 )  

  220   g 
(2158   m/s 2 )  

  Random (rms) 
ISO 5.344  

  100   g 
(981   m/s 2 )  

  170   g 
(1668   m/s 2 )  

  180   g 
(1766   m/s 2 )  

  180   g 
(1766   m/s 2 )  

  Maximum Velocity 
(pk) Sine 
Sweep3  Shock  

  70 – 80   in./s    80   in./s    80   in./s    80   in./s  
  143   in./s    180   in./s    235   in./s    280   in./s  

  Shaker 
Displacement
(pk - pk) 8.15

  3.0   in. 
(76   mm)  

  3.0   in. 
(76   mm)  

  3.0   in. 
(76   mm)  

  3.0   in. 
(76   mm)  

Armature weight 110 lb (50 kg).
Armature diameter 17.5 -in. (445 mm) overall diameter, with 16 -in. (406 mm) diameter, outer bolt 
circle.
Armature resonance ( fR) (typical) 2300 Hz.
Shaker body isolation standard <4 Hz with air mounts and damping tanks. 
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ment and evaluation testing of turbine - based propulsion systems for advanced 
aircraft. AEDC operates eight active test cells for atmospheric inlet and alti-
tude testing. Altitude Test Cells C - 1 and C - 2 comprise the Aero Propulsion 
Systems Test Facility, part of the Engine Test Facility. C - 1 and C - 2 are each 
28   ft in diameter and approximately 45   ft in length. Either cell can provide 
engine inlet temperatures of up to 350 ° F and accommodate engines producing 
up to 100,000   lb of trust. 

 The Aerodynamic and Propulsion Test Unit is a blow - down test facility 
designed for testing the true temperature performance of propulsion, materi-
als, structures, and aerodynamics of supersonic and hypersonic systems and 
hardware. 

 The  National Full - Scale Aerodynamics Complex  ( NFAC ) wind tunnel facil-
ity, located at NASA ’ s Ames Research Center at Moffett Field in California, 
is composed of two large test sections and a common, six - fan drive system. A 
wide range of available support systems combine with this facility to allow the 
successful completion of aerodynamic experiments.   

5.4 EQUIPMENT FOR MECHANICAL TESTING 

 There are many types of mechanical testing (Fig.  4.7 ). The most complicated 
types of mechanical testing are vibration testing and dynamometer brake 
testing (Fig.  5.21 ) due to their use for the testing of units and entire vehicles. 
There are other types of mechanical testing (Fig.  4.7 ), but their use is mostly 
for materials and parts. Let us describe the current testing capability and 
advanced testing equipment for both types of mechanical testing (vibration 
and dynamometer).   

Figure 5.20. A high -performance Thermotron SE Series environmental test chamber 
and a Thermotron DSX Series Electrodynamic Vibration Test System [151].
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   5.4.1    Vibration Testing 

 Vibration testing is one of several components (Fig.  4.8 ) of mechanical testing. 
It is as one component in a combination of components for ART. Vibration 
testing may also occur as an independent type of accelerated testing. It depends 
on the goal of the testing. 

 One of the basic criteria for the use and development of the equipment as 
a component of ART is the accurate simulation of real - life input infl uences 
on the actual product. 

   5.4.1.1    The Current Situation.     The vibration of a product is an output 
parameter. The input infl uences for mobile products that result in the vibration 
of this product consist of the road features (type of road, profi le, density, hard-
ness, and moisture), design and quality of the wheels, coupling of the wheels 
with the surface of the road, stability of the road surface due to weather 
changes, speed of the test subject ’ s movements, speed and direction of the 
wind, and other infl uences. The types of road surface may be concrete, asphalt, 
cobblestone, gravel, dirt, or other materials. These infl uences have a random 
character. 

 They infl uence the stiffness, inertia, elastic, and damper qualities of the 
product. The result of this interconnection is the vibration of a mobile product 
on a particular surface under specifi ed conditions and the product ’ s design 
(Fig.  4.23 ). Therefore, the mobile product is a dynamic system that vibrates 
due to the interactions of these interconnections. 

 There are two general approaches for physical simulation of fi eld vibration: 
proving grounds and laboratory testing equipment. Both evolved in the 20th 
century and continue development in the 21st century. 

 As stated in Reference  43 , the basic negative aspects of proving grounds 
include the following:

    •      It is often too expensive for middle - sized and small companies to use 
proving grounds.  

       Figure 5.21.     Most complicated types of mechanical testing of units and complete 
equipment.  
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   •      The vibration process cannot be controlled in the same way that it is 
controlled in the laboratory.  

   •      There is a dependence on the weather.  
   •      It is not convenient for the separate divisions and departments of large 

companies.    

 The basic trends for the use and development of this testing include the 
following factors:

    •      More accurate simulation of the real - life vibration of the product  
   •      Reduction of the simulation cost  
   •      The possibility of combining vibration testing with electrical, environ-

mental, and other types of testing to conduct ART/ADT    

 Initially, vibration testing developed with uncontrolled devices like simple 
shakers. Then, electrohydraulic, electrodynamic, and pneumatic vibration 
devices were developed. Multiaxial shakers have eliminated most of the nega-
tive aspects of previous laboratory test equipment and proving grounds. 

 Simple mechanical shakers, especially single - axis shakers, cost less than 
other varieties. However, they cannot be used successfully for ART/ADT 
because they cannot simulate the random character of fi eld input infl uences, 
as well as real multiaxis vibration experienced in the fi eld. 

 Therefore, in the 1950s, the companies designing vibration equipment began 
to produce servohydraulic, electrodynamic, and pneumatic equipment with 
control systems to solve this problem. 

 Some laboratory vibration testing equipment (VTE) has a negative aspect 
compared to proving ground testing. It provides a much lower quality of road 
simulation (Fig.  5.22 ). The use of servohydraulic, electrodynamic, and pneu-
matic equipment for vibration testing in the laboratory with block - programmed 
control began in the1950s. The accuracy of simulation was much lower (Fig. 
 5.23 ) than on the proving ground, but the laboratory simulation was much less 
expensive.   

 The companies that design servohydraulic, electrodynamic, and pneumatic 
equipment continue to improve their equipment. Each additional step of 
improvement (which includes mostly multiaxis vibration and a system of 
control) increases the cost of this equipment. However, the quality of road 
simulation improved slowly, because the principles of simulation were 
unchanged. Therefore, this approach has not been proven to be useful for users 
of this type of equipment. For many companies, the basic negative aspect (simu-
lation of profi le instead of road simulation) has not improved until recently. 
Presently, most companies producing vibration equipment continue to improve 
the profi le simulation or other equipment designs instead of real road simula-
tion. Nevertheless, advanced companies are making progress. Figure  5.24  shows 
the dynamics of improvement in vibration equipment by advanced companies. 
Before the 1980s, the total effectiveness (including technical and economic 
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parameters) of testing with this equipment was lower than proving ground 
testing. From the mid - 1980s, this effectiveness increased. The speed of improve-
ment in the effectiveness of the vibration equipment in the laboratory (Fig. 
 5.24 ) was highest in 1970 – 1990, when advanced companies created new designs 
for vibration equipment, especially with the working functioning unit. As an 
example, the components of the new design are shown in Figures  5.34 – 5.40 . 
From the 1990s forward, the speed of improvement of this product is moving 
slowly, with the exception of improvements in the control systems.   

 Figure  5.24  shows the trends for advanced companies. The product effec-
tiveness for other companies that are producing mechanical or pneumatic 
shakers in the vertical axis is currently worse than proving grounds. Therefore, 

       Figure 5.23.     Development of vibration testing quality: 1 –  proving ground, 2 — vibration.  

       Figure 5.22.     Some negative aspects of vehicle laboratory vibration testing.  

Some negative aspects

Servohydraulic, electrodynamic, and
pneumatic systems

Quality of the road

Profile
simulation
instead of

road
simulation

Does not
connect with
rotation of

wheels

Does not simulate
physical-mechanical

qualities of road

Does not simulate braking, torsion swing,
and camber moment in a simultaneous

combination with vibration



EQUIPMENT FOR MECHANICAL TESTING  235

achieving accurate simulation of real road vibration is still one of the basic 
problems that need development for vibration testing techniques. 

 There are two basic aspects of VTE in the technical area. The fi rst is the 
type of vibration, that is electrodynamic, electrohydraulic, pneumatic, or 
mechanical shakers. The second involves the system of control: block -
 programmed or different types of computer controlled (analog, digital). 

 Vibration equipment has applications for different purposes. For example, 
in aviation, the certifi cation process requires structural and dynamic testing as 
part of the process. This includes vibration testing. Figures  5.25  and  5.26  dem-
onstrate pneumatic vibration testing where the vibration for mobile machinery 
is multiaxial.   

 In another example, the 190 type aircraft is supported by a Fabreeka  soft 
support system  ( SSS )  [152]  when undergoing  ground vibration testing  ( GVT ). 
The 190 type aircraft weighs approximately 111,000   lb (55.5 tons). The Fabreeka 
SSS includes jacking units to raise the aircraft off the landing gear. 

 The vibration equipment with block - programmed control was designed and 
manufactured 60 years ago, but we still see this equipment, especially mechani-
cal shakers, in the market today offered by both industrial companies and 
research centers. 

 One knows that mobile products vibrate in the fi eld with 6 degrees of 
freedom and have a random character. Therefore, for accurate simulation of 

       Figure 5.24.     Stages of basic vibration testing equipment development.  
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vibration, the testing equipment for laboratory testing has to be similar in 
character. In the current market, the electrodynamic shakers are the less 
advanced vibration equipment that mostly act along only one (vertical) axis 
and cannot accurately simulate the fi eld situation. The positive side of electro-
dynamic shakers is the ability to work with high frequency (up to thousands 
of hertz). This type of vibration equipment began usage in combination with 
test chambers. This combination is not useful right now because the vibration 
along one (vertical) axis does not accurately simulate the fi eld situation. Some 
industrial companies are producing electrodynamic vibration equipment that 
acts in 3 degrees of freedom (see Fig.  5.27 , second series), but this is a very 
complicated design.   

Figure 5.25. Vibration in the test certifi cation process  [152].

Figure 5.26. The 190 aircraft and vibration equipment [152].
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 One can see in Figure  5.27  electrodynamic vibration equipment LDS 
shakers for the vibration test produced by Br ü el  &  Kj æ r  [153] . Use these 
systems for the following:

   A.     Medium Force Range  
  V800 – V8 Electrodynamic Shakers: This test system family offers  

   •      2000 – 14,800   lb  
   •      High  “ g ”  with lightest high - performance armatures  

Figure 5.27. Example of LDS shakers for the vibration test produced by Br üel &
Kjær—(fi rst is High Force Range; second is Combos —up to e axes) [153].
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   •      High cross - axial stiffness with roller suspension design  
   •      Large displacement:  ± 1.5   in. on the V875LS  
   •      Test loads up to 1540   lb with integral load support  
   •      Ultraquiet running for  “ squeak and rattle ”  applications      

  B.     High Force Range 
   V900 – V9 Electrodynamic Shakers: This test system family offers  

   •      20,000 – 65,000   lb  
   •      Patented resin bonded, carbon fi ber armature design  
   •      Leading performance for displacement and peak velocity  
   •      Payloads of up to 11,000   lb of mass, for example, satellites  
   •      Water cooled for quiet and clean operation  
   •      High velocity for shock testing with 118   in./s  
   •      Large displacement up to  ± 1.5   in.      

  Combos 
   Slip Table Systems: These systems put test items through their paces 
along two horizontal axes as well as through the vertical axis:  

   •      Easy alignment between shaker and slip table, easy shaker rotation 
   •       Hydrostatic bearing tables  ( HBT  series) provide ultimate pitch, 

roll, and yaw restraint.  
   •       Low - pressure tables  ( LPT  series) provide more cost - effective 

solutions.  
   •      Lin - E - Air ™  body isolation for low distribution and low - frequency 

test        

 The fi rst form shown in the next test system is High Force Range, and the 
second is Combos. 

 Unholtz - Dickie Corporation also produced the T2000 series electrody-
namic vibration test Systems  [154] . Figure  5.28  demonstrates the R - Series of 
this equipment.   

 Multiple System Confi gurations: Combining the R16 or R24 Shaker with 
SAI - Series Amplifi ers from 30 -  to 90 - kVA output 

   •      100% air cooled  
   •      Choice of armature sizes — 17.5 " /25.75 "  (51/63/76   mm)  
   •      Auto load support and centering (1500   lb [680   kg])  
   •      SAI - Series Class D Amplifi ers (with IGBT output circuitry)  
   •      Three base confi gurations (low profi le, pedestal/slip table)    

 Data Physics Corporation demonstrated at the Automotive Testing Expo 
2010 that recently acquired the SignalForce Vibration Test System for higher 
force vibration. Water - cooled electrodynamic shakers producing 20,000   lbf 
(90   kN) to 50,000   lbf (222   kN) were mainly found in defense and military -
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 related testing facilities but are used now in the automotive research and 
testing laboratories, due mainly to the large and heavy hybrid components and 
battery packs. SignalForce Vibration Test Systems (both air and water cooled) 
provide dynamic testing solutions including shaker tables, power amplifi ers, 
slip tables, shaker head expanders and fi xtures for environmental stress screen-
ing, modal excitation, and AGREE testers. 

Design Groups of Electrodynamic Shakers. Data Physics Corporation provides 
a broad range of electrodynamic shaker systems for use with SignalStar vibra-
tion controllers. Four design groups are offered:

Inertial Shakers :      Cover the force range  − 6.7   lbf (30   N) to 56.2   lbf (250   N)  
Modal Shakers :      Cover the force range  − 11   lbf (49   N) to 475   lbf (2.1   kN)  
Air - Cooled Shakers :      Cover the force range  − 2   lbf (9   N) to 12,000   lbf 

(53.4   kN)  
Water - Cooled Shakers :      Cover the force range  − 18,000   lbf (80   kN) to 

50,000   lbf    

 Inertial Shakers 
 Testing of large structures can often present considerable diffi culties, so 

when the payload cannot be mounted on the shaker, Data Physics can provide 

Figure 5.28. R-Series electrodynamic vibration equipment produced by Unholtz -
Dickie Corporation [154].
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a shaker that can be mounted on the payload. Inertial shakers are fully 
enclosed, permanent magnet shakers that can be mounted onto structures at 
any angle — they are entirely self - supporting. Inertial shakers have found appli-
cations testing car chassis, building structures, ships ’  fl ight decks, helicopters, 
submarines, geophysical surveys, and vibration cancellation systems. 

 Modal Shakers 
 The modal shaker series exhibits almost zero axial stiffness while offering 

very high radial stiffness for stability. This performance combination is achieved 
through the use of a linear guidance bearing. There are six models of modal 
shakers with a total of 10 variants. Previous applications include the testing of 
airframes, space laboratory structures, automotive chassis, road surfacing 
materials, and artifi cial limb joints. 

 Air - Cooled Shakers 
 Air - cooled shakers are the workhorses for many component testing appli-

cations such as automotive assemblies and consumer electronics equipment. 
The Data Physics range includes many shaker models with axial guidance 
bearings and 2   in. (50   mm) displacement, and our largest air - cooled model 
offers 2.5   in. (63.5   mm) continuous displacement. 

 All cooling blowers for these shakers include noise reduction silencers; all 
models feature high levels of effi ciency. 

 Water - Cooled Shakers 
 Water - cooled shakers cover the force range 18,000   lbf (80   kN) to 50,000   lbf 

(222   kN). These shakers all produce 2   in. (50   mm) displacement and all are 
water cooled. 

 All models may be supplied on high - quality pneumatic mounts, for vertical 
vibration isolation, in trunnions for horizontal and vertical operation, or in 
monobases for three - axis testing using a slip plate. PDF data sheets may be 
obtained by clicking on the required model. 

 All water - cooled shakers have axial guidance using dual hydrostatic bear-
ings and pneumatic load support; they may also be supplied with automatic 
load support systems to ensure the armature remains in its central position 
when payload is added or removed. By using hydrostatic bearings, the 
SignalForce water - cooled shakers are able to handle large overturning 
moments without requiring external guidance in the head expander. 

 Lear Corporation demonstrated at the Automotive Testing Expo North 
America 2010 that recently acquired two SignalStar Matrix multishaker vibra-
tion controllers for use with Team Cube ™  shaker systems to reproduce 6 - degrees 
of freedom vehicle vibration environments. The Matrix multishaker controllers 
are used for closed - loop control of random and sinusoidal vibration in addition 
to replication of measured vibration time histories recorded in vehicles. 

 One other type of VTE is servohydraulic (electrohydraulic) vibration 
equipment. The advantage of this type of equipment is the possibility to simu-
late multi - axis vibration in three axes and, what is most important, in six 
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axes — three linear and three angular. This provides the most accurate simula-
tion of the fi eld vibration. The negative aspect of this type of vibration equip-
ment is that it cannot provide vibration in high frequencies. 

 The modern systems of this type of equipment are  multiaxis simulation 
table  ( MAST ). MTS Systems Corporation, Carl Schenck,  Instron Structural 
Testing Systems  ( IST ), and other companies develop and produce this type of 
equipment. 

 Vibration input can be generated in up to 6 degrees of freedom: three 
linear — vertical, lateral, and longitudinal, and three angular — pitch, roll, and 
yaw. 

 Figure  5.29  demonstrates an arrangement of MAST that simulates vibra-
tion along three axes. MTS Systems Corporation is producing several types of 
MAST. The performance specifi cation for some of these types is included in 
Table  5.10 .

Notes

  1.     Performance fi gures are at the maximum payload with the center of 
gravity (CG) located at the centroid of the vertical actuator attachment 
points to the table.      

  2.     Performance is based on a single degree of motion and will decrease if 
more degrees of motion are active.  

  3.     Lateral motion has two actuators.  
  4.     IST has a policy of continuous product development and all specifi ca-

tions are subject to change without notice.    

 IST has developed several standard design MAST tables that can provide 
vibration with 6 degrees of freedom: maximum angle — pitch, and angle — yaw 

Figure 5.29. Scheme of vibration testing equipment, which simulates vibration in three 
linear axes (MTS Systems Corporation). 
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± 8.5 ° , maximum angle — row  ± 6.8 ° , operating frequency range 0.1 — 50//60   Hz; 
stroke is ± 16   mm. 

 MTS Systems Corporation  [155 – 157]  also works on the development of 
electrohydraulic vibration equipment. Currently, this company provides this 
type of equipment that works in 6 degrees of freedom (six axes). Let us show 
the MTS Model 353.20 Multi - Axial Simulation Table (MAST ™ ), which offers 
precise, repeatable 6 - degrees of freedom simulation of automotive vibration 
environments, at frequencies of up to 100   Hz (Fig.  5.30 ). It is the system for 
component vibration, squeak, and rattle testing in temperature - controlled or 
acoustics - controlled environments.   

 Figure  5.31  demonstrates the MTS system of vibration equipment that 
works in 6 degrees of freedom.   

 The MTS Model 836 multiaxial test system can utilize the MTS FlexTest 
GT Controller that provides direct digital control of all dynamic system func-
tions. Featuring multichannel and multistation capabilities, this fl exible con-
troller can be expanded to accommodate up to four test stations, and it can 
be set up to allow test management and control with multiple PCs (Fig.  5.32 ).

  Technical Specifi cations 

  Range of Motion (Nonsimultaneous)    
X     =     Y     =     Z     =     ± 25   mm  
Rx     =     ± 15 °   
Ry     =     Rz     =     ± 5 °     

  Force Capacity (Nonsimultaneous) 
Fx     =    25   kN  
Fy     =    50   kN  

Figure 5.30. MTS Model 353.20 Multi -Axial Simulation Table (MAST) for vibration 
testing [155].
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       Figure 5.31.     MTS Multiaxial Elastomer Test System — Model 836  [157] .  

       Figure 5.32.     MTS System Corporation Typical Bushing Orientation  [157] .  

Fz

Fx
Mx

My

Fy

Mz

   F z      =    50   kN  
   M x      =    2   kN    ·    m  
   M y      =    Mz    =    12   kN    ·    m      

 The current pneumatic vibration system does not show a big difference 
from the system used a dozen years ago  [18] . 
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 One of the basic negative aspects of the present electrohydraulic and elec-
trodynamic vibration testing (and pneumatic types of testing) is insuffi cient 
methodology for the real - life simulation of input infl uences in the 
laboratory. 

 Usually, this testing consists of three basic steps: a profi le of the road and 
load (acceleration, tension, etc.) data of the test subject; signal processing and 
analysis; and laboratory test setup. 

 The basic negative aspects of current electrodynamic, electrohydraulic, and 
pneumatic vibration equipment are inferior simulation of 

   •      Physical - mechanical quality of features of the roads (see Fig.  4.24 )  
   •      Smooth movement of the test subject wheels across any road obstacles  
   •      Impact infl uences on the wheels and structures      

5.4.1.2 Vibration Testing in the Space Industry.   The space industry has 
specifi c requirements for vibration testing because one cannot easily repair 
damage to a deployed satellite. Testing the equipment is a major part of the 
development program, with multiple different parameters simultaneously 
tested. 

 Vibration testing validates the integrity of the manufactured system. As 
computers have become more powerful, it is now possible to simulate the 
effect of different frequencies that vibration or chocks will impose on a struc-
ture. However, this analysis runs on a structurally perfect model and cannot 
simulate the response caused by material weaknesses or manufacturing faults. 

 Vibration systems vary in force from air - cooled permanent magnet shakers 
delivering 9   N of sine force to water - cooled shakers running into hundreds of 
newtons. The space industry favors water - cooled shakers to maintain a clean 
environment where the satellites are tested. Water - cooled shakers typically 
range in force from 80   kN to around 300   kN (sine)  [158] . Despite this high 
force, multiple - shaker test systems are becoming increasingly common as the 
size and weight of the payloads increases. Up to four shakers have been 
coupled for a common platform to mount the payloads for testing. They can 
then deliver forces greater than 1000   kN. The LDS water - cooled V900 Series 
shakers are the de facto standard shakers in the space industry. 

 It is important to consider testing the defi ned test profi le, but it is more 
important not to damage the product by overtesting it. Such an error would 
lead to untold cost and time delays. The control element of the vibration test 
system is as important as the shakers themselves. Some controllers such as 
LDS Laser USB offer integrated control of the vibration test, power amplifi er, 
and environmental chamber to maximize the test effectiveness. 

 Accurate data acquisition is an important element of vibration testing, 
particularly for satellites. Rather than needing miles of signal cables, it is 
advisable to place distributed data acquisition systems close to the sensors. 
Then how do you accurately synchronize these units if they are sampling 
hundreds of data points per second? In its genesis system, LDS Nicolet uses 
a special technique that automatically compensates for the time skew caused 
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by different lead lengths in order to guarantee precise in - phase results in such 
an environment. 

 However, for fi eld applications in hot, cold, wet, or dusty conditions and for 
vibration up to 100   g, the battery - operated Liberty would be a good solution. 
Both systems run the user - friendly perception software designed for maximum 
test productivity. It allows the user to display any selection of channels even 
from different mainframes within a single window on the PC screen. A huge 
time and cost saver is the off - line setup feature that allows the user to perform 
a test setup using virtual hardware while the real hardware performs actual 
tests on a different application.  

5.4.1.3 Development of Advanced Equipment for Accelerated Vibration 
Testing.   History shows that vibration equipment has been in use for 40 – 50 
and more years. 

 As was shown in Figure  5.26 , the greatest progress in the development of 
equipment for vibration testing was from the 1970s to the 1990s. During this 
time, the author and his colleagues also created a new piece of vibration tech-
nology equipment. This technology is based on theoretical and experimental 
research results on testing equipment, electronics, car trailers, trucks, farm 
machinery, and other items. The scientifi c - technical level of this equipment is 
higher than most of the current vibration equipment. The improved VTE has 
unique features such as working heads that provide assigned controlled 
random values for the test subject ’ s vibration amplitude and frequency. The 
system of control consists of a computer with a peripheral network system and 
vibroacceleration and tension sensors. Vibration is applicable for both mobile 
and stationary products. It is applicable as universal vibration equipment as 
well as sensitive equipment for special products. This technology covers 
wheeled and stationary applications acting along up to one to three linear and 
one to three angular axes (from 1 to 6 degrees of freedom). The design of this 
VTE is simpler than many current electrohydraulic, pneumatic, and electro-
dynamic equipment systems. It also has no deterioration of performance, and 
it expands the functional applications to a wider range of markets. Table  5.11  
presents the typical specifi cations for the new vibration equipment.   

 The basic advantages of this equipment in comparison with other equip-
ment include the following:

    •      More accurate simulation of fi eld vibration for the test subject  
   •      Lower cost, because it is simpler  
   •      It is applicable as a component of ART/ADT in combination with equip-

ment for other mechanical types of testing (dynamometer brake), multi -
 environmental, electrical, and other factors  

   •      This equipment is easy to mount for operation and easy to add to or 
combine with other machinery elements, such as a transmission, engine, 
and other equipment, as well as with a completely different type of indus-
trial product, for example, cars and trucks.    
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 The above - mentioned advanced type of equipment was developed for 
KAMAZ Inc. (Section  4.6 ), one of the largest Russian truck companies. Figure 
 5.33  (KAMAZ Inc., Engineering Center, Block No. 3) shows the plan of a 
room for vibration equipment in 3 degrees of freedom for a completed truck, 
as a fi rst step for ART/ADT. This project took into account that this room is 
available for development in the next steps into a complex test chamber to 
provide ART/ADT of complete trucks.   

 This testing equipment is the fi rst in the world to provide this capability. 
 Two types of vibration equipment for different test subjects are shown in 

Figures  5.34 – 5.40 . Figures  5.34 – 5.38  show VTE with a car ’ s trailer as a test 
subject. This is the fi rst type of equipment for testing wheeled transport along 
three linear axes (degrees of freedom). The second type of VTE is for testing 
a different wheel less product along six axes, three linear and three angular 
(Figs.  5.39  and  5.40 ). Figures  5.36 – 5.38  demonstrate the working units of this 
equipment.   

 This equipment is used on car trailers, trucks, cars, farm machinery, off -
 highway machinery, defense equipment, and other equipment. 

 Figure  4.25  shows that the characteristics of random processes for advanced 
vibration equipment are also similar to these characteristics under fi eld 
conditions. 

 The results of testing show that the developed advanced technology of VTE 
allows eliminating the basic negative aspects of the current vibration equipment. 

 The above - mentioned vibration equipment has the following advantages 
when compared with current equipment:

    •      Simulation  
�      Different physical - mechanical qualities of roads  
�      Torsion swing in the simultaneous combination of linear and angular 

vibration    

TABLE 5.11 Example of Typical Specifi cation for New Vibration Equipment 

Names of Indexes 

Test Subject 

With Wheels Without Wheels 

  Weight of test subject (ton)    Up to 30    From 0.0001 to 2.00  
  Weight of vibration 

equipment (ton)  
  38    From 0.001 to 4.00  

  Axles excited    Three linear    Three linear    +    three angular  
  Table sizes        From 20 ”     ×    20 ”  to 100    ×    100  
  Frequency of vibration of 

the tested product (Hz)  
  0.1 – 120.0    0.1 – 300.0  

  Amplitude of vibration of 
the tested product (mm)  

  From 0.1 to  ± 90 
(wheel swing axis) 

  From 0.1 to  ± 90.0  

  Necessary power (kW)    120    From 1.6 to 105.0  
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Figure 5.33. Plan of room for vibration equipment in 3 degrees of freedom for com-
pleted truck. KAMAZ Inc. (Russia), Engineering Center, Block No. 3. 

   •      It can bridge most of the components of combined equipment for ART/
ADT, the connection between vibration testing, dynamometer testing, 
corrosion testing, sun radiation testing, electrical and electronic testing, 
and other types of testing.    

 The second type of the advanced vibration equipment (Figs.  5.39  and  5.40 ) 
is simpler and less expensive. One may use it for many types of stationary and 
mobile products such as those that are mechanical, electrical, and electronic, 
and for products that are more complicated. One may use it for components 
like seats in the automotive industry, aircraft, aerospace, and others, as well as 
different whole products. 



Figure 5.34. Equipment for vibration testing with test subject —car’s trailer (from front -
back side). 

Figure 5.35. Equipment for vibration testing with test subject —a car ’s trailer (from backside). 

Figure 5.36. Working heads of vibration equipment with test subject (car ’s trailer). 



Figure 5.37. Working heads of vibration equipment with wheel of the car ’s trailer. 

Figure 5.38. Another photo of working heads of vibration equipment with a car ’s
trailer’s wheel. 

Figure 5.39. Advanced vibration equipment for testing in 6 degrees of freedom (three 
linear and three angular). 
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 The results of testing this equipment show that it is much simpler and less 
costly than vibration equipment in the market. 

 The equipment specifi cs offer the possibility to use them instead of electro-
dynamic vibration equipment, with an important advantage such as the simula-
tion vibration along 6 degrees of freedom (one to three linear and one to three 
angular axes).  

5.4.1.4 System of Control for Vibration Testing.   To implement the new 
technology previously mentioned practically for vibration testing, one needs 
a corresponding control system that simulates the random character of input 
infl uences. One possible control system is discussed in Reference  101 . As a 
component of this system, the structural scheme of the control system for 
advanced vibration equipment is shown in Figure  5.41 .   

 The computerized control block of the system consists of a processor (1); 
an  external memory  ( EM ) (2); a block of  real storage  ( RS ) (3), which includes 
a  random access memory  ( RAM ) and  read - only memory  ( ROM ); and a bus 
for control commands and data transmission (4). Additionally, the control 
system functions use an adapter (24), an expansion card (23) (with modules 
and interfaces for input [20] and output [22] signals blocks), and an  analog - to -
 digital converter  (14) ( ADC ) with a normalized amplifi er (15). 

 The adapter makes it possible to join the expansion card to the computer and 
ensures the conformity of information exchange between different level channels. 

 The expansion card (23) is able to use several blocks of input and output 
signals (22) from the controlled subject (5) and ADC for the transformation 
of analog signals from sensors of the controlled subject to digital signals. 

Figure 5.40. Detailed scheme of advanced vibration equipment for testing in 6 degrees 
of freedom (three linear and three angular). 
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Figure 5.41. Structural scheme of drum vibration equipment control system [43]: 1, 
computer processor; 2, external memory (EM); 3, block of real storage (RS); 4, control 
command and data transmission buss; 5, test subject; 6, loading measurement sensor; 
7, controlled simulators; 8, feedback sensor; 9, feedback sensor signal transformer; 10, 
feedback sensor roller; 11 and 12, feedback sensor current collectors and controlled 
simulator fi lters; 13, vibration drum; 14, analog -to-digital converter (ADC); 15, normal-
ized amplifi er; 16, group sensors collection cable with ADC; 17, output control signal 
interface with control mechanisms of simulator position; 18, feedback sensor interface 
with input signals; 19, output signal interfaces; 20 and 22, input and output signal 
blocks; 21, input signal interfaces; 23, expansion card; 24, adapter. 

 The mechanical part of the equipment consists of vibrodrums (13) with 
height - controlled simulators (7) of the road profi le. Each simulator with a 
control mechanism mounts inside the drum, separate from the other simula-
tors. The signals for changing the simulators are transferred from the computer 
by a group of cable connections through the current collector. A feedback 
sensor (8) that connects with the axis of the simulator determines the position 
of each simulator. 
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 The deformation and vibration of the test subject are measured with sensors 
that are mounted on the test subject. Analog signals are received and trans-
ferred by a cable connection to the amplifi er and are then converted in the 
ADC to digital form. 

 Operation of the test equipment is in real time. For the simulation of the 
random rate of loading (or product degradation), it is necessary to have indi-
vidual control of each simulator position. 

 The plan for the road simulation infl uences the position control that is in 
Figure  5.42 . It is necessary to defi ne the numerical characteristics for the 
program used in preparing the control for the test equipment. The program 
may be composed by random signal generators, which possess the following 
characteristics:

   1.     Probability distribution of the random input infl uences on the test subject    
  2.     Mathematical expectation of the distribution  m

Figure 5.42. Scheme of simulator road infl uences position  control [43]: 1, computer; 
2, block of expansion; 3, output signal block modules; 4, block output signal group 
collection cable; 5, control signal interface block; 6, power supply unit; 7, simulator 
position sensor disk; 8, simulator position sensor recorder; 9, controlled simulator; 10, 
electromagnetic clutch coupling disks; 11, electromagnetic coupling coil; 12, simulator 
controlled drive mechanism; 13, current collectors; 14, feedback signal interface block; 
15, block input signal group collection cable; 16, input signal module block. 
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  3.     Variance  D  or standard deviation  α   
  4.     Power spectrum  S ( ω ) of the input infl uences or normalized correlation 

 K ( τ )    

 Transfer degradation of the signals from the test subject to the computer is 
shown in Figure  5.43 .   

 Given  m  and  D , one builds the graph of the distribution density  f ( b ) and 
 F ( a ) for the continuous random process of input infl uences that are trans-
formed to the height of working heads over the vibration drum surface or to 
an angle of turn,  a , of the simulator ’ s blade. These characteristics show the 
distribution of the input infl uences. The turn angles are since in real and con-
tinuous numbers. Therefore, the continuous random quantity  f ( a ) must be 
transformed to discrete points,  n , in groups over the input infl uence range. For 
this step, represent the characteristics of distribution density with a histogram 
as shown in Figure  5.44 .   

 It is necessary to calculate the number of points  n  in each group. 
 The profi le and other input infl uences often follow a normal probability 

distribution. 
 Now, in order to fi nd the sequence of generated random signals  η  2   i −    1  and 

 η  2   i  , we use a set of random numbers generated from the normal distribution 
 ξ   I (I     =    1, 2, 3,    . . .    )  [105] :

    
η ξ ξ

η ξ ξ
2 1

0 5 9

2
0 5 9

2

2
i i i

i i i

e

e
− = −

= −
( ln ) cos( )

( ln ) sin( ).

.

.
    (5.1)   

       Figure 5.43.     Scheme of transfer degradation of the signal from test subject to the com-
puter: 1, external memory; 2, computer; 3, ADC; 4, ADC module digital unit; 5, ADC 
module analog unit; 6, normalized amplifi er; 7, group connection cable; 8, degradation 
sensors; 9, test subject.  
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 To prepare a program, it is necessary to provide a predetermined power 
spectrum. For example, the power spectrum of input infl uences on the mobile 
product ’ s wheels may be

    S Dω π α
α ω β

α
α ω β

( ) =
+ +( )

+
+ +( )

⎡

⎣
⎢

⎤

⎦
⎥/ ,2

2 2 2 2     (5.2)  

  where  α  and  β  are parameters that can be determined from random signals 
of real - life input infl uences, and  ω  is the circular frequency of the input 
infl uence. 

 This characteristic of the power spectrum corresponds to the Fourier series 
of the correlation function  K ( τ )  p  :

    K Dep( ) cos ,( )τ βτα τ= −     (5.3)  

  where  τ  is the parameter time. 
 It is necessary to provide the frequency of decomposition for the power 

spectrum ’ s characteristic in order to compile a digital program for vibration 
equipment control. For this purpose, the power spectrum  S ( ω ) is the  n  
harmonics — regions of equal width  Δ  ω . The variance  D k   of each harmonic and 
 α   k   wave amplitude corresponding to each selected region is calculated. The 
frequency of these waves is equal to the mean of the frequency of the wave 
for the region under consideration. 

 The variance  D k   is equal to the sum of the variances of all the harmonics 
of the spectral decomposition. Calculate the wave amplitude of each harmonic 
with the following formula:

    αk kD= ( ) ..2 0 5     (5.4)   

 As a result, we have an equation for the evaluation of the control program 
numerical series  y ( t ), to obtain the given power spectrum

    y t t t tn n( ) cos( ) cos( ) cos( ),= + + … +α ω α ω α ω1 1 2 2     (5.5)  

       Figure 5.44.     Load correlation of test subject  [43] ; calculated directly, ;
approximated, .  
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  where  ω   n   is the circular frequency of each region of spectral decomposition 
and  t  is an interval of time from the start of calculation that one can use to 
determine the next digital value of the program. 

 By combining the results of Equations  (5.1)  and  (5.5) , one may obtain a 
digital version of the test equipment ’ s control whose characteristics depend 
on the real life of the test subject. 

 The computer control system also provides control of the test subject ’ s 
technological process, periodic calculation of the indices of work through the 
requested time, and evaluation of changes in these indices, which provide the 
means to evaluate any deterioration in time, the technical conditions, or vibra-
tion distribution on the test subject. 

 To obtain the correlation function, one can use the equation

    K D T n i n I
T

( ) ( ) ( ) ( ),τ τ τ
τ

= − +− − −∑1 1
0 0

1
    (5.6)  

  where

   n  0 ( i )      is the centralized value of the random magnitude of the degradation 
at moment  I  and  

  n  0 ( i     +     τ )      is the same with the time displacement of  τ .    

 Figure  5.44  shows how to obtain the correlation function from Equation 
 (5.6)  based on the experimental data of variable input infl uences on the test 
subject. 

 This method may fi nd the deviation from theoretical characteristics if  τ  is 
large. 

 Therefore, one must choose the parameters  α  and  β  such they will approxi-
mate this curve, where  α  measures the degree of decrease in the elementary 
branch and  β  is the frequency of branch waves. Different methods are avail-
able for the approximation of this correlation function. One possibility is using 
the method of least squares to evaluate  α  and  β , so that the deviation of the 
sum of the squares, which may be calculated by using Equations  (5.3)  and  (5.6) , 
has a minimal difference. 

 Next, consider the examples of a typical system of control specifi cation for 
the vibration testing of a complete product (truck) and of the components of 
a complete product (see Table  5.12 ).

   The  system of vibration control  ( SVC ) consists of    
   •      Block of  control computer  ( CC )  
   •      Block of analog signal transformation (ADC)  
   •      System of vibration infl uence sensors  
   •      Three blocks of control with electromagnetic clutches  
   •      Three blocks of turn angle transformation  
   •      27 sensors of turn angles    
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  The control program includes 
    •      A program of vibration equipment control in real time  

�      A program for the selection and control of vibration testing regi-
mens corresponding to the regimen occurring in the fi eld  

�      A program of correction and selection of the regimens for obtaining 
necessary statistical characteristics of vibration as a random process 
from each vibrosensor    

   •      A prepared program of the control fi le of SVC that provides special 
road simulation  

   •      A control program with a database of the product ’ s component deg-
radation during accelerated testing  

   •      Database degradation information for components from the fi eld  
   •      Test programs for SVC with built - in means  
   •      Service programs checkout for the vibration equipment      

 The SVC must be able to function in a temperature range of  − 40 to  + 50 ° C, 
and in a vibration range of 0.1 – 500.0   Hz, with a single road acceleration of no 
more than 15   m/s 2  with multiple road induced loads resulting in a combined 
acceleration ranging from 80 to 100   m/s 2 , and a 2 -  to 20 - ms duration.   

5.4.2 Dynamometer Brake Testing 

 A dynamometer is a machine used to measure the torque and rotational speed 
to calculate the power produced by an engine, motor, transmission, or other 
rotating prime. 

 A dynamometer can also determine the torque and power required to 
operate a driven machine such as a pump. 

 In addition to determining the torque or power characteristics of a  machine 
under test  ( MUT ), dynamometers operate in a number of other roles. 

TABLE 5.12 Typical Specifi cations of Drum Vibration Equipment System of 
Control for Whole Product (Truck) Testing [43]

Speed of Central Processor, Short Operations in Second 1 Million 

  1. Capacity of ROM    24   K  
  2. Capacity of RAM    4   K  
  3. Number of the clutch control command    48  
  4. Number of angle sensors    27  
  5. Number of acceleration sensors    64  
  6. Number of degradation sensors (deformation, wear, etc.)    88  
  7. Frequency range of measured acceleration (Hz)    From 0.5 to 200  
  8. Number of digital – analog transformers    3  
  9. Channel of connection with outside computer    1  

  10. Mass (kg)    30  
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   5.4.2.1    Principles of Operation.     An absorbing dynamometer acts as a load 
driven by the prime mover that is undergoing testing. The dynamometer must 
be able to operate at any speed and must load the prime mover to any level 
of torque that the test requires. A dynamometer is usually equipped with some 
means of measuring the operating torque and speed. 

 The dynamometer must absorb the power developed by the prime mover. 
Usually, the power absorbed by the dynamometer is dissipated to the ambient 
air or it is transferred to cooling water. Regenerative dynamometers transfer 
the power to electrical power lines. 

 Dynamometers can be equipped with a variety of control systems. If the 
dynamometer has a torque regulator, it operates at a set torque while the 
prime mover operates at whatever speed it can attain to develop the torque 
that has been set. If the dynamometer has a speed regulator, it develops what-
ever torque is necessary to force the prime mover to operate at the set speed. 

 A motoring dynamometer acts as a motor that drives the equipment under-
going testing. It must be able to drive the equipment at any speed and develop 
any level of torque that the test requires. 

 Only torque and speed are measured. Calculate power from the torque and 
speed fi gures according to the formula

    Power torque speed= × / ,K  

  where  K  is determined by the units of measure used. 
 To calculate power in horsepower (hp), use

    HP torque rpm= × .   

 Torque is in foot - pound and the rotational speed is in revolution per minute. 
To calculate power in kilowatts, use

    KW torque rpm= × / .9549   

 Torque is in newton - meter and the rotational speed is in revolution per 
minute.  

   5.4.2.2    How Dynamometers Are Used for Engine Testing.     Dynamometers 
are useful in the development and refi nement of modern - day engine technol-
ogy. The concept is to use a dynamometer to measure and compare power 
transfer at different points on a vehicle, thus allowing modifi cation of the 
engine or drivetrain for more effi cient power transfer. For example, if an 
engine dynamometer shows that a particular engine achieves 400   N - m (300   ft -
 lb) of torque, and a chassis dynamo shows only 350   N - m (260   ft - lb), one would 
know to look to the drivetrain for the major improvements. Dynamometers 
are typically very expensive pieces of equipment and are reserved for certain 
fi elds that rely on them for a particular purpose. 
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 Mustang Dynamometer/Mustang Advanced Engineering is the manufac-
turer of different types of dynamometers for various areas of industry. Figure 
 5.45  demonstrates a Heavy Duty HD Series.   

 By utilizing high - speed AC motors and an advanced control system, the 
MD - AC - 1200 - 10K (Fig.  5.46 ) makes it possible to perform tests such as vehicle 
and track simulations that are simply impossible for the competing systems 
employing older technology. Table  5.13  compares the Mustang ’ s AC/electric 
system to its competitor ’ s eddy current and inertia weight systems (AC Engine 
Dynamometers, Mustang Advanced Engineering).     

 The brake dynamometer applies a variable load on the engine and mea-
sures its ability to move or hold the revolution per minute as related to the 

       Figure 5.45.     HD Heavy Duty Series Mustang Dynamometers/Mustang Advanced 
Engineering  [187] .  
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 “ braking force ”  applied. The engine is usually connected to a computer that 
records the applied braking torque and calculates the power output of the 
engine based on information from a  “ load cell ”  or  “ strain gauge ”  and tachom-
eter (speed sensor). 

 An inertia dynamometer provides a fi xed inertial mass load and calculates 
the power required to accelerate that fi xed, known mass. It uses a computer 
to record revolutions per minute and the accelerated rate of calculated torque. 

       Figure 5.46.     Engine Dynamometer MD - AC - 1200 - 10K (Mustang Dynamometer/
Mustang Advanced Engineering  [187] .  

MD-AC-1200-10K
Engine Dynamometer

  TABLE 5.13    Technical Specifi cation of AC/Electric versus Eddy Current/Inertia 
Weight Engine Dynamometer Systems   [187]   

     
   Eddy Current and 

Inertia Weight System  
   AC/Electric with Inertia 

Simulation System  

  System response     − 100   ms     < 10   ms  
  Shift simulation    Too slow    Yes  
  Inertia simulation resolution     ± 200   lb     ± 1   lb  
  System setup for different 

axle and transmission ratios  
  Manual inertia weight 

changes request  
  Automatic  

  Water requirements    80   gal/min at 800   hp    None, air cooled  
  Dyne power recovery    None    Near full recovery  
  System confi guration    Complicated    Simple and compact  
  Overload capacity    None    150%  
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 Engine testing generally runs from somewhat above idle to the engine ’ s 
maximum revolution per minute with the output measured and graphed. 

 There are essentially only two types of dynamometer test procedures:

    •      Steady - State (Only on Brake Dynamometers) .      The engine operates at a 
specifi ed revolution per minute (or series of usually sequential revolu-
tions per minute) for 3 – 5 seconds by the variable brake loading as pro-
vided by the PAU.  

   •      Sweep Test (Inertial or Brake Dynamometers) .      The engine is tested under 
a load (inertial or brake loading) but is allowed to  “ sweep ”  up in revolu-
tion per minute in a continuous fashion, from a specifi ed lower  “ starting ”  
revolution per minute to a specifi ed  “ end ”  revolution per minute.    

 Types of sweep tests include the inertia sweep test that is an inertial dyna-
mometer system, providing a fi xed inertial mass fl ywheel that computes the 
power required to accelerate the fl ywheel (load) from the starting to the 
ending revolution per minute. 

 Issues with inertial sweep power testing include the fact that the actual 
rotational mass of the engine or engine and vehicle in the case of a chassis 
dynamometer is unknown and the variability of the entire mass will skew the 
power results. 

 The inertia value of the fl ywheel is  “ fi xed, ”  so low power engines are under 
a load for a longer time and the internal engine temperatures are usually too 
high by the end of the test, skewing optimal  “ dyno ”  tuning settings away from 
the outside world ’ s optimal tuning settings. Conversely, high - powered engines 
usually complete a common  “ fourth - gear sweep ”  test in less than 10 seconds, 
which is not a reliable load condition compared to the operation in the outside 
world. By not providing enough time under a load, internal combustion 
chamber temperatures are unrealistically low and power readings, especially 
past the power peak, skew low. 

 Loaded sweep tests on brake dynamometer systems consist of two types:

    •      Simple Fixed Load Sweep Test .      Apply a fi xed load during the test that is 
somewhat less than the output of the engine. The engine accelerates from 
the starting revolution per minute to its ending revolution per minute, 
varying in its acceleration rate, depending on power output at any par-
ticular revolution per minute point. Power is calculated using 
torque    ×    rpm/5252    +    the power required to accelerate the dynamometer 
and engine ’ s/vehicle ’ s rotating mass.  

   •      Controlled Acceleration Sweep Test .      Similar in basic usage to the simple 
fi xed load sweep test, but with the addition of active load control, that 
targets a specifi c rate of acceleration. Commonly, acceleration of 20   fps/
ps is used.    
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 The advantage of the controlled acceleration rate is that the acceleration 
rate used is relatively common from low power to high - power engines avoid-
ing unnatural overextension and contraction of  “ test duration. ”  This provides 
more accurate and repeatable test and tuning results. 

 There is still the remaining issue of a potential power reading error due to 
the variable engine/dynamometer/vehicle ’ s total rotating mass. Most modern 
computer - controlled brake dynamometer systems are capable of deriving that 
 “ inertial mass ”  value to eliminate the error. Interestingly, a  “ sweep test ”  will 
always be suspect because many of the sweep users ignore the inertial mass 
factor and prefer to use a blanket  “ factor ”  on every test, on every engine or 
vehicle. 

 Inertial dynamometer systems are not capable of deriving inertial mass and 
use the same inertial mass on every test. 

 Using steady - state testing eliminates the inertial mass error because there 
is no acceleration during a test. 

 The dynamometer tests are performed on the brake pads and brake linings 
for light passenger vehicles. However, scale tests are also conducted on brake 
friction material for larger applications. 

 The following is an example of technical specifi cation ECESO  [159] :

   Maximum power: 35   kW  
  Maximum inertia: 50   kgm 2

  Maximum speed: 1400   rpm  
  Maximum torque: 2000   Nm  
  Air over hydraulic actuation  
  Fully computer controlled with constant torque capacity     

5.4.2.3 Passenger Car Inertia -Type Brake Dynamometer.   Some companies 
provide laboratory facilities with the development and performance of testing 
of brake assemblies including special emphasis on their requirements and 
testing in accordance with International Organization for Standardization 
(ISO), SAE, and other standards. 

 This machine is a unit designed to be both ergonomic and economical, and 
its rugged cast iron machine base houses the drive motor that creates a compact 
tabletop design. A vertical brake cooling air system accommodates the brake 
setup by creating a large working area. 

 The typical dynamometer has the following features:

    •      Available in single - ended, dual - ended, and  “ twin ”  dynamometer 
confi gurations  

   •      A rotational inertia system provides the stored energy for deceleration 
conditions. The dynamometer drive motor provides the required torques 
for drag conditions and for simulation of grade effects.  
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   •      Modern digital computer technology simplifi es the test setup and dyna-
mometer conditions with or without grade simulation.  

   •      The system incorporates special features to maximize test data accuracy 
and reliability. Automatic signal calibration, simultaneous acquisition of 
time and distance frame data, and digital/adaptive control  “ outer loops ”  
are some of the major features.  

   •      Full inertia simulation, inertia  “ trimming, ”  and uphill/downhill grade 
simulation add to the test sequence fl exibility.  

   •      The computer - based control system provides for data acquisition record-
ing, display, and selective printout of analog  “ in - stop ”  and computed test 
data and test status information. All data and status information are 
available for further analysis using an off - line computer via an interface 
with a  local area network  ( LAN ).  

   •      The machine can be set up by one person and can operate automatically 
on a 24 - hour continuous - duty cycle basis.  

   •      The brake applies pressure or torque controls without overshooting a 
programmed level even at high apply rate conditions.  

   •      Dual - end dynamometers simulate front and rear brake combinations or 
a complete axle. They may be tested simultaneously providing data on the 
 “ load sharing ”  and brake balance behavior of the two brake assemblies.     

5.4.2.4 Engine Dynamometer.   An engine dynamometer measures power 
and torque directly from the engine ’ s crankshaft or fl ywheel, when the engine 
is not in the vehicle. These dynamometers do not account for power losses in 
the drivetrain, such as the gearbox, transmission, or differential.  

5.4.2.5 Chassis Dynamometer.   A chassis dynamometer measures power deliv-
ered to the surface of the  “ drive roller ”  by the drive wheel. Position the vehicle on 
the roller or rollers so that the car then turns and the output is measured. 

 Modern roller - type systems use the Salvisberg roller, which improved trac-
tion and repeatability over smooth or knurled drive rollers. 

 On a motorcycle, typical power loss at higher power levels mostly through 
tire fl ex is about 10%, and gearbox chain and other power transferring parts 
are another 2 – 5%. 

 Other types of chassis dynamometers that eliminate the potential wheel 
slippage on old - style drive rollers and attach directly to the vehicle ’ s hubs for 
direct torque measurement from the axle are available. Hub - mounted dyna-
mometers include units made by Dynapack and Rototest. These dynamometers 
should read about 10 – 15% higher than a  “ rear wheel ”  chassis dynamometer. 

 Chassis dynamometers can be fi xed or portable. 
 Modern chassis dynamometers can do much more than display, horsepower, 

and torque. With modern electronics and quick reacting, low - inertia dyne 
systems, it is now possible to tune to the best power and the smoothest runs 
in real time. 
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 It is also common on a retail level to  “ tune to an air fuel ratio ”  with a 
wideband O 2  sensor in step with revolution per minute. 

 Because of frictional and mechanical losses in the various drivetrain com-
ponents, the measured rear wheel brake horsepower is generally 15 – 20% less 
than the brake horsepower measured at the crankshaft or fl ywheel on an 
engine dynamometer  [160] . 

 One can see a Hybrid Series Chassis Dynamometer AWD - AC/EC in Figure 
 5.47  (Mustang Dynamometer).

Standard Features 

   •      Hybrid and electric vehicle development    
   •      Precise road load and inertia simulation  
   •      Test regenerative braking systems  
   •      100 -  to 600 - hp AC motor  
   •      900 - hp Eddy Current PAU  
   •      Mechanically linked front/rear roll sets  
   •      Wheelbases 66.5 – 146.0   in.  
   •      Road load and federal drive cycles       

5.5 EQUIPMENT FOR MULTI -ENVIRONMENTAL TESTING 
AND ITS COMPONENTS 

5.5.1 Current Situation in Environmental Test Chamber Design 

  Accelerated multiple environmental testing  ( AMET ) requires the simulation 
of complex environmental infl uences acting simultaneously and in combina-

Figure 5.47. Hybrid Series Chassis Dynamometer AWD -AC/EC.
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tion with each other. AMET is one of the basic components of accelerated 
reliability (durability) testing. 

 Each product may be tested at an extreme range of environmental param-
eters (temperature, fl uctuation, pollution, radiation, etc.) to confi rm the con-
tinuation of the design and production process compliance. Testing can simulate 
the environment the products will encounter in transportation and operation. 
Nevertheless, professionals who plan, manage, and provide AMET must 
realize that environmental infl uences do not act independently on the product 
in real life. They always act in combination with other types of infl uences such 
as road features, air conditions, input voltage, and other factors depending on 
the product ’ s use conditions. Product reliability (durability) changes due to 
the interaction of these types of infl uences. 

 Unfortunately, most publications, including those of the more highly devel-
oped technologies such as aircraft, electronics, and aerospace, use only the 
simulation of separate environmental input infl uences or two to three of them, 
such as temperature, humidity, chemical or mechanical pollution, or radiation 
(often only UV). Literature and practice in environmental testing only address 
the following types of separate testing:

    •      Thermal shock  
   •      Thermal cycling  
   •      High - temperature burn - in  
   •      Low temperature  
   •      Salt fog  
   •      Humidity  
   •      Solution spray  
   •      Rain spray  
   •      High - pressure spray  
   •      Cold rooms/warm rooms  
   •      Low humidity  
   •      Spray bar assembly  
   •      Temperature/humidity  
   •      Dust  
   •      Light    

 These types of separate environmental testing are used for reliability or 
durability evaluation and prediction. 

 The title  “ Environmental Testing Chambers ”  frequently appears in litera-
ture, but concerned production companies are referring to the contents of their 
temperature/humidity test chambers, or corrosion test chambers, or solar radi-
ation test chambers, or very occasionally to separate solar radiation test cham-
bers or dust chambers as environmental test chambers. 
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 Many industrial companies then use these types of test results as the basis 
for the reliability and durability evaluation and prediction of their product. 
This is a misconception. In real life, environmental factors act only in combina-
tion and act simultaneously with mechanical, electrical, and other factors. 
Therefore, after such incomplete environmental testing, one cannot accurately 
predict reliability and durability. 

 The basic reasons for these defi ciencies are the following:

    •      Industrial companies, as well as service companies, want to reduce the 
expense of testing, including environmental testing. Therefore, they use 
lower - cost test technology and buy lower cost, less capable testing equip-
ment. Temperature or temperature/humidity test chambers are less 
expensive than complex (multi - environmental) test chambers, but this 
does not refl ect the product life cycle cost during the design, manufacture, 
and usage stages. They also do not take into account during manufactur-
ing the cost of complaints, recalls, and additional product development. 
As shown in Chapters  2  –  4 , high quality, reliability, durability, and main-
tainability testing requires larger expenditures of funds but leads to 
reduced recalls and complaints. Minimal expenses result only if one takes 
into account the above - mentioned factors during the design phase.  

   •      Many national and international organizations for standardization, where 
international experts work as volunteers, include the representatives of 
production companies. The companies using the above - mentioned prod-
ucts very infrequently send their representatives to these organizations; 
therefore, the standards often refl ect mostly the producers ’  interests.  

   •      The situation described earlier is the basic reason for slow technical 
progress in the development of AMET equipment and standards.    

 Correctly predicting product reliability and durability requires accurate 
simulation of real - life environmental infl uences to achieve accurate reliability/
durability testing. The rapid and correct solution of reliability and other quality 
problems also requires this approach. If the simulation is not accurate, the 
results are not accurate. AMET is applicable to a separate type of stress testing 
for solving specifi c problems. 

 The second approach is using it as a component of reliability (durability) 
testing. Additionally, it applies to other components of ART (mechanical and 
electrical). 

 In practice, when carrying out the fatigue testing of a product (steel speci-
mens and pieces), one has to take into account that the results of fatigue 
testing of metals or nonmetallic materials are different from the results of 
testing pieces of these materials because local tensions concentrate on these 
pieces. Therefore, corrosion of the product that destroys its surface results in 
a local concentration of strength - reducing tensions that decrease the total 
product ’ s fatigue resistance decreases. 
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 The names of test chambers frequently do not correspond to their content 
and true purpose. For example,  “ chamber for durability accelerated testing ”  is 
usually referred to as the chamber for temperature and humidity without 
condensation. The  “ chamber middle volume for environmental testing ”  is the 
only chamber that tests for temperature changes, or for changes in tempera-
ture and humidity, or for changes of separate air pressure, salt spray, tempera-
ture, and humidity, but it does not test for the full set of infl uencing factors. 

 As was mentioned earlier, the use of test chambers for the independent 
simulation of one to three environmental input infl uences characterizes the 
current situation, not chambers for multi - environmental testing. 

 Many companies are designing and manufacturing equipment to test one 
to three environmental input infl uences. For example, consider the high -
 performance Thermotron chambers that are used in the automotive industry 
to test vehicles under extreme temperature and humidity conditions (Fig.  5.48 ).   

 The situation is similar for smaller environmental test chambers. Many of 
these chambers correspond to American Society of Mechanical Engineers 
(ASME) standards, but it is necessary to take into account that ASME stan-
dards apply mostly to materials, not to machines and their units. 

 Many companies continue to design and manufacture temperature and 
temperature/humidity test chambers that are useful for the solution of sepa-
rate problems but are not useful for ART/ADT. For example, the 
Weiss / Envirotronics Company  [161]  is producing many types of these test 
chambers. See their ET and EH Series test chambers in Figure  5.49 .   

 The ET/EH chambers can be customized to meet specifi c needs in terms 
of size, horsepower, or confi guration:

    •      Temperature range:  − 73 to  + 177 ° C  
   •      Humidity range: 10 – 98%  

Figure 5.48. High-performance Thermotron chamber for automotive industry to test 
vehicles under extreme temperature and humidity conditions. 
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   •      High - /low - temperature testing (ET)  
   •      High - /low - temperature and humidity testing (EH)  
   •      Custom design    

 Of course, this equipment is not appropriate for ART/ADT technology. 
 A good example that is not appropriate for ART/ADT technology is the 

series of test chambers produced by other companies. These companies design, 
manufacture, and sell a series of the test chambers for separate and different 
components of the real environment. They demonstrate test chambers and 
state that the customer can evaluate the product ’ s performance in a simulated 
real - world environment, whether the customer needs to mimic rain, a shower, 
spraylike conditions, or a combination of one to three parameters of the envi-
ronment. In addition to the standard integrity test, this series is also available 
in confi gurations that will allow the testing of parts while they are under 
power. Each chamber can be customized to include automatic controls with a 
sophisticated data collection or with simple on/off controls.  

5.5.2 Combined Equipment for Multiple Environmental Testing 

 There is currently no equipment on the market for full multiple environmental 
testing. Multiple environmental testing needs a combination of test equipment 
as shown in Figure  5.50 , including equipment for accelerated weathering 

Figure 5.49. Weiss/Envirotronics typical temperature and temperature/humidity 
chamber [161].
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testing. A step toward the solution of integrated design and manufacturing 
problems is to consider the combined equipment for multi - environmental 
testing that includes the complex of components shown in Figure  5.51 .   

 State Enterprise TESTMASH was the fi rst to create and design combined 
equipment for multi - environmental testing. 

       Figure 5.50.     Scheme of combined equipment for multiple environmental testing.  
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       Figure 5.51.     Scheme of test chamber for simultaneous combination of temperature, 
humidity, pollution, and radiation (1, system of control; 2, heat exchanger; 3, compres-
sor; 4, sprayer; 5 – 7, valves; 8, capacities; 9, receiver; 10 and 11, pipelines; 12, lamps).  
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 The author and his colleagues have developed equipment as a fi rst step 
toward the accurate physical simulation of multi - environmental input infl u-
ences. They developed this equipment for a variety of organizations and com-
panies from aerospace to the automotive industry to academia. 

 Several techniques and equipment were developed to integrate climate 
chambers that simulate the simultaneous combinations of the four basic envi-
ronmental parameters (Fig.  5.51 ):

    •      Temperature  
   •      Humidity  
   •      Pollution  
   •      Solar radiation    

 This equipment is a series of test chambers for the AMET of separate parts 
and units and complete machinery. The chambers have a system for simulation, 
regulation, and the control of environmental parameters. 

 The chambers also have ventilation and cooling systems, wastewater, an 
aggressive evaporation drainage system, a sprinkler system, and a power and 
alarm system. The chamber design is such that it can integrate with other 
testing equipment. 

Specifi cation

   1.     Temperature range ( ° C): from  − 10 to  + 60    ±    1  
  2.     Humidity range (%): from 40 to 97    ±    3  
  3.     Temperature changing velocity ( ° C/min): 0.7  
  4.     Sun radiation range spectral range: 280 – 400   nm (42   W/m 2 )  
  5.     Pollution: sprinkling with salt water, ammonia solutions, and dust    

 This test chamber does not provide a high acceleration coeffi cient or a high 
change of the physics - of - degradation process. Therefore, the time for failures 
is faster (two to three times) than time for failures of the optimum life regimen 
of temperature, humidity, pollution, and sun radiation in the fi eld. The tem-
perature, humidity, and concentration of pollutants are also a little bit higher 
than in real life. The basic reason for this is the necessity of compressing work 
time (taking off the time of breaks with minimum time loading, which has no 
infl uence on the product ’ s reliability). 

 When one uses the accelerated coeffi cient and wants to use the testing 
results for reliability/durability evaluation/prediction, he needs to remember 
that a more accelerated coeffi cient means less correlation between the acceler-
ated reliability/durability indices in the fi eld and in the laboratory. 

 One must also remember that the accuracy of ART/ADT results deter-
mines the value of the initial input for resolving quality, reliability, and durabil-
ity problems during design and manufacturing. 
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 Figure  5.52  shows a second type of test chamber developed by the author 
with colleagues for the simultaneous combination of temperature, humidity, 
salt spray, and solar radiation.   

 This test chamber consists of a 

   •      System of humidity regulation  
   •      System of temperature regulation  
   •      System of sprinkling aggressive medium  
   •      System of solar radiation  
   •      System of blocking, signalization, and control  
   •      System of power equipment    

 The author ’ s previous publications  [18, 42, 43, 104, 105]  show the combined 
integrated equipment. Other companies at that time were involved only in the 
development of equipment for separate components for multi - environmental 
testing. Other advanced companies then followed this path. 

       Figure 5.52.     Scheme of test chamber with simultaneous combination of temperature, 
humidity, pollution, and radiation.  
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 Weiss Umwelttechnik GmbH is one of the most advanced companies in the 
design and manufacturing of combined testing equipment for multi -
 environmental testing. Listed next are several types of this equipment (Figs. 
 5.53  and  5.54 ):

Specifi cation (Fig.  5.53 ) 

  Test space volume: 304   m 3

  Temperature range:  − 40    . . .     + 80 ° C  
  Climate range:  + 5    . . .     + 80 ° C (limited by sunlight simulation)  
  Humidity range: 20    . . .    80% RH  
  Solar radiation   

  Specifi cation (Fig.  5.54 ) 

  Test space volume: 138   m 3

  Temperature range:  − 40    . . .     + 50 ° C  
  Pressure range: 715    . . .    1100   mbar  
  Altitude range up to 3000   m above sea level     

Figure 5.53. Cold heat climate test chamber with a four -poster system and sunlight 
simulation [148].
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5.5.3 Equipment for Corrosion Testing 

 Currently no equipment can accurately simulate the corrosion process because 
the current corrosion chambers that are available for materials corrosion only 
simulate part of the fi eld environment. This equipment cannot simulate a 
simultaneous combination of multi - environmental infl uences that infl uence 
corrosion (chemical pollution, mechanical pollution, moisture, temperature, 
etc.) with mechanical infl uences (vibration, deformation, friction, etc.), as 
shown in Figure  4.11 . In addition, these chambers are unable to simulate the 
interconnection of different units and parts of the product. 

 Only combined equipment for accelerated reliability (durability) testing 
can provide the necessary information for the accurate prediction of the cor-
rosion of cars, trucks, aircraft, and other machines. 

 Researchers are working toward creating corrosion test chambers for the 
simulation of a simultaneous combination of factors that exert an infl uence 
on the corrosion process. There will be further information on this subject later 
in the book. 

 Let us demonstrate a typical series of the current corrosion test 
chambers. 

5.5.3.1 Cyclic Salt Corrosion Test Equipment.   Spray and sprinkle corrosion 
testing was demonstrated earlier. The  cyclic corrosion test chamber  can provide 
a range of controlled cycles in the automotive industry among others. This 
testing equipment is capable of multiple automatic cycles including 

Figure 5.54. Altitude simulation chamber [148].
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   •      Salt fog  
   •      Humidity fogging  
   •      Dry cycle  
   •      Dwell cycle  
   •      Controlled humidity  
   •      Solution spray  
   •      Wet bottom RH  
   •      Immersion cycle  
   •      Temperature ranging from  − 20 to 90 ° C    

Multipurpose Fog ( MPF) Test Equipment.   The equipment is designed to meet 
American Society for Testing and Materials (ASTM) International, SAE, and 
most other automotive test requirements for accelerated corrosion testing, 
such as ASTM B117, D1735, B368, MIL - STD - 883, Method 1009.5, B368 
(CASS),and Mil Std 810D, Method 509.2. With the optional cycling control 
package, MPF test equipment will also meet standard specifi cation  ASTM G85 
Modifi ed Salt Spray (fog) Testing Annex A5 Dilute Electrolyte Cyclic Salt Spray 
(fog) Testing (Prohesion  ™  ).  

Base Cabinet All -Plastic Construction.   This chamber is made of fi berglass using 
the most advanced techniques available to ensure longevity and strength. The 
plastic construction of this unit protects the chamber from the corrosive solu-
tions used, in addition to providing a naturally insulated exposure zone for 
consistent and repetitive testing. The chamber lid is made of a transparent 
polymer - based material to allow the viewing of the ongoing testing while 
keeping the corrosive fog in the chamber. Electric heaters heat the chambers 
located under a diffuser plate below the exposure zone.  

Microprocessor-Based Controller ( MBC).   The controller for the MPF Series 
Chambers is a set of microprocessor - based temperature controllers. They 
provide the chamber with simple and accurate operation and control. The 
MPF Chamber is designed to meet most automotive specifi cations for acceler-
ated corrosion testing including salt fog, humidity, acetic acid, CASS, and 
simple cyclic tests such as ASTM G85.  

Base Cabinet.   The interior lining is inert white PVC sheet lining. The exterior 
is painted with a blue fi nish coat. Smoke - gray transparent PVC lid with gas 
cylinder lifting (Models 24 and 410 are equipped with air cylinder lifting). A 
water jacket on all four sides and the bottom heats the cabinet. The electrical 
enclosure, pilot lights, selector switches, and wiring components all comply 
with NEMA 12 standards.   

5.5.3.2 Noxious Gas Test Chambers.   Noxious gas test chambers are used to 
test the corrosion resistivity of metals, to determine the aging speed of plastics 
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and glass, and to test coatings and coverings for leaks and tightness. This type 
of gas test chamber is useful for accelerated corrosion testing. Weiss 
Umwelttechnik GmbH produces noxious gas test chambers. 

 Basic units of the test chambers produced by Weiss Umwelttechnik GmbH 
(Fig.  5.55 ) consist of the well - known climatic test cabinets of the WK series. 
The noxious gas test chamber can be included in these test chambers.   

 These test chambers also have the following specifi cations:

    •      Design details of the climate test chambers are in the WK Series leafl et  
   •      Noxious gas test chamber made of acrylic glass or  polyvinylidene fl uoride  

( PVDF )
   •      Dosing pump (PTFE) or mass fl ow controller  
   •      Monitor of low pressure in interior test chamber  
   •      Thinning of the discharge air containing noxious gas    

 Temperature range:

    •      With acrylic glass:  + 15    . . .     + 40 ° C  
   •      With PVDF:  + 15    . . .     + 80 ° C    

 Humidity range: 40    . . .    75% relative 
 Dew point temperature range:

    •      With acrylic glass:  + 10    . . .     + 38 ° C  
   •      With PVDF:  + 10    . . .     + 60 ° C    

Figure 5.55. Noxious test chamber produced by Weiss Umwelttechnik GmbH [188].
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 Flow rate noxious gas: adjustable between 1 and 250   mL/h 
 Volume: approximately 641   L 

   •      Usable height: approx. 400   mm  
   •      Width: approx. 400   mm  
   •      Depth: approx. 400   mm    

 Volume: approximately 1251   L 

   •      Usable height: approx. 500   mm  
   •      Width: approx. 500   mm  
   •      Depth: approx. 500   mm   

Noxious Gas Climatic Test Chambers 

   •      Models: VCC 4034/7034 and VCC 4060/7060  
   •      Test space volumes: 340 and 600   L  
   •      Temperature range:  + 15 to  + 60 ° C  
   •      Dosing of up to four gases  
   •      Noxious gas test chamber: stainless steel or Plexiglas  
   •      Thermal mass fl ow controller    

 TechnoLab (Germany)  [162]  produces noxious gas test/corrosion test 
chambers with different gas concentrations and gas compositions.   

5.5.4 Wind Tunnels 

 A wind tunnel is a research tool for studying the effects of air moving over or 
around a test subject. 

 Wind tunnel testing is the technical support of any major development 
process involving aerodynamics. In this book, wind tunnel testing is a compo-
nent of ART. It is applicable for aircraft, helicopters, cars, trains, and laboratory 
research. 

 Wind tunnels may be classifi ed by their basic architecture (open circuit or 
closed circuit), according to their speed (subsonic, transonic, supersonic, or 
hypersonic), the air pressure (atmospheric or variable density), or their size 
(full scale). 

 There are a number of wind tunnels (meteorological tunnel, shock tunnel, 
plasma jet, hotshot tunnel, and tunnels with moving ground) that fall in a 
special category of their own. 

 The main components of a tunnel are the entrance cone, test section, regains 
passage, propeller, motor, and return passage. Flow straightness, corner vanes, 
honeycomb layers for reduced turbulence, air exchangers, and diffusers are 
other common features. 



EQUIPMENT FOR MULTI-ENVIRONMENTAL TESTING AND ITS COMPONENTS   277

 Measurement equipment and testing procedures include instrumentation 
for the measurement of pressure, temperature, forces, moments, and turbu-
lence intensity. 

 A short history follows for wind tunnels. Leonardo da Vinci, ca. 1500  [163] , 
was the fi rst to propose the idea behind the wind tunnel. He wrote that the 
effects of air fl owing on an object are the same as the object moving in still 
air. Although Francis Herbert Wenham designed and used the fi rst practical 
wind tunnel in 1870, the Wright brothers, in 1901, performed the fi rst system-
atic experiments on airfoil characteristics in a well - designed wind tunnel  [164] . 

 In a classic set of experiments, Osborne Reynolds (1842 – 1912) of the 
University of Manchester demonstrated that the airfl ow pattern over a scale 
model would be the same for the full - scale vehicle if a certain fl ow parameter 
were the same in both cases. This factor, now known as the Reynolds number 
 [165, 166] , is a basic parameter in the description of all fl uid fl ow situations, 
including the shapes of fl ow patterns, the ease of heat transfer, and the onset 
of turbulence. This comprises the central scientifi c justifi cation for the use of 
models in wind tunnels to simulate real - life phenomena. 

 The Wright brothers ’  use of a simple wind tunnel in 1901 to study the effects 
of airfl ow over various shapes while developing their Wright fl yer was in some 
ways revolutionary. They were simply using the accepted technology of the 
day, although this was not yet a common technology in America. 

 The subsequent use of wind tunnels proliferated as the science of aerody-
namics and the discipline of aeronautical engineering were established and air 
travel and air power were developed. Wind tunnels were often limited by the 
volume and speed of airfl ow that could be delivered. 

 Wind tunnel tests in a boundary layer wind tunnel simulate the natural drag 
of the earth ’ s surface. For accuracy, it is important to simulate the mean wind 
speed profi le and turbulence effects within the atmospheric boundary layer. 
Most codes and standards recognize that wind tunnel testing can produce reli-
able information for designers, especially when their projects are in complex 
terrain or on exposed sites. 

 Air is blown or sucked through a duct equipped with a viewing port and 
instrumentation where mounted models or geometric shapes are studied. 
Typically, the air is moved through the tunnel using a series of fans. For very 
large wind tunnels several meters in diameter, a single large fan is not practical, 
and so an array of fans operates in parallel to provide suffi cient airfl ow instead. 
Due to the sheer volume and speed of air movement required, stationary 
turbofan engines often power the fans rather than electric motors. 

 The airfl ow entering the tunnel is itself highly turbulent due to the fan blade 
motion, and it is not directly useful for accurate measurements. The air moving 
through the tunnel needs to be relatively turbulence free and laminar. To 
correct this problem, a series of closely spaced vertical and horizontal air vanes 
smooth the turbulent airfl ow before reaching the subject of the testing. 

 Due to the effects of viscosity, the cross section of a wind tunnel is typically 
circular rather than square. In addition, there will be greater fl ow constriction 
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in the corners of a square tunnel that can make the fl ow turbulent. A circular 
tunnel provides a much smoother fl ow. In general, the wind tunnel provides a 
controlled safe test environment on the ground for engineers to evaluate new 
concepts and ideas for fl ight. In new aerospace concepts, it is now common for 
elaborate and sophisticated computer codes to fi rst optimize the vehicle (air-
craft, helicopter, or launcher) design. Nevertheless, wind tunnel experiments 
will always contain all the physics of fl ight. Consequently, engineers minimize 
the risk (both fi nancial and physical) and cost associated with their project ’ s 
development by performing ground tests before fl ight. In effect, the wind 
tunnel tests are critical to ensure that the vehicle ’ s performance is optimal 
before proceeding to the expense of fl ight - testing the prototype. 

 The wind tunnel tests validate and improve computational predictions for 
upcoming projects. Moreover, wind tunnel simulations are an indispensable 
element in preparing a new vehicle for fl ight. Take the German – Dutch Wind 
Tunnels (DNW - LLF) in Figures  5.56 – 5.58 . We can see here 

   •      Engine and ground simulation tests on a model of the Airbus A400M 
above a moving belt in the 8    ×    6   m test section of the DNW - LLF (Fig. 
 5.56 )    

   •      Force and pressure measurements on a model of the Embraer Lagacy 
500 in the transonic wind tunnel DNW - HST  

   •      Acoustic measurements on a full - scale wing of the Airbus A320 in the 
open jet test section of the DNW - LLF.    

 It operates both the aeronautical wind tunnels of the German Aerospace 
Center (DLR) and the Dutch National Aerospace Laboratory (NLR). These 
wind tunnels are located in Germany and in The Netherlands. 

Figure 5.56. Engine and ground simulation tests on a model of the Airbus A400M 
above a moving belt in the 8 × 6 m test section of the DNW -LLF.
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 The main objective of these tunnels is to provide a wide spectrum of wind 
tunnel tests and simulation techniques. 

5.5.4.1 Wind Tunnel Testing of Microair Vehicles ( MAVs).   MAVs and  
small unmanned air vehicle s ( SUAV s) represent a new challenge for aerody-
namics and controls. Typical MAVs have a wingspan of 15   cm or less, and they 

Figure 5.57. Force and pressure measurements on a model of the Embraer Legacy 500 
in the transonic wind tunnel DNW -HST.

Figure 5.58. Acoustic measurements on a full -scale wing of the Airbus A320 in the 
open jet test section of the DNW -LLF.
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fl y relatively slowly at around 13 – 15   m/s. The aerodynamic forces generated 
by the air vehicles are small (0.5 – 5.0   N), thus making wind tunnel measure-
ments quite challenging. The signals from the balance are very weak, about a 
microvolt, and when translated into forces or coeffi cients, they need proper 
analysis, giving special attention to many factors that can potentially jeopar-
dize the results. Some of these factors include the low signal - to - noise ratio, the 
use of the balance at its sensitivity limits in particular test conditions (typically 
low lift), and the high sensitivity to some parameters like ambient pressure. 
Other factors are the critical operational area of the Reynolds number and 
the peculiar design of the wing with a very low aspect ratio (AR) and fl exible 
structure. The Reynolds number relates wind tunnel results to fl ight values. 
This number relates the model scale to the viscous properties of the wind 
tunnel air and varies over the entire model. 

 Moreover, the Reynolds number is proportional to velocity. To best simu-
late fl ight conditions, the Reynolds numbers of a model must be as close as 
possible to the fl ight values. The results are appropriate for general aerody-
namic results, performance assessment, and the generation of a system char-
acterization report with the main aerodynamics characteristics of the tested 
vehicle. The results are useful for the confi guration selected, to create a numer-
ical model of the vehicle, and for the design of its control system. 

 A wind tunnel model is smaller than full scale, so without changing the wind 
tunnel air parameters, the test Reynolds numbers would always be lower than 
in fl ight. Since this number is also proportional to air density, we can offset 
the defi cit to some degree by increasing the stagnation air pressure in the wind 
tunnel and by lowering the test gas temperature (although this technique is 
not used at Modene).  

5.5.4.2 Experimental Apparatus and Procedures.   The facility used in the 
work described next  [166]  is a horizontal, open - circuit low - speed wind tunnel. 
The wind tunnel has an overall length of 10   m and is designed to provide low 
turbulence levels in the test section, less than 0.5% at 10   m/s. The test section 
is 914    ×    914   mm with a length of 2   m. It uses a centrifugal - type fan and a vari-
able frequency controller operated by a PC with the dedicated data acquisition 
system that remotely regulates its speed. The maximum velocity for test pur-
poses is approximately 15   m/s, with a subsequent maximum Reynolds number 
of approximately 200,000. 

 One of the improvements in the capabilities of the existing wind tunnel 
setup has been the acquisition and implementation of a six - component sting 
balance. The balance is an internal fi ve - force/one - moment sting balance. Two 
forces are normal to the sting axis in one plane (lift); two forces are normal 
to the sting axis on a plane perpendicular to the previous (side); one force is 
axial; and the moment is around the roll axis. Usually, the design of a wind 
tunnel balance is of necessity a compromise between the required maximum 
load capability of all components and the accuracy required for minimum 
loads. One can see the rate loads in Table  5.14 .   
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 A typical test procedure starts with the input of the model position, the 
 angle - of - attack  ( AOA ) sequence, and the model characteristic dimensions. 
The acquisition of the tares with the wind off follows. A set of zeros are 
acquired at the start and at the end of the run for further analysis and eventual 
correlations resulting from drifting of the signals. 

 The signals from the balance, during both tares and tests, are sampled and 
are averaged in a preselected way. Data collection is typically in blocks by 
sampling 500 points at 1000 - Hz frequency. The software performs all data 
conversions in forces and displays the six coeffi cients ( CL ,  CD ,  CS ,  CI ,  Cm , and 
Cn ) versus AOA. At the end of the run, the data are stored in a fi le for further 
analysis. 

 Different publications  [165 – 168]  describe the results of testing airfoils 
at low Re  numbers. One can investigate the effect of systematic variation for 
some design parameters, such as AR, using this setup, but this was not the 
intention of the work. One can fi nd some results and analysis in publications 
 [165, 169, 170] . The results from testing three complete aircraft are in Reference 
 165 . 

 The main objective of the experiments was to perform an aerodynamic 
characterization of a specifi c aircraft (aerodynamic coeffi cients and static sta-
bility derivatives). The power was off so the propeller was wind milling freely. 
This wind tunnel provides the capability to test aircraft and other systems 
while operating. 

 One testing program completed in References  171 and 172  shows the 
following:

    •      The vehicle was swept through angles of attack ranging from  − 4 °  to 18 °  
at beta (yaw) angles. Data were collected on a 6 - degrees of freedom force 
balance, measuring lift, drag, and side force, as well as moments around 
all three axes.  

   •      The tests confi rmed the predictions of the vortex – lattice code used in the 
design process. With proper CG placement, the transition is aerodynami-
cally stable and the stall characteristics are benign. As the AOA increases, 
the canard stalls fi rst, followed by the wing root, and then fi nally the wing 
tip — providing a natural recovery or  “ safe stall. ”   

TABLE 5.14 Sting Balance Rated Loads [187]

Component Rate Loads 

  Normal force  ± 44.5   N  
  Side force  ± 44.5   N  
  Axial force  ± 17.8   N  
  Pitch  M ± 2.63   kN · m  
  Yaw  M ± 2.63   kN · m  
  Roll  M ± 8.77   kN · m  
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   •      With the elevator on the tail of the transition and not on the canard, the 
pilot maintains the pitch authority allowing him to  “ mush ”  the stall a bit 
more than is possible with a typical canard design. Additionally, the 
sequence of fl ow separation from the lifting surfaces will allow mainte-
nance of the roll authority throughout the stall.    

 In Reference  173 , another wind tunnel test occurred. A small origami plane, 
just 8   cm in length, was mounted inside the hypersonic wind tunnel facility at 
the Kashiwa Campus of the University of Tokyo. The plane experienced a 
hypersonic fl ow at Mach 7 (5300   mph) for 10 seconds. It withstood massive 
aerodynamic temperatures of 200 ° C and aerodynamic pressure. 

 This experiment may stimulate children all over the world — who can 
directly relate to an original plane and fold one for themselves — to take a 
greater interest in science and technology.  

5.5.4.3 Large Wind Tunnels.   There are many types of large wind tunnels. 
For example, Lockheed Martin ’ s home base for low - speed wind tunnel testing 
is in Marietta, Georgia. For aircraft customers, the testing provides a verifi ca-
tion of mathematical models and hypotheses on the aerodynamic performance 
of the aircraft during its fl ight mission. For automobiles, important aspects such 
as the level of road noise, the amount of drag, and/or how much down force 
is present can be examined. Solutions can then be determined in an effort to 
improve upon an existing design. 

 Lockheed Martin High Speed Wind Tunnel Test Systems Design Products 
and Services  [174]  include the following:

    •      Calibrating of balances and transducers  
   •      Strain gage installation  
   •      Force measurement consulting  
   •      Six - component internal strain gage force balances, with or without fl ow -

 through capability  
   •      Special - purpose balances  
   •      Calibration equipment  
   •      Complete models, components, and modifi cations  
   •      Stings and support equipment  
   •      Thrust and test stands    

 Support facilities of this wind tunnel include the following:

    •      High - volume static fl ow facility  
   •      High - pressure nitrogen system (6000   psi)  
   •      Complete on - site machine shop    
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 The unique capabilities of this tunnel include 

   •      Captive trajectory  
   •      Automated roll  
   •      Inlet throttle  
   •      High - angle remote roll sting  
α       − 10 °  to  + 110 °   
φ       ± 180 °       

 The Lockheed Martin Aerodynamic Group can provide any combination 
of the following services for customers ’  test programs:

    •      Design defi nition  
�      Preliminary through fi nal confi guration  
�      Surface sizing analysis  
�      Drag predictions  
�      Trade studies  
�      Airload predictions    

   •      Model design support 
�      Model requirements  
�      Design oversight    

   •      Aeroprediction 
�      Empirical  
�      Analytical  
�      CFD    

   •      Test support 
�      Planning  
�      Predictions  
�      Conduct    

   •      Posttest data analysis 
�      Result presentations  
�      Aerodynamic database creation  
�      Support 3 - DOF simulation  
�      Support 6 - DOF simulation      

 As we can now see, the wind tunnels mentioned earlier and other wind 
tunnels are not appropriate for ART/ADT. Nevertheless, one may use them for 
this purpose, as a component of ARD/ADT. ONERA  [175] , the French aero-
space research establishment, was founded May 1946 as a public organization 
under the supervision of the French Ministry of Defense. Now they are perform-
ing simulations and testing in order to design and build tomorrow ’ s aerospace 
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vehicles. Two of the four wind tunnels operate continuously using closed cir-
cuits, one at atmospheric pressure (0.9   bar), and the other pressurized to 2.5   bar. 
Powerful fans and compressors generate the necessary wind velocities. 

 The other two wind tunnels have a very different drive system and operate 
in a blow - down mode. The release of compressed air generates the runs 
upstream of the test section into the atmosphere or a vacuum chamber situ-
ated downstream of the test section. 

 The best quality airfl ow is maintained in the test section. The wind passes 
through the test section (where the model is located) for a duration that can 
vary from a few seconds to several hours. During this time, instruments acquire 
pressures, forces, and temperatures, while cameras can fi lm the airfl ow on and 
around the model to help better understand the fl ow fi eld characteristics. 
These measurements are transmitted to a powerful central computer that 
processes the information, renders the images of the airfl ow, and generates the 
test results in real time. Thus, one can modify the test parameters. The inter-
vention can increase the value of the test and reduce the inherent cost. 

 The test section (Fig.  5.59 )  [175]  is 26   ft in diameter, 46   ft long, and can 
accommodate very large test models. The large model size permits the instal-

Figure 5.59. The test section of the wind tunnel ONERA —The French Aerospace Lab [175].
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lation of numerous automation devices. The wind tunnel is equipped with two 
contrarotating fans 49.2   ft in diameter that are driven by water - powered 
Pelton turbines developing up to 88   MV of power. A regulator controls the 
fan speed from 25   rpm (Mach 0.05) over 200   rpm (Mach 1).   

 The Mach number is the ratio of the local speed of the airfl ow to the local 
speed of sound. 

 Therefore, at Mach 1, the airfl ow is traveling at the speed of sound and is 
sonic. For a Mach number below 1, the airfl ow is subsonic, and for a Mach 
number above 1, the airfl ow is supersonic. The speed of sound means that 
sound travels at 750   mph when the air is dry, and its temperature is 0 ° C. 

 As the temperature increases, the speed at which the sound travels also 
increases. Depending on the speed reached in fl ight, the fl ow fi eld has different 
characteristics from the point of view of fl uid mechanics, density, and mathe-
matical models. Airfl ows below Mach 0.8 are subsonic, while airfl ows from 
Mach 0.8 to Mach 1.2 are transonic. Airfl ows at Mach 1 are sonic; airfl ows from 
Mach 1.2 to Mach 5 are supersonic; and those above Mach 5 are hypersonic 
(Table  5.15 ).   

 For the latest Dassault Aviation business jet, over 2500 testing hours were 
required at the ONERA facilities, to confi rm the performance and to validate 
computational predictions for the best design optimization (Fig.  5.60 ).   

 The different units of (DNW) wind tunnel facilities are in Tables  5.16 – 5.18 . 
 The operations performed in the wind tunnel include the following:

    •      Drag/lift measurements on aircraft, helicopters, missiles, and racing cars  
   •      Drag/lift moment characteristics of airfoils and wings  
   •      Static stability of aircraft and missiles  
   •      Dynamic stability derivatives of aircraft  
   •      Surface pressure distributions on nearly all systems  
   •      Flow visualizations (with smoke, oil, and talcum)  
   •      Propeller performances (torque, trust, power, and effi ciency)  
   •      Performance of air - breathing engines  
   •      Wind effects on buildings, towers, bridges, and automobiles  
   •      Heat transfer properties of engines and aircraft    

TABLE 5.15 Operating Ranges of the High -Speed
Wind Tunnel 

Indices Number

  Speed    Mach 0.2 – 5.0  
  Dynamic pressure    250 – 5000   psf  
  Temperature    100 ° F nominal  
  Altitude  − 10,000 to 75,000   ft  
  Reynolds number    2.0 to 38.0    ×    10 6
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Figure 5.60. Testing in ONERA —The French Aerospace Lab [175].

 A water tunnel can also be used to perform some of the above - mentioned 
operations. 

 A new wind tunnel was to open in early 2008. It is a commercially available 
full - scale, single - belt, rolling road wind tunnel. This tunnel is located near 
Charlotte, North Carolina, in the United States. According to company offi -
cials, Windshear Inc.  [176]  will operate the one - of - a -  kind facility 24 hours a 
day, 7 days a week, with a staff of 25. The facility will be available for hire by 
all motor sports teams and the auto manufacturers. 

 The Windshear design accommodates 100% full - scale vehicles and provides 
constant airspeeds of up to 180   mph, with temperatures controlled to within 
± 0.55 ° C (1 ° F). The high - tech rolling road accelerates from 0 to 180   mph 
(290   km/h) in less than 1 minute. The  “ road ”  is actually a continuous stainless 
steel belt just 1   mm thick and is designed to last up to 5000 operational hours. 
During testing,  “ through - the - belt ”  sensors measure the aerodynamic down 
force under each tire while a sophisticated onboard data acquisition system 
collects other test - critical data (Fig.  5.61 ).     

5.5.5 Solar Radiation Test Chambers 

 Solar simulators and light sources produce a simulated solar spectrum that is 
a part of multi - environmental testing. Like other types of mechanical and 
multi - environmental testing, testing in solar test chambers is a component of 
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Figure 5.61. Wind tunnel rolling road machine [176].

ART and ADT. Solar radiation test chambers also conduct plant growth, 
material - degradation simulations,  photovoltaic  ( PV ) cell testing, sunblock 
evaluations, and other testing. 

 The following text includes typical representative equipment for this type 
of testing. Solar simulation cabinets and systems simulate the energy of global 
radiation. They range from small, single - luminary exposure confi gurations to 
large - scale, multiple - luminary systems capable of exposing automobiles and 
other industrial products. The spectrum of sunlight (so - called global radiation) 
is reproduced during testing, facilitating the systems ’  performance decisions. 
The basic components of the solar constant unit are the radiation unit, the 
power supply, and the control system. 

 Different companies in the United States, Germany, India, China, and other 
countries design and produce this testing equipment. 

 One of the most famous companies in this area is Atlas  Material Testing 
Technology  ( MTT ) LLC  [177, 178] . 

 The company produces test chambers for high - speed lighting. The boost 
capability of this technology allows it to provide a light output 10 times greater 
than that of a tungsten system of a comparable installed lamp power. 

 The radiation unit uses a special metal halide lamp system ( metal halide 
global  [ MHG ]). The  electronic power supply  ( EPS ) drives the lamps with 
square wave currents that stabilizes and optimizes spectral characteristics. A 
dedicated computer called SolarSoft controls the solar constant unit, using a 
menu - driven software program that provides ease of use and fast test setup 
allowing a maximum utilization of the test facility. 

 Atlas produces the SC series of solar radiation test chambers. 
 As an example, look at the test chamber SC2000 MHG (Figs.  5.62  and  5.63 ):

    •      Test space volume: 3.4   m 3

   •      Test space dimensions,  W     ×     D     ×     H : 2000    ×    1150    ×    1510   mm  
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   •      Irradiation unit type of irradiation: 2    ×    4 - kW MHG lamps  
   •      Irradiation intensity: 800 – 1200   W/m 2  with reference to the test area, step-

lessly adjustable  
   •      Uniformity:  ± 5% with reference to the test area  
   •      Test area: 1700    ×    800   mm, at a distance of at least 600   mm below the 

selling glazing  

Figure 5.62. Test chamber Atlas Material Testing Technology (MTT) SC2000 [178].

Figure 5.63. Inside components of test chamber Atlas Material Testing Technology 
(MTT) SC2000 [178].
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   •      Special radiation distribution global radiation: 280 – 3000   nm, recom-
mended for aging tests 

 GAGA Instruments Pte Ltd  [179] . produces a climatic chamber with a 
global sunlight spectrum. An economic alternative to large solar simulation 
equipment with a capacity of 6000   L, the test chamber is designed for testing 
medium - sized components. The Sun/Solar simulator S - 13, 13 ”  diameter, and 
6000   K (Optical Energy Technologies Inc.), has the following features:

    •      250 - W metal halide arc lamp, 6000 - K color temperature  
�      575 - W lamp optional at $1500 additional cost  

   •      Three times the luminous effi ciency of an argon arc lamp  
   •      Parabolic refl ector produces 13 "  diameter beam  
   •      Less than 3.5 °  angular subtense of the simulated sun  
   •      1.0 solar constant in space (adjustable)  
   •      Useful in vacuum chamber (with feedthrough)  
   •      Useful for testing sun sensors and solar panels  
   •      Built - in autocollimation function option    

 Applications of this chamber, DIN 75220, include  “ Aging of automotive 
components in solar simulation units, ”  SAE International testing methods, 
MIL - STD - 810, Environmental Protection Agency (EPA), or others. 

 Pacifi c Laboratory Products  [180]  produces a series of the solar climatic test 
chambers with the following specifi cations:

    •      Models: SC XXX MH — four different types  
   •      Test space volumes: 340, 600, 1000, and 3400   L  
   •      Temperature range without radiation:  − 30 to  + 100 ° C  
   •      Temperature range with radiation:  − 20 to  + 100 ° C  
   •      Humidity range without radiation: 10 – 90% RH  
   •      Humidity range with radiation: 10 – 80% RH  
   •      Radiation intensity: approximately 1000   W/m 2

 Nogix Co. Ltd.  [181] . designed and produced a solar radiation test chamber 
that can create a continuous and instant light source for products and includes 
environment temperature and normal temperature conditions.

   Illumination level: 60,000    ±    5000   lux  
  Temperature range: 0 to  + 100 ° C    

5.5.5.1 Solar Simulation Systems.   A car is a true representation of products 
that have to withstand various types of continuously changing environmental 
conditions. Atlas MTT ( K.H. Steuermagel  [ KHS ]) Solar constant solar simula-
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tion  [40]  systems provide solar energy for the testing needs of the automotive 
industry. 

 The radiation of the sun together with the ambient temperature and RH 
are essential factors. Solar radiation is global or total radiation that is the sum 
of direct and diffused (sky radiation) solar energy. 

 Regarding correlation, where it is important to achieve a comparison with 
the quantitative (irradiance) and qualitative (spectral distribution and unifor-
mity) characteristics of natural global radiation, the simulation of effects, 
which are known by practical experience to be critical in achieving test results, 
need to be considered. 

 General requirements are similar for most solar simulation applications, 
whether it is for the examination of organic materials, the optimization of 
ventilation and air conditioning systems, monitoring the thermal stability, and 
interaction of components or emission testing. 

 The solar simulation system is also important for the consideration of other 
fi elds such as solar energy convergence systems, PV, agricultural, and other 
applications. 

 As for other solar radiation simulation systems, the basic components of 
the solar constant systems are the radiation unit, the power supply, and the 
control system. 

 A mechanical positioning system is often used to allow the solar constant 
system to simulate various natural solar conditions effectively. This enables 
motorized movement of the solar array within all axes for easy adaptation to 
various test confi gurations or to simulate natural solar day cycles. The control 
of the positioning can be a manual push - button or integrated into the SolarSoft 
program that will then offer automated control of the radiation along with the 
simulation of various sun positions in the sky. The positioning system is often 
unique to the application and test facility. 

 The companies that use the solar constant solar simulation systems utilize 
systems specifi cally designed to comply with established test methods, such as 
the DIN 75220  “ Aging of automotive components in solar simulation units, ”  
SAE International methods, MIL - STD - 810, EPA methods, or other methods. 

 Figures  5.64  and  5.65  demonstrate a solar simulation system application for 
automobiles and other products.   

 The large test chambers in Figures  5.64  and  5.65  are components of systems 
for ART/ADT. 

ESPEC ENX112 Solar Panel Compact Walk -In Chambers.   Compact Walk - In 
Chambers for Testing Solar Panels 

 The ENX112 chambers provide a test chamber large enough for testing 
full - size PV modules in the least amount of fl oor space. They can be used for 
panels 1.2    ×    2.0   m or larger. 

 These models (Fig.  5.66 ) provide a variety of performance capabilities to 
meet maximum or minimum change rates in the International Electrotechnical 
Commission (IEC) or UL test standards. Incorporated are the features of 
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smaller Platinum and Global - N lines. The refrigeration systems of these models 
utilize modern, high - performance scroll compressors that allow a small foot-
print while allowing unparalleled service access.   

 The models come in different performance versions, depending on the cus-
tomer ’ s application. More powerful performance allows the customer to com-
plete the temperature cycling test faster, or with a maximum number of modules. 
There is also a  “ damp heat ”  - only model that saves capital cost and energy.

Figure 5.64. Large solar simulation system for testing automobiles and other products 
[40] (Atlas Material Testing Technology [MTT] LLC). 

Figure 5.65. Sample drive -in chamber for full vehicle testing (Cincinnati Sub -Zero).
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  Features 

   •      Performance to meet IEC 61215, 61646, UL - 1703, and similar test 
requirements
�      10.11 Temperature cycling  
�      10.12 Humidity freeze  
�      10.13 Damp heat    

   •      Large interior volume  
   •      Touch - screen controller  
   •      Viewing window  
   •      Compact footprint of 5 ′     ×    11 ′
   •      Optional module rack with rollers 

�      ENX112 rack can hold 1.2    ×    2.0   m panels  
�      ENX133 rack can hold 1.2    ×    2.4   m panels  
�      ENX164 rack can hold 1.8    ×    2   m panels       

EWSX282 Solar Panel Large Walk -In Chambers.   Solid Walk - In Chamber 
Designed for Testing up to 20 PV Modules 

 ESPEC ’ s solid construction walk - ins are desirable for testing large loads of 
PV modules or panels at 85 ° C/85% as well as humidity freeze and temperature 
cycling tests. The hermetically welded seams and stainless steel interior ensure 
integrity under extreme conditions required by IEC. 

Figure 5.66. Walk-in chamber for testing solar panels (ESPEC). 
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 The models come in different performance versions, depending on applica-
tion. More powerful performance allows faster completion of the temperature 
cycling test, or with a maximum number of modules. The  “ damp heat ”  - only 
model saves capital cost and energy.    

5.5.6 Dust and Sand Test Chambers 

 Dust is everywhere. It seems to enter from fi ssures and cracks and settles on 
almost everything in sight. One can expect to fi nd fragments of plants, molds, 
insects, pollen, spores, microorganisms, mineral dust, and many other sub-
stances. Dust infl uences the brake process, friction, wear, corrosion, and many 
other processes that infl uence a product ’ s quality, reliability, and durability. 

 To simulate multi - environmental factors, one uses dust and sand chambers. 
Different companies design and manufacture different series of sand and dust 
chambers. Cincinnati Sub - Zero (CSZ)  [182]  designs and produces the USD 
Series units to expose automotive, electronic, and other product components 
to concentrated levels of dust in order to validate the products ’  seal integrity. 

 These units blow pulses of compressed air through a manifold located in 
the bottom of a collection trough, forcing dust up and over the product. Air 
pulses are time programmed for  “ on ”  and  “ off ”  cycles. Changing the air pres-
sure and amount of the blowing time easily varies the dust concentration. The 
design of all dust chambers meets common test methods such as SAE J575, 
subparagraph  “ G, ”  J.I.S., D - 0207 - 1977, and ASTM C - 150 - 77. Approved dust 
types are Arizona Dust, Portland Cement Dust, and 213 Silica Sand. 

 Standard features (Fig.  5.67 ) include 

Figure 5.67. USD Series sand and dust chambers [182].
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   •      Two digital timers    
   •      Coalescing and particulate fi lters  
   •      Exhaust with cleanable fi lter  
   •      16 - gauge stainless steel interior  
   •      Full - operating front - loading door  
   •      Three - inch thick foam insulation  
   •      Casters    

 Optional accessories include 

   •      Access ports  
   •      Viewing window  
   •      Shelving  
   •      Text fi xture support rails  
   •      Self - contained air compressor  
   •      Interior light with switch    

 Workspace volume: 10   ft 3  (282   L) 27   ft 3  (762   L) 
 Workspace dimensions: 24 "   H     ×    30 "   W     ×    24 "   D  36 "   H     ×    36 "   W     ×    36 "   D

(61    ×    76    ×    61   cm) (91    ×    91    ×    91   cm) 
 Exterior dimensions: 60 "   H     ×    55 "   W     ×    35 "   D  72 "   H     ×    61 "   W     ×    45 "   D

(152    ×    140    ×    89   cm) (183    ×    155    ×    114   cm) 
 Weiss Umwelttechnik GmbH Dust Chambers allow for reproducible testing 

of the resistibility of electrotechnical products to dust. These chambers also 
determine the degree of  ingress protection  ( IP ) type for housings of electrical 
devices and equipment of road vehicles (Table  5.19 ).   

 There is a series of dust test chambers (ST 600, ST 1000, and ST 2000) 
designed and produced by Weiss Umwelttechnik GmbH. 

Dust Test Chamber Type ST 600 (Fig.    5.68)
 Features include 

   •      Dust test with wind simulation  
   •      Housing made of galvanized sheet steel, lacquered  
   •      Ring dust with integrated test space  

TABLE 5.19 Parameters of WEISS Dust Test Chambers (Type  ST) [189]

Test Chamber Dimensions Overall Dimensions Door Opening 

Height
(mm)

Width
(mm)

Depth
(mm)

Height
(mm)

Width
(mm)

Depth
(mm)

Height
(mm)

Width
(mm)

  1000    950    950    1900    1250    1050    850    850  
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   •      Horizontal airfl ow with temperature conditioning system  
   •      Air velocity control (speed controllable recirculating air fan)  
   •      Abrasion resistance of all components in contact with the dust  
   •      Large doors for easy loading with surrounding special gaskets  
   •      Dust measurement and control by means of a dust dosage device  
   •      Dehumidifi cation system (compressed air dryer)  
   •      Operating hour counter    

 The specifi cation includes 

  Temperature range:  + 5 °  . . .     + 40 ° C  
  Specimen weight: max 100   kg  
  Air velocity: 1.5, 3.0, and 5.0   m/s  
  Dust reservoir: 20   kg  
  Dust concentration: 2 -  to 10 - g/m 2  dust    

5.5.6.1 Dust Test Chamber Type ST 1000.   According to DIN VDE 0470 T1 
or EN 60529 for testing of the protected classes IP 5 X and IP 6 X, the ingres-
sion of dust into enclosures is tested. IP 5 is dust protected. IP 6 is dust tight. 
The system can be equipped with an underpressure device so that the dust not 
only settles on the entire specimen but also can ingress into the specimen. 

 The main features include 

   •      Waste air exhaust via dust fi lter  
   •      Abrasion resistance of all components in contact with the dust  

Figure 5.68. Dust test chamber type ST 600 [189].
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   •      Transparent doors for easy charging of surrounding special gaskets  
   •      Dust collecting section below the test chamber  
   •      Wiper  
   •      Vertical airfl ow    

 Technical specifi cations include 

  Test space volume: 1   m 3

  Test room lighting  
  Mobile design  
  Ports: 50 and 100   mm  Ø      

5.5.6.2 Dust Test Chamber Type ST 2000.   According to DIN VDE 0470 T1 
or EN 60529 for testing for the protection classes IP 5 X and IP 6 X, the ingres-
sion of dust into enclosures is tested. The system can be equipped with an 
underpressure device so that the dust not only settles on the entire specimen 
but also can ingress into the specimen.

  Main Features 

   •      Waste air exhaust via dust fi lter  
   •      Abrasion resistance of all components in contact with dust  
   •      Transparent doors for easy charging of surrounding special gaskets  
   •      Dust collecting section below the test chamber  
   •      Wiper  
   •      Vertical airfl ow   

Technical Specifi cations 

  Test space volume: 2000   L  
  Test room lighting  
  Mobile design  
  Ports: 50 and 100  Ø     

 Envirotronics Inc. designs and produces the D Series chambers that are 
available in models D24 and D60. These chambers test the component ’ s resis-
tance to a dust - fi lled environment defi ned in SAE Dust Test Specifi cations 
J - 575, subparagraph  “ G. ”  The product is placed on the specimen rack and dust 
is agitated throughout the chamber by injecting compressed air into each of 
the dust troughs. The dust then settles, covering the product under test. 

 The D Series chamber consists of 16 - gauge sheet metal with an air - dried 
lacquer - sprayed fi nish. The hinged lid gives full access to the workspace and 
is available with the option of viewing windows. In the larger D60 model, 8 "  
to 10 "  fan blades are mounted in the chamber to keep the dust in an agitated 
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condition. The pressure relief vent provided prevents pressure buildup within 
the cabinet as well as the escape of dust material. 

 A compressed air pressure regulation system with a fi lter and trap provides 
for connection to the air supply. Air supply air must be at a minimum pressure 
of 80   psi and 10   CFM. The D Series ’  control timers allow the following to be 
preset: the agitation, the number of agitation intervals, and the number of cycles 
with automatic shutdown at the completion of the preset number of cycles. 

 Standard features include the following:

    •      The total access chamber lid stays open at a 60 °  angle.  
   •      The chamber lid has gaskets with a closed - cell foam material.  
   •      The lid is equipped with quick - release latch hardware.  
   •      Pressure relief vent with fi lter  
   •      Removable stainless steel with grate specimen platform  
   •      Removable spray nozzles  
   •      Compressed air pressure regulation system with fi lter and trap  
   •      Two adjustable interval digital timers and one counter timer  
   •      Compressed air dual tower air drier system that dries air to a  − 85 ° C dew 

point level  
   •      115 – 1 – 60   V power - in with an amp draw of a 5   A  
   •      Interior light with exterior switch    

Settling Dust Chambers.   Easy Loading Clamshell Design 
 The ESPEC EDC dust chambers (Figs.  5.69 – 5.71 ) provide a ready - made 

solution to common dust test standards for automotive and electronic cabinet 
requirements. Often specifi ed for use with  “ Arizona fi ne dust, ”  these units can 
also be used with talcum or concrete powder. The chamber has a  “ clamshell ”  -
 type door/lid for easy front - loading, compared with top - loading chambers. 
Optional reach - in glove ports allow rotating the test sample without opening 
the door.

Test Standards Met 

   •      SAE J575 (Rev. NOV2006), Section 4.5    
   •      ISO 20653 (2006 - 08 - 15), Section 8.3.1  
   •      DIN 40050, Part 9, IP Codes 5   K and 6   K, vertical dust fl ow  
   •      IEC EN 60529 (IEC 529), IP - 5 and IP - 6, vertical dust fl ow (with optional 

underpressure mode) 
   •      IEC EN 60068 - 2 - 68 (IEC 68 - 2 - 68), LA2, vertical dust fl ow   

Features 

   •      Stainless steel interior and exterior  
   •      W - shaped bottom for improved dust collection and dispersion  
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   •      Easy - access clamshell door with viewing window and optional glove 
ports

   •      Mesh product shelf  
   •      Two - inch cable port  
   •      Timers for agitation and settling periods   

Figure 5.69. Dust test chamber (ESPEC). 

Figure 5.70. Dust test chamber EDC -54-ESPEC.
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Options

   •      Two reach - in glove ports  
   •      Dry air purge to maintain dryness  
   •      Evacuation (underpressure) system for DUT, as required by IEC 60529  
   •      ISO 12103 - 1 Arizona test dust    

Figure 5.71. Dust test chamber in use (ESPEC). 

  EDC  - 54 Cubic Foot Setting Dust Chamber Specifi cations 

  Item    Value  

  Product family    Setting Dust  
  Interior volume    54   ft 3  1500   L  
  Interior dimensions ( W     ×     D     ×     H )    1800    ×    900    ×    750   mm  

5.5.7 Ozone Test Chambers 

 Ozone in the air leads to the formation of cracks in the rubber and other 
elastomers that reduce the reliability and durability of the product. Antioxidants 
and ozone waxes protect most types of rubber used for this purpose. 

 Therefore, multi - environmental testing includes ozone test chambers that 
include the simulation and the measure of rubber aging. Companies in the 
United States, Germany, India, China, and others produce test chambers for 
this purpose. 

 In USA Inc.  [183]  designs and manufactures a line of ozone test chambers, 
including a high - concentration ozone analyzer, an off - gas ozone analyzer, an 
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ozone safety analyzer, and a dissolved ozone analyzer. Each ozone test chamber 
is available for different applications and is able to measure ozone in both gas 
and liquid phases. Single and multichannel ozone models are available, and all 
models use the proven UV technique to make measurements. One can program 
ozone test chambers to run automatically and unattended with user - specifi ed 
parameters for ozone concentration, test start time, and test duration. 

 USA Inc. produces ozone test chambers for various purposes (e.g., 
Fig.  5.72 ):

    •      Weathering of rubber and cables    
   •      Colorfastness testing of textiles  
   •      Image performance testing of photographic paper  
   •      Other testing of environmental exposure    

 The ozone test chamber, OTC - 1, consists of the following modules:

    •      Ozone generating module  
   •      Ozone monitoring module  
   •      Test chamber module  
   •      Ozone scrubber  
   •      Safety interlocks module    

 The ozone monitoring and ozone generating modules work together. 
 Typical features include the following:

    •      Closed - loop servo control ensures a highly stable ozone concentration  
   •      Simple menu - driven display  
   •      Unprecedented uniform exposure of all specimens using a rotating inte-

grated ozone destructor with built - in safety interlocks  
   •      No separate exhaust hood required  
   •      Ozone - resistant wetted materials  

Figure 5.72. Model OTC -1: ozone test chambers [183].
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   •      Analog and digital output capability  
   •      Calibration traceable to the National Institute of Standards (NIST)  
   •      Accurate UV - based ozone analyzer for stable ozone concentration readings 

 Argentox Ozone Technology GmbH  [184]  designs, constructs, supplies, and 
installs complete ozone test cabinets to meet their customer requirements. 

 In the past, the coulometric constant - fl ow electrolyte method was frequently 
used to determine and check ozone concentrations. Presently, the UV absorp-
tion method is used. 

 Specifi cations of the Argentox ozone test chambers include 

   •      Temperature range:  − 5 to  + 90 ° C  
   •      Humidity range: 15 – 90% relative  
   •      Ozone concentration  

�      Test ranges: 0 – 100   pphm  
�      100 – 1000   pphm    

   •      Test chamber volume             
�   140   L    500    ×    440    ×    600   mm  
�   300   L    900    ×    540    ×    600   mm  
�    450   L    1100    ×    650    ×    700   mm  

 Ozone Technologies produces ozone test chambers for 

   •      Accelerated aging studies  
   •      Product quality control and quality assurance  
   •      Research and development    

 Ozone test chamber features include 

   •      Ozone ranges: 25, 50, 100, and 200   pphm  
   •      Temperature ranges to  + 90 ° C, UV absorption analyzer or semiconductor -

 based analyzer  
   •      Static and dynamic test setup    

 Anseros Klaus Nonnenmacher GmbH developed and produced the series 
ozone test chambers. The chamber SIM 6300 has the following testing facilities 
(Fig.  5.73 ):

    •      Static test with or without rotation    
�      Six to eight sample locations  
�      Variable, adjustable strain on each location  
�      Rotating carrier, one revolution every 2 minutes    
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   •      Dynamic test with or without rotation 
�      Eight sample locations  
�      Adjustable strain 5, 10, 15, 20, 25, 40, and 60%     

  Ozone Test Chamber Control Unit 

   •      Complete control and monitoring of ozone test sequence  
   •      Computer interface via Rs - 185  
   •      Customized control, reporting, and monitoring  
   •      Ozone measurement by absorption analyzer  
   •      Safety system via interlocking circuitry  
   •      Chemical free operation   

Special Features of the Ozone Test Chamber 

   •      PLC and PID operation  
   •      Automatic changeover testing steps like countdown  
   •      Test run and exhaust  
   •      Adjustable operational and working parameters  
   •      Digital ozone output indicator    

Figure 5.73. Ozone test chamber SIM 6300 [190].
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 Stainless chamber walls are seated with a high - grade fi ber gasket to assure 
leak - proof operation. All the components of the test chamber are in one self -
 contained unit. A strip chart recorder, a solid - state data logger, and/or a com-
puter can be attached to the test chamber for recording different parameters: 
temperature, ozone concentration, and humidity over time. 

 The components of an ozone test chamber include 

   •      Ozone generation and distribution into test chamber  
   •      Desired temperature maintaining setup  
   •      Proper air circulation setup  
   •      Ozone concentration monitoring and correction  
   •      Chamber environmental air exhaust system  
   •      Chamber environmental air sampling and analyzing setup  
   •      Sequential operation of total test cycle  
   •      Static or dynamic testing provisions  
   •      Sample rotation mechanism  
   •      Safety interlocks and indications    

 ANSEROS Klaus Nonnenmacher GmbH produces also the ozone test 
chamber SIM 7500 (Figs.  5.74 – 5.77 ). SIM 7500 is especially designed for cable 
and seal testing: automatic PLC control with digital and analog data acquisi-
tion as well as control of temperature, humidity, and ozone concentration. 
Different tools help to carry out static and dynamic tests.   

Figure 5.74. Ozone test chamber SIM 7500 [190].
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 ANSEROS also produces the ozone test chamber SIM 8000 (Fig.  5.78 ) with 
the following features:

    •      Ozone climate control    
   •      Optional test equipment like UV radiation and fogging  
   •      Built - in rotation and dynamic tools  
   •      Inside coating in stainless steel, welded  
   •      Wide tight doors (with safety system) for movement of heavy goods  

Figure 5.75. Area for application ozone test chamber SIM 750 (aerospace) [190].

Figure 5.76. Area for application ozone test chamber SIM 750 (automotive) [190].
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       Figure 5.77.     Area for application ozone test chamber SIM 7500 (powertrain)  [190] .  

       Figure 5.78.     Ozone test chamber SIM 8000  [190] .  

SIM 8000
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   •      Remote control of all test ranges  
   •      Full automatic operation with synthesizing and synchronization  
   •      Software for data storage, internet compatible    

 Specifi cations include 

   •      Approvals: DIN 53509, ASTM D1149, and ISO 1431  
   •      Volume of chamber: 8   m 3

   •      Ozone range: 25    . . .    200   pphm (or on request)  
   •      Temperature range:  − 35    . . .    130 ° C (or on request)  
   •      Humidity range: 10    . . .    95% RH, 100% with fogging equipment  
   •      Software: AMACS 2.1  
   •      Recorder: OPTION  
   •      Climate: chiller  
   •      Inside dimensions of the chamber  

�      Width: 2000   mm  
�      Height: 2000   mm  
�      Depth: 2000   mm    

   •      Outside dimensions of the chamber 
�      Height: 2380   mm  
�      Depth: 2530   mm/3500   mm (with chiller)  
�      Width: 1400   mm    

   •      Dimension of door 
�      Height: 2000   mm  
�      Weight: 900   kg      

 Mast/Keystone  [185] , a manufacturer and distributor of ozone test cham-
bers, produces several models of ozone test chambers: Model 700 (700 - 10LTA, 
700 - 10LTB, and 700 - 14LTB), as well as others. The 700 - 10 LTA ozone test 
chamber provides continuous, uniform temperature and ozone control. The 
measurement and control system consists of the STAT - 1900 Single Set point 
temperature controller for uniform thermal performance under all loading 
conditions and the Mast Development 727 - #A Ozone Monitor with power 
fl ow control assembly to ensure uniform and constant control of ozone levels. 

 Applications include accelerated and continuous - duty ozone testing of 
rubber and plastic components. 

 Specifi cation of the ozone test chamber Model 700 - 10LTA (Fig.  5.79 ) 
includes the following:

    •      Temperature range:  + 15 ° C above ambient to  + 343 ° C ( + 650 ° F)    
   •      Temperature uniformity:  ±  1% of set point  
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   •      Ozone control:  ±  4% of set point  
   •      Ozone concentration range: 0 – 10   ppm by volume (conservatively rated 

using atmosphere level)  
   •      Air replacement rate: 1 – 8   ft 3 /min  
   •      Interior dimensions: 20 "   W     ×    20 "   D     ×    25 "   H
   •      Exterior dimensions: 45 "   W     ×    36 "   D     ×    69 "   H
   •      Voltage: 208/240   V, single phase, 50/60   Hz    

 Model 700 - 14LTB has a temperature range from  + 3 to  + 93 ° C ( + 200 ° F) and 
an RH range from 40 to 95%.  

5.5.8 Accelerated Weathering Testing 

 Weathering is a collective term for the processes whereby rock at or near the 
earth ’ s surface disintegrates and decomposes due to the actions of atmospheric 
agents, water, and living organisms. 

 Some of these processes are mechanical, like the expansion and contraction 
caused by sudden large changes in temperature, the expansive force of water 

Figure 5.79. 700 ozone chamber [185].
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freezing in cracks, the spitting caused by plant roots, and the impact of running 
water. Other processes are chemical, like the oxidation, hydration, carboniza-
tion, and loss of chemical elements by the solution of water. Weathering is 
important because it aids in the formation of soil and prepares materials for 
degradation (erosion). 

 There are two types of weathering testing: outdoor natural weathering 
testing and accelerated weathering testing in special test chambers. Accelerated 
weathering testing is considered a goal in this book. 

 More companies are turning to accelerated weathering due to the increased 
demand for quickly obtaining quality decision - making data. Nevertheless, no 
accelerated weathering program can be complete without the confi rmation 
from and correlation with natural weathering. Natural weathering provides 
the data you need to ensure that your product has protection against costly 
liability issues. 

 As an example of accelerated weathering testing, let us show the acceler-
ated aging and weathering testing for plastics and polymerics that Intertek 
PTLI provides. The weathering laboratory exposes the plastic samples to 
cycles of intense light, heat, and water. Accelerated testing does not provide 
the information to predict exactly the plastic aging performance in actual 
outdoor exposure, but the controlled tests do provide meaningful material 
comparisons that help engineers make informed choices. Intertek PTLI also 
provides performance evaluations before and after exposure tests. 

 Accelerated weathering testing 
includes

 Aging performance evaluations before 
and after exposure include 

   •    Xenon arc exposure     •    Optical tests  

  ASTM D2565, ASTM D4459, 
ASTM DG155  

   •    Gloss 

 ASTM D2457, ASTM D523 

  •    Refractive index 

 ASTM D542, ISO 489 

  •    Haze and luminous transmission 

 ASTM D751, ASTM D1044 

  •    Three - dimensional color 
measurement to XYZ or LAB scale  

  ASTM D6290, ASTM E1347 

  •    Gray scale per AATCC 

  •    Yellowness index, ASTM E313 

  •    Mechanical properties and testing  

  ISO 4892, SAE J1885, SAE 
J1960

   •    Highly predictive accelerated 
weathering

  Xenon Arc HPAW  

   •    Fluorescent light exposure 
accelerated weathering  

   •    UV radiation, moisture, 
and heat  

  QUV ASTM D4329, D4587, 
ISO 4892, SAE J2020  

   •    and more  
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 Atlas MTT LLC offers a complete line of weathering testing instrumenta-
tion, as well as laboratory accelerated testing services. 

 To establish a scientifi cally designed weathering test program, this company 
developed the Ci4000 Weather - Ometer (Figs.  5.80  and  5.81 ). It represents a 
huge advantage in the application of state - of - the - art digital and optical meth-
odologies to large - capacity laboratory weathering instrumentation. It also 
establishes new standards of performance for reproducibility, repeatability, 
and operating effi ciency.   

 The Ci4000 simulates solar radiation using xenon lamps and a fi lter system. 
This system simulates UV, IR, and visible components of sunlight. The tailored 
interchangeable glass fi lters enable the xenon light spectrum to match light 
conditions in a product ’ s end - use environment. 

 The digital control system makes access to its most sophisticated features 
available to all operators. This system includes new icons that make getting to 
the necessary information fast and easy; 14 factors are preprogrammed for test 
methods, multilingual capability, and automated two - paint irradiance calibra-
tion. The electric sensor provides measurement of the RH and enables auto-
matic control at the specimen level. The Smart Dampler ™  reduces test 
variability in chamber temperature and humidity and compensates for changes 
in ambient laboratory conditions. 

Figure 5.80. Ci4000 Weather -Ometer with touch screen interface [191].
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 This chamber is appropriate for testing products such as auto materials, 
plastics, inks, paints, coatings, and packaging. 

 In 2008, Atlas introduced two new Ci5000 Xenon Arc Weather - Ometers 
with enhanced digital control to give operators more fl exibility and control for 
accelerated weathering testing. 

 Some of the most notable changes for both units include 

   •      A modern, full - color TFT touch screen display with intuitive icons for 
easier interpretation of operating parameters and warnings  

   •      An embedded control system that replaces the PLC controller of the 
previous generation  

   •      A robust digital network (replacing analog control circuits) that is more 
reliable, provides control that is more accurate, and enhances monitoring 
of the data  

   •      A signifi cantly increased memory capacity allows additional features and 
functions previously managed by external controllers, such as water resis-
tivity and lamp water temperature.  

   •      The ability for operators to more effi ciently analyze instrument perfor-
mance, to monitor test parameters, and to perform calibration 
procedures    

 The other features and benefi ts of the new control system are 

Figure 5.81. The rotating sample rack within the test chamber of the Ci4000 maximizes 
exposure uniformity over all specimens [191].
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   •      Subcycle repeat programming for copying standards and saving them as 
templates

   •      Full - color trend plot screen with a large memory  
   •      The streaming data output is formulated for compatibility with modern 

laboratory information management systems    

 The low - voltage model will use the same high - quality 12 - kW water - cooled 
lamp, but redesign also enables the unit to use the same incoming line voltage 
as the discontinued Ci65A series Weather - Ometer. For these older instru-
ments, the control system is becoming obsolete or hard to source. Atlas has 
made it easier than ever to replace those units. 

 In 1989, a group of U.S. domestic automotive OEMs and their suppliers 
developed SAE J1885 and SAE J1960 weathering test methods that qualify 
interior trim and exterior material for weather durability respectively  [186] . 

 J1885 and J1960 are instrument - specifi c standards because they require the 
use of specifi c models of laboratory testing instruments, such as the Atlas Ci35 
and Si65. 

 Two terms related to weathering that are interchanged, often incorrectly, 
are the parameter set point and the specimen condition. Parameter set points 
are the levels at which an instrument controls test parameters, such as tem-
perature, RH, or irradiance during operation. They are stipulated in current 
test methods and are set or programmed by an operator. Specimen conditions 
are the microconditions of irradiance, temperature, and moisture that exist at, 
or about a specimen but are not set directly by the operator. 

 Though the two are typically correlated, they are seldom equal. Perhaps 
more importantly, the parameter set point and the specimen condition will 
have a different relationship with one another in different instruments, par-
ticularly if the instruments are of different geometric designs. 

 In performance - based specifi cations, only the test parameters and their 
associated tolerances are specifi ed as the nominal spectral power distribution 
requirement along with liberal tolerances to accommodate various manufac-
turers ’  lamps. 

 Because equal sets of test control parameters in different types of instru-
ments do not necessarily result in identical test conditions on samples, the 
specifi cation of set points alone is not enough to guarantee similar test results. 

 The most meaningful parts of the qualifi cation tests are based on the 
requirements to successfully test  standard reference material s ( SRM s). By 
defi nition, SRMs provide the ability to determine objectively if test conditions 
in various instruments are identical.   

5.6 EQUIPMENT FOR ELECTRICAL TESTING 

 It is necessary to select from different types of electrical testing equipment 
depending upon the test subject:
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   1.     Battery testers and fuel cell test equipment that consist of specialized 
test stations, stands or systems, monitors, and component modules for 
performance or endurance testing. Test stands or systems may include 
load banks, test controllers, gas or fuel supply modules, temperature 
control modules (e.g., ovens and chillers), and data acquisition units. 
Battery testers, monitors and analyzers, and diagnostic systems monitor 
overall or cell voltage, charge, amperage, DC resistance, or temperature 
to indicate battery condition or performance.  

  2.     Burn - in test equipment uses elevated voltages, temperature, and power 
cycling to evaluate high - power chips, circuit boards, or products. The 
burn - in process accelerates failures normally known as  “ infant mortali-
ties ”  in a device. The burn - in process tests the quality of the semiconduc-
tor device before incorporation into a fi nished device, ensuring that 
 integrated circuit  ( IC ) chips and other microprocessors with latent 
defects are weeded out. Burn - in test equipment accelerates potential 
failures in substandard products. Devices that survive a burn - in period 
are usually free of early failures and other operational problems. Burn - in 
test equipment is also known as accelerated life testing equipment. This 
equipment uses specifi c machines to test memory modules, logic modules, 
linear components like voltage regulators, mixed signal components such 
as analog switches and multiplexers, and discrete components like diodes 
and transistors.  

  3.     Current leakage testers measure the amount of current that leaks to a 
ground conductor. They include a measuring device or probe that con-
nects to a conductive point, a voltmeter that displays  root mean square  
( RMS ) values, and a circuit with specifi c resistance and frequency char-
acteristics. Current leakage testers operate during both normal and 
single - fault conditions to determine whether electrical devices pose a 
shock hazard. For medical devices and other specialized equipment, 
additional single - fault conditions may be required. Manual, automatic, 
and semiautomatic current leakage testers are available. Manual devices 
require the operators to set and change test parameters. Automatic 
devices are programmable, fully automated, and can often perform an 
entire series of electrical safety tests in succession. Semiautomatic current 
leakage testers combine features from both manual and automatic 
devices.  

  4.     EMC testers are electronic devices used to test or monitor parts and 
products for EMC. Typically, EMC testers test, monitor, and measure 
levels of ESD. ESD is the sudden and monetary fl ow of electric current 
between two objects at different electrical potentials. Static electricity 
often causes ESD. In some cases, ESD damage from tribocharging of 
electrostatic induction may produce visible or audible sparks. On others, 
ESD subjects semiconductor materials to high voltage. ESD can destroy 
sensitive ICs in instruments without proper protection. ESD is a common 
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factor in everyday life since even movement on a carpet can generate 
signifi cant voltages that can damage equipment.    

 In addition, short - duration overvoltages on electrical power lines, caused 
by a variety of conditions, can seriously damage unprotected equipment. Poor 
insulation within a product can allow damaging short circuits that may appear 
only after the component experiences other environmental conditions. 

 One can check the product to determine its resistance to these and other 
electrical dangers, as well as determine how well the product functions after 
other tests. This also may affect 

   •      Connectors  
   •      Dielectric materials  
   •      Insulation resistance  
   •      And others    

 EMC testers can also simulate lighting strikes or short - circuit fault currents 
that can generate high - level, short - duration magnetic fi elds. 

 Ground testers are electrical safety test devices that perform electrical 
compliance tests. A variety of standards compliance bodies mandate 
ground testing on all electrical and electronic devices to ensure that people 
contacting the devices will not be injured by shock or electrical discharge. The 
two most common ground bond tester types test for earth and ground 
continuity. 

 Ground bond testers for earth continuity verify the integrity of the ground 
connection between the power cord and exposed metals in high current devices 
and applications. This is achieved by measuring the resistance between the 
exposed metal parts and the ground blade of the power cord. 

 Transformer test equipment consists of specialized test modules or systems 
used to test and/or monitor the electrical and mechanical parameters of trans-
formers and other related devices. Transformer test equipment performs the 
maintenance of basic loss measurement systems to complete production line 
testing. Common types of transformers include frequency analysis equipment, 
loss management equipment, applied potential testing, megohmmeters, turns 
ratio testing, and other transformer testing applications. 

EXERCISES

5.1    Describe the negative aspects of different testing expositions in a situ-
ation with equipment for ART/ADT.   

5.2    Identify combined equipment for multi - environmental testing, corro-
sion testing, and vibration testing.   
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5.3    Can one change a natural medium to an artifi cial medium? What are 
the principles for making accurate changes?   

5.4    Describe fi ve basic steps of the methodological process to substitute a 
natural medium for an artifi cial medium for a waste applicator.   

5.5    Why does the simulation of input infl uences for ART/ADT often need 
the substitution of artifi cial media for natural media?   

5.6    Where was the fi rst combined test equipment developed for ART/
ADT? Show an example of this combined equipment.   

5.7    Show a design of combined equipment for an electronic product.   

5.8    Describe an example of Weiss Technik ’ s combined test equipment as a 
combination of different types of equipment for ART/ADT.   

5.9    Show the scheme of a climate test chamber with the equipment for 
dynamometer testing and its specifi cations.   

5.10    Describe the solutions of ESPEC North America Co. as an example of 
combined test equipment.   

5.11    Describe and show the schemes of combined test equipment for 
mechanical testing.   

5.12    Describe the current situation in vibration testing.   

5.13    Why does most of the equipment for vibration testing fail to predict 
how vibration infl uences the product in real life?   

5.14    Compare the trends in the development of vibration testing in the labo-
ratory and proving grounds.   

5.15    Describe the basic aspects for the development of electrohydraulic (ser-
vohydraulic) vibration testing.   

5.16    Show the stages of basic VTE development.   

5.17    Describe the specifi cs of VTE development in the 21st century.   

5.18    Show typical specifi cations for new vibration equipment.   

5.19    Describe the basic advantages of new vibration equipment from the 
standpoint of current vibration equipment.   

5.20    The advantages of the new equipment are refl ected through specifi ca-
tions. Show the basic specifi cations of the new vibration technology 
testing equipment for products (1) with wheels and (2) without wheels.   

5.21    Describe the working heads for new vibration equipment.   

5.22    Describe and show the structural scheme of a control system for drum 
vibration equipment.   
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5.23    Which components comprise the SVC described in this book?   

5.24    Describe the principles of operation of dynamometer brake testing.   

5.25    Describe how to use the dynamometer for engine testing.   

5.26    Describe the types of sweep tests used in dynamometer engine testing.   

5.27    What are the specifi cs of a passenger car ’ s inertia - type brake 
dynamometer?   

5.28    Show the types of chassis dynamometers.   

5.29    What is AMET? Describe the current situation in this area.   

5.30    Describe the basic reasons slowing the technical progress in AMET 
equipment.   

5.31    Why does the current situation in environmental testing not provide 
initial information for accurate reliability and durability prediction?   

5.32    Show examples of the specifi cations of current test chambers as an 
illustration of undeveloped AMET that is used for reliability/durability 
prediction.   

5.33    Show the characteristics of chambers for JIS 0203 Spray Bar Assembly 
(System #1 and System #2).   

5.34    Show the plan of a test chamber for the simultaneous combination of 
temperature, humidity, pollution, and radiation. Why is this test chamber 
suitable for ART/ADT?   

5.35    Why does not the test chamber for the simultaneous combination of 
temperature, humidity, pollution, and radiation use a high acceleration 
coeffi cient?   

5.36    Show the specifi cation of a combined test chamber that Weiss Technik 
designed and produced.   

5.37    List the characteristics of the cyclic corrosion test chamber. What pre-
vents it from being used for the accurate prediction of the product cor-
rosion process in the fi eld?   

5.38    Why is the standard salt fog test equipment (Fig.  5.46 ) unable to provide 
initial information about the real corrosion in the fi eld?   

5.39    What is the purpose of using noxious gas test chambers?   

5.40    Show the specifi cations of the noxious gas test chambers.   

5.41    What is the basic goal of wind tunnel testing?   

5.42    How can one use wind tunnel testing for reliability/durability 
prediction?   
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5.43    Describe the short history of wind tunnels.   

5.44    Wind tunnels, particularly large wind tunnels, are used for ART/ADT. 
How is this done?   

5.45    For what purpose does one use solar radiation test chambers?   

5.46    Give, as an example, the test chamber SC2000 MHG specifi cations.   

5.47    What is the goal of dust and sand chambers?   

5.48    Give and describe the purposes of the specifi cations of dust and sand 
chambers.   

5.49    Give examples of the features of sand and dust chambers produced by 
different companies.   

5.50    What can one simulate in the ozone test chambers?   

5.51    What is the ozone chamber ’ s role in multi - environmental testing?   

5.52    For what purpose, other than multi - environmental testing, can one 
operate ozone chambers?   

5.53    Describe the typical features of ozone test chambers.   

5.54    Give an example of the specifi cations of any ozone test chamber.   

5.55    List the components of any one of the available ozone test chambers.   

5.56    Why is weathering so important?   

5.57    Describe two basic types of weathering testing.   

5.58    Describe an example of accelerated weathering testing.   

5.59    Show the basic components of the Atlas Ci4000 Weather - Ometer.   

5.60    Describe the basic types of electrical testing equipment.   

5.61    What is the objective for each type of electrical testing equipment?        



321

Chapter 6

Accelerated Reliability and 
Durability Testing as a Source 
of Initial Information for 
Accurate Quality, Reliability, 
Maintainability, and Durability 
Prediction and Accelerated 
Product Development 

6.1 ABOUT ACCURATE PREDICTION OF QUALITY, RELIABILITY, 
DURABILITY AND MAINTAINABILITY 

 During the design and manufacturing process, one evaluates the quantitative 
characteristics of product quality, reliability, durability, and maintainability. 

 Necessary tests are selected to verify and validate the characteristics of 
these parameters. The tests are planned to control, review, and document the 
following requirements:

    •      Test plans or specifi cations identify the product being tested and the 
resources being used to defi ne test objectives and conditions, to identify 
the parameters to be recorded, and to determine the relevant acceptance 
criteria.  

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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   •      Test procedures describe the method of operation, the performance of 
the test, and recording of the results.  

   •      The correct standard confi guration of the product is submitted for the 
test.  

   •      The requirements of the test plan and the test procedures are observed.  
   •      Acceptance criteria are met.    

 Purchasing information describes the product including 

   •      Requirements for the approval of the product, procedures, processes, and 
equipment

   •      Requirements for the qualifi cation of personnel  
   •      The product name or other positive identifi cation plus issues of all appli-

cable specifi cations, drawings, process requirements, and inspection 
instructions

   •      Requirements for the design, test, examination, inspection, and related 
instructions for acceptance by the company  

   •      Requirements for test specimens (e.g., production method, number, and 
storage conditions) for design approval, inspection, investigation, or 
auditing

   •      Requirements for the supplier to notify the company of changes in 
product and/or process defi nition and to obtain company approval when 
required

   •      Right of access by the company, their customer, and regulatory authori-
ties to all facilities involved in the order and to all applicable records    

 Measurement, analysis, and improvement include 

   •      Design verifi cation (including reliability, durability, maintainability, and 
safety)

   •      Process control  
   •      Selection and inspection of key characteristics  
   •      Process capability measurements  
   •      Statistical process control  
   •      Inspection — matching the sampling rate to the criticality of the product 

and to the process capability  
   •      Failure modes and effects analysis    

 Industrial companies usually provide verifi cation of reliability, maintain-
ability, and especially quality for a short time during design and manufacturing 
 [218 – 220, 240, 241] . However, they do not provide a method for accurate pre-
diction of these parameters during longer periods including the warranty 
period and service life. 
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 The quality control process consists of the measurement of parameters 
during design and manufacturing (usually for only a short time), comparison 
with drawing requirements, evaluation of maxima and minima of measured 
values, calibration, and the determination of criteria and methods needed to 
ensure that both operation and control of the processes are effective. 

 However, this process rarely provides the information and methodology 
necessary for industrial companies and other companies to correctly predict 
the quality, reliability, durability, and maintainability losses during usage time. 

 Currently, predictions may be made through computer modeling 
(simulation). 

 The accuracy of computer modeling depends on the quality of the algorithm 
and the input and on how accurately this algorithm is able to simulate the real 
fi eld situation. 

 First, usually the simulation does not suffi ciently represent the fi eld situa-
tion, especially for safety and human factors in combination with the whole 
complex of input infl uences. Second, this simulation does not correctly simu-
late the real test subject. As a result, the predicted maintainability of the 
product is not accurate. 

 Analogous to reliability prediction, accelerated reliability testing (ART) 
can provide the possibility of obtaining initial information to accurately predict 
the quality, durability, and maintainability losses during usage time. 

 Therefore, one can provide accurate initial information about the actual 
cost of maintenance, the necessary measurements, the necessary volume of 
maintenance operations, tools, and many other particulars during usage time. 
Similar to reliability prediction, this process can provide practical accurate 
durability, maintainability, and quality prediction for a given time (warranty 
period, service life, etc.).  

6.2 THE STRATEGY FOR ACCURATE PREDICTION OF RELIABILITY, 
DURABILITY, MAINTAINABILITY AND QUALITY, AND ACCELERATED 
PRODUCT DEVELOPMENT 

6.2.1 Introduction

 The strategy for prediction and development consists of three basic phases 
(Fig.  6.1 ). The fi rst phase is to obtain the initial information necessary for 
accurate prediction and accelerated product development.   

 This phase includes four basic steps (Fig.  6.2 ). Initial information can be 
accurate or inaccurate depending upon the quality of the components in this 
step. As one can see, each approach depends on the quality of information 
provided by the corresponding steps. The steps for studying the fi eld situation 
can be complete (full) or partial (not full) depending upon whether all of the 
infl uencing factors in the real - world operating environment (fi eld situation) 
are addressed and how accurately they model the fi eld conditions.   
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 Full studying is the study of all the parameters of the fi eld situation that 
have an infl uence on the product quality, reliability, durability, and maintain-
ability. One can fi nd examples in Chapter  2  of this book. In Section  2.3 ,  “ The 
Collection and Analysis of Failure and Usage Data from the Field, ”  one can 
read how to conduct Step 1. Currently, industrial companies rarely provide a 
complete study of the fi eld situation for a product or an accurate simulation 
of the fi eld situation. 

 Companies want to save a few pennies. In fact, their loss is much greater 
than the meager savings achieved by not conducting an accurate simulation 
of the fi eld situation for the product as required in Step 2. In Section  3.1 , this 
book fully describes the essence of an accurate simulation of the fi eld situation. 
As for Step 1, most industrial companies provide inaccurate simulation of the 
fi eld situation (Step 2 of the second column in Fig.  6.2 ). 

 Step 3 provides ART and accelerated durability testing (ADT). As was 
considered in Section  2.1 ,  “ Current Practice in Reliability, Maintainability, and 
Quality, ”  and in Section  1.2 ,  “ The Current Situation in AT, ”  industrial compa-
nies very infrequently provide these types of testing. They provide many other 

       Figure 6.1.     The basic scheme of the strategy for accurate prediction of reliability, 
maintainability, quality and durability.  
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types of testing (Step 3, Fig.  6.2 ) that are sometimes incorrectly called  “ ART ”  
or  “ ADT. ”  We have shown why this is wrong in Chapter  1 . 

 Section  1.4  describes the common principles of ART and ADT. One can 
read how to correctly do ART/ADT. Chapters  4  and  5  are the largest chapters 
in this book, and they describe the methodology of ART and ADT perfor-
mance and equipment for accelerated reliability (durability) testing perfor-
mance. As a result of using other types of testing, industrial and service 
companies began to make inaccurate predictions, almost from the start, for 
product reliability, durability, quality, and maintainability during Step 4: obtain-
ing the initial information for this prediction. 

 The basic specifi c direction of Chapters  4  and  5  is the consideration of how 
one must provide ART and ADT technology to obtain the initial information 
necessary for accurate reliability, durability, maintainability, and quality 
prediction. 

       Figure 6.2.     Scheme of two basic ways of obtaining initial information for reliability, 
durability, maintainability, and quality accurate prediction, and accelerated product 
development.  
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 The above combines directly with the process for accelerated product 
development because one cannot rapidly decrease the speed of the degrada-
tion process without accurate initial information identifying the reasons for 
the degradation and failures. 

 To provide an accurate prediction, one needs two basic strategic compo-
nents: accurate initial information and the correct methodology for accurate 
prediction. 

 Accurate initial information is the result of accelerated reliability 
(durability) testing. The correct methodology of prediction can be found in 
the author ’ s previous book  [18] . Some strategic aspects of this methodology 
are given next.  

6.2.2 Criteria for Accurate Prediction of Reliability, Durability, and 
Maintainability on the Basis of ART/ADT

 The second phase of the prediction strategy in Figure  6.1  uses the criteria for 
the accurate prediction of reliability, durability, and maintainability. 

 Using both columns of Figure  6.2  to provide predictions, one must be sure 
that the prediction will be correct (if possible), to a given accuracy. Use the 
following solution to meet this objective. 

 The problem is formulated as follows: There is the system (the results of 
use the current equipment in the fi eld) and its model (results of ART/ADT 
for the same equipment). The quality of the system can be estimated by the 
random value φ  with the known or unknown law of distribution  FS ( x ). Estimate 
the quality of the model with the random value ϕ  with the unknown law of 
distribution FM . The model of the system will be satisfactory if the measure of 
divergence between FS  and  FM  is less than a given limit  Δg . 

 The model results yield the realization of random variables  φ1
(1)     . . .     φ1

(n) . If 
one knows FS ( x ), using  φ1

(1)     . . .     φ1
(n) , then one needs to check the hypothesis. 

 The null hypothesis  H0 , the measure of divergence between  FS ( x ) and  FM ( x ), 
is less than Δg . If  FS ( x ) is unknown, it is necessary also to provide testing of 
the system. As a result of this testing, one obtains random variables  φ(1)     . . .     φ(m) . 
For these two samples, it is necessary to check the hypothesis  H0  that the 
measure of divergence between FS ( x ) and  FM  ( x ) is less than a given  Δg . If the 
hypothesis H0  is rejected, then the model needs updating. One must look for 
a more accurate way to simulate the basic mechanism of machinery use to 
perform ART. 

 Estimate the measure of divergence between  FS ( x ) and  FM ( x ) using a mul-
tifunctional distribution. The practical use of this criterion depends on the type 
and forms of this functional distribution. Obtaining an exact distribution of 
the statistics to test the correctness of hypothesis H0  is a complicated and 
unsolvable problem in the theory of probability. Therefore, the author has 
shown in Reference  43  that if the limits for the studied statistics and their 
distributions are high and increase the level of the values, then explicit dis-
crepancies can be detected. 
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   6.2.2.1    Solution.     Research developed the following solutions for the above -
 mentioned criteria:

   a.     The engineering version of the solution obtained follows. 
 Develop the upper estimate for the statistical criteria of correspondence, 
for some measures between the distribution functions of the studied 
characteristics of reliability, maintainability, and durability in the ART 
conditions and fi eld conditions. Use this for reliability, durability, and 
maintainability prediction as well as for solving other engineering prob-
lems such as accelerated reliability development and improvement.  

  b.     The mathematical version of the solution obtained follows. 
 Approximate criteria, as modifi cations of the Smirnov and Kolmogorov 
criteria  [194, 195] , by divergence ( Δ   g      <    0) were obtained for the compari-
son of two empirical functions of the distribution by the measurement 
of the Smirnov divergence:

    Δ[ ( ), ( )] max[ ( ) ( )],F x F x F x F xS M M S= −  

    ( )x < ∞  

  and the Kolmogorov divergence,

    Δ[ ( ), ( )] max ( ) ( ) .F x F x F x F xS M S M= −  

    ( )x < ∞   

 In Smirnov ’ s criterion by the null hypothesis,

    max[ ( ) ( )] .�F x F xM m g− < Δ  

    ( )x < ∞   

 By the alternative hypothesis,

    max[ ( ) ( )] .F x F xM m g− >� Δ  

    ( )x < ∞   

 If  Δ   g      =    0, then we have Smirnov ’ s criterion. An analogous situation exists 
with Kolmogorov ’ s criterion. 

 The difference between the two versions is that in the measure using 
Smirnov ’ s criterion, one takes into account only regions (the oscillogram 
of loadings) where  F S  ( x )    >     F M  ( x ) and one looks for the maximum of the 
differences only for those values. In measuring with Kolmogorov ’ s crite-
rion, one takes into account the maximum of differences on all regions 
by modulus. The consideration of both criteria makes sense because 
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Smirnov ’ s criterion is easier to calculate but does not give the full picture 
of divergences between  F S  ( x ) and  F M  ( x ); Kolmogorov ’ s criterion gives a 
fuller picture of the above - mentioned divergence but is more compli-
cated to calculate. As a result, one can choose the better criterion for a 
specifi c situation if the dependence on specifi c conditions of the problem 
is solved. 

 For example, in the fi eld, 102 failures ( m     =    102) of parts of truck 
transmissions occurred. As a result of laboratory testing, 95 failures were 
obtained ( n     =    95);  Δ   g   is 0.02. 

 For the fi eld situation, one builds the empirical function of distribution 
of the time to failures  F m  ( x ) by the intervals between failures. For the 
ART/ADT conditions, one builds by intervals between failures of the 
empirical function of distribution time to failures  F M  ( x ). 

 If we align the graph  F M  ( x ) (Fig.  6.3 ) and the graph   F̃  
m  ( x ), then we will 

fi nd the maximum difference between  F M  ( x ) and   F̃    ( x ). If we draw the 
graph  F m  ( x ) on transparent paper and also overlay it, then it is simple 
visually to fi nd the maximum difference  D  +   m   ,   n      =    0.1. We obtain  λ  0     =    0.99:

    The k
m
n

= ≈ 1.  

  therefore,

    F x e x xx( ) [ ( )].= − + ⋅− ×1 1 22 2 π Φ        

 For our situation, we obtain  F x  (0.99)    =    0.55. And 1    −     F x  (0.99)    ≈    0.4. 
Therefore, 1    −     F x  (0.99) is not small and the hypothesis  H  0  can be accepted. 

 As a result, the divergence between the actual functions of the distribution 
of time to failures for the failed transmission parts for the truck that was tested 

       Figure 6.3.     The correspondence between functions of distribution of the time to failures 
of a truck ’ s transmission details in the fi eld ( -     -     -     - ) and during accelerated reliability/
durability testing conditions (____).  
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in actual fi eld conditions and during ART/ADT conditions by Smirnov ’ s 
measure is within the given limit Δg     =    0.02. Meeting this statistical criterion 
shows that accurate reliability and maintainability prediction of the truck ’ s 
transmissions can be achieved using the results of this ART/ADT.   

6.2.3 Development Techniques for Product Reliability, Durability, and 
Maintainability Prediction Based on ART/ADT Results 

 The third and last phase of this strategy (Fig.  6.1 ) is the development of tech-
niques for the prediction of product reliability, durability, and maintainability 
based on ART/ADT results. Let us consider seven possible variants ( A ,  B ,  C , 
D ,  E ,  F , and  G ). 

6.2.3.1 Reliability Prediction.   The prediction of product reliability/durability 
has to be accurate. To achieve this accuracy, one has to follow the procedures 
shown in Chapters  3  –  5  to conduct ART/ADT with combined test equipment. 
The typical situation in engineering practice, especially during the design 
process, is to provide a small number of specimens (from 3 to 10 specimens of 
each component) with only two to fi ve possible failures included from testing. 
It is assumed that the failures of the system (equipment) components (parts 
and units) are statistically independent in this situation. 

 The proposed approaches are very fl exible and useful for many different 
types of products such as electronic, hydraulic, pneumatic, electromechanical, 
mechanical, and others. 

 The best strategy for reliability prediction cannot be useful if it is not inter-
connected with a system to obtain accurate initial information for this predic-
tion. As was mentioned earlier, this system is described in this book as the 
technology of ART/ADT. The strategy for accurate reliability prediction also 
includes the following:

    •      Build an accurate model of real - time performance.  
   •      Use this model for the simulation of three basic groups of fi eld situations 

in the laboratory to test the product and, as a result, to study the physics -
 of - degradation or chemical degradation (failure) mechanisms during the 
time and compare them with real fi eld degradation mechanisms of this 
product. If these degradation mechanisms differ by more than a fi xed 
limit, one must correct the model ’ s real - time performance.  

   •      Make real - time performance forecasts for reliability prediction using 
these testing results as initial information    

 Each of the aforementioned items can be performed for different situations, 
depending on the test subject details, but the reliability can be predicted accu-
rately if the engineers use the proper ART/ADT technology, as well as correct 
prediction technology. 



330  ACCELERATED RELIABILITY AND DURABILITY TESTING

 Execute the fi rst step when it is possible to analyze the real - life situation 
for the dependence of the product reliability on the combination of three basic 
groups of the fi eld situation (input infl uences, human factors, and safety) that 
are interconnected. As a result, the simulation of the real - life situation will be 
as complicated as it is in real life. For example, for a mobile product, one needs 
to use multiaxis and not single - axis vibration. 

 In order to solve the second step, one has to describe the input infl uences 
and output variables, the physics - of - degradation mechanisms for the product, 
and the parameters of these mechanisms. The results of the product degrada-
tion mechanisms include data on the integrated complexes of electrical, 
mechanical, chemical, thermal, radiation, and other effects of the combined 
infl uences. For example, the complex of parameters of each mechanical deg-
radation mechanism includes deformation, corrosion, vibration, crack, wear, 
creep, and others. 

 The parameters of the degradation mechanism in the fi eld and during 
reliability/durability testing must be similar. In addition, one has to remember 
that in real life, different processes of degradation act simultaneously and in 
combination. These interacting combinations have to be present for reliability 
testing conditions. 

 Therefore, accurate ART includes the simultaneous combination of differ-
ent types of testing (multi - environmental, electrical, and mechanical) with the 
assumption that the failures are statistically independent. 

 In order to solve for the third real - time performance forecasts, the current 
reliability prediction techniques must have been developed. One can see these 
developments for different circumstances in Reference  18 . 

 The author briefl y shows the basic components of this development in the 
following discussion. The solution for one specifi c situation that is published 
separately in Reference  196  will also be shown in this chapter.  

   6.2.3.2    Prediction of the Reliability Function without Finding the Accurate 
Analytical or Graphical Form of the Failure Distribution Law.     The author 
solved this problem for two types of conditions:

   (a)     The prediction consisting of point expressions for the reliability func-
tion of the system ’ s elements  

  (b)     The prediction for the reliability functions of the system with a prede-
termined accuracy and confi dence area    

 Problem (a) can be solved with graphic - analytical methods based on failure 
hazard or frequency if we have the graph  f ( t ) of empirical failure frequency. 
Guided by the failure frequency graph, one can discover the reliability func-
tion  [18]  and  [196] 

    p t f t dt S
t

f( ) = − ( ) = −∫1 1
0

,  



THE STRATEGY FOR ACCURATE PREDICTION  331

  where

    f t dt S
t

f( ) =∫
0

 

  is the area under the curve  f ( t ) that was obtained as a result of ART. 
 The reliability function of the system that consists of different components 

(parts) is

    P t P t Sj fj( ) ( ) ( ).= = −Π Π 1   

 For example, as a result of ART on the harvester ’ s belts,  t     =    250 (Fig.  6.4 ), 
the area is  S f      =    1.12, and probability  P ( t )    =    0.82.   

 In the variant (b), one needs to calculate the accumulated frequency func-
tion and the values of the confi dence coeffi cient found in the following 
equations:

    Y x C p Pn
m m n m

m k

n

( ) = −( ) −

=
∑ 1  

    Y x C p Pn
m m n m

m

k

( ) = −( ) −

=
∑ 1

0

 

  and evaluate the curves that are limited to the upper and lower confi dence 
areas. 

 The  C n  m p m  (1    −     P )  n    −    m   is the probability that the expected event will occur  m  
times during  n  independent experiments. 

 Figure  6.5  shows the area of reliability function  P  (  t  )  of the belts for   λ      =    0.95. 
If one uses this type of graph, it is possible to evaluate the actual reliability of 
parts, units, and machines (equipment) for whatever time and accuracy is 
required.   

 There is also a methodology of prediction in the fi eld based on the 
mathematical models with an indication of the dependence between product 

       Figure 6.4.     Graph of frequency failures of the belts.  
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reliability and different factors of manufacturing. Those interested can fi nd 
this in Reference  18 . 

 Here is a practical example of using this methodology.  

   6.2.3.3    Practical Example.     As a result of short fi eld testing for the new self -
 propelled spraying machines Ro Gator 554 and John Deere 6500, the mean 
time to failure and the mean time for maintenance were obtained (Table  6.1 ).   

 Let us take the prototypes of the Finn T - 90 and T - 120. The results of fi eld 
testing of four units of these machines can be seen in Table  6.2 . The values of 
normalized coeffi cients   α    k  ,   β    k  , and  q k   (Table  6.3 ) were obtained to correspond 
to the mean specifi c parameters of the most important manufacturing and fi eld 
factors using the author ’ s methodology. The unknown parameters   α    I    ( τ )   and   α    ij    ( τ )   
(Table  6.4 ) were obtained using the above - mentioned methodology and Tables 
 6.2  and  6.3 . The coeffi cients used for new machines were obtained (Table  6.5 ) 
by using Table  6.4 .   

       Figure 6.5.     Area of possible value  P ( t ) of the belt reliability. ___ is mean of reliability 
function;    .   .   .   .   .    is upper confi dence level;  -     -     -     -  is the lower confi dence level.  
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  TABLE 6.1    The Results of Prototypes of Self - Propelled Spraying Machine Short 
Field Testing 

   Index  

   Prototype of Ro Gator 554     Prototype of John Deere 6500  

   Prestige Farms 
(Clinton, North 

Carolina)  

   Continental 
Grain Co. 

(New York)  

   Prestige Farms 
(Clinton, North 

Carolina)  

   Continental 
Grain Co. 

(New York)  

  Mean time to 
failure (hour)  

  104    73.80    104    171.10  

  Mean time for 
maintenance 
(hour)  

  1.04    1.47    1.82    1.97  
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TABLE 6.3 Normalized Coeffi cients with Correspondence of the Most Important 
Manufacture and Field Factors 

Normalized Coeffi cients 1 2 3 4 5 6

ρk   0.2325    0.2225    0.2125    0.175    0.1575     —   
αk   0.1920    0.1940    0.1970    0.206    0.2110     —   
qk   0.2325    0.2250    0.2075    0.130    0.1125    0.0925  
βk   0.1540    0.1550    0.1590    0.174    0.1780    0.1820  

TABLE 6.2 Testing Results of Studied Machine Prototypes 

Conditions of Machines 
Used, No. of Model 

Time to Failure 
(hour)

Mean Time for 
Maintenance (hour) 

1 2 3

  Murphy Family Farms  
  Finn T - 90  
     No. 287    21.9    3.02  
     No. 261    29.04    2.70  
     No. 290    53.62    2.87  
     No. 291    47.81    2.24  
     Mean    37.92    2.71  

  T - 120  
     No. 0.59    49.32    2.90  
     No. 0.30    56.20    1.86  
     No. 063    67.41    3.81  
     No. 218    58.27    3.17  
     Mean    57.80    2.94  

  Carroll  &  Foods  
  Finn T - 90  
     No. 316    40.92    2.83  
     No. 358    1.72    3.20  
     No. 1001    37.67    1.95  
     No. 1005    58.21    2.61  
     Mean    39.63    2.65  

  T - 120  
     No. 714    58.72    4.12  
     No. 1105    80.54    2.80  
     No.4516    62.98    3.64  
     Mean    67.41    3.52  
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 The mean time to failure and the mean time for maintenance of new 
machines Ro Gator 554 and John Deere 6500 (Table  6.6 ) were predicted for 
the time when they will be manufactured using the author ’ s methodology and 
Tables  6.1  and  6.5 .    

6.2.3.4 System Reliability Prediction from Testing Results of the Components. 
  Let us show one possible approach that was published separately in Reference 
 197 . 

Introduction.   One can experience this problem when testing a complete 
system that has either a high cost or insuffi cient time for testing, especially at 
the beginning of product development. 

TABLE 6.4 Unknown Parameters αI
(τ) and  αij

(τ)

Unknown
Parameters

Finn T -90 T-120

Marphy
Family Farms 

Caroll &
Foods

Prestige
Farms

Marphy
Family Farms 

Carrol
& Foods 

Prestige
Farms

αI
(τ )   0.42    0.47    0.445    0.19    0.23    0.21  

αij
(τ )   0.45    0.75    0.60    0.56    0.80    0.68  

TABLE 6.5 Coeffi cients of Recalculating for Studied Machines 

Coeffi cients of 
Recalculating

Ro Gator 554 John Deere 6500 

Prestige
Farms

Continental
Grain Co. 

Prestige
Farms

Continental
Grain Co. 

  For the mean time to 
failure (hour)  

  0.64    0.66    0.43    0.45  

  For the mean time for 
maintenance (hour)  

  0.41    1.25    1.29    1.18  

TABLE 6.6 Predicted Mean Time to Failure and Mean Time for Maintenance of 
Studied Machines 

Indexes of Reliability 

Ro Gator 554 John Deere 6500 

Prestige
Farms

Continental
Grain Co. 

Prestige
Farms

Continental
Grain Co. 

  Mean time to failures 
(hour)

  57.12    59.01    59.67    61.61  

  Mean time for 
maintenance (hour)  

  2.17    1.93    33.0      



THE STRATEGY FOR ACCURATE PREDICTION  335

 The author offers the algorithm for calculating the  lower confi dence bounds  
( LCB s) at a given confi dence level for the system reliability prediction. The 
accuracy of reliability prediction often depends upon how accurately the ART/
ADT was conducted. That depends on how accurately the fi eld conditions 
were simulated, including simulation of the actual fi eld degradation (failure) 
process. The results of the product ’ s degradation (failure) process include data 
on the mechanical, chemical, physical, electrical, and thermal effects. 

 Accurate ART includes the simultaneous combination of different types of 
testing (mechanical, multi - environmental, electrical) with the assumption that 
the failures are statistically independent. Ignoring this fact gives a lower esti-
mate of system reliability. Methodologies that could take into account the 
failure dependence require additional information. 

 In this case, the system consists of  N  components for which the failures are 
statistically independent. For each of them, the Weibull lifetime distribution is 
used with scale parameter  β   i   and shape parameter  α   i  ,  i     =    1    . . .     N.  For each 
component, the test results were obtained using sensors to provide the data. 

 There are many publications on this subject, including  Statistical Methods 
for the Estimation of the Reliability of Complex Systems by the Test Results  
 [198]  and Sonkina ’ s article in  IEEE Transactions in Reliability   [199] , but none 
apparently discuss using the multivariate Weibull model. 

 For these components, well - developed algorithms exist for calculating point 
and interval reliability estimates and corresponding software such as 
SuperSMITH/99 that was developed by Wes Fulton. 

 Only series systems are considered here, but the proposed methodology can 
be extended to systems with arbitrary series – parallel structures. 

 The list of assumptions includes the following:

    •      The system operates until failure.  
   •      Each component used in the system is statistically independent.  
   •      Each component has the Weibull distributed time to failure with different 

and unknown shape and scale parameters.    

 There are  N  independent censored samples for each component as follows:

    t t t I N r ni i
ri

i
i i( )

( )
( )

( )
( )

( ) , , , , .1 2 1≤ ≤ ≤ = ≤… …     

   6.2.3.5    Confi dence Bounds for the Simple  W eibull Model.     First, consider 
the simple Weibull model and the algorithm for calculating the LCB of the 
reliability function  R i  ( t ),  i     =    1,    . . .    ,  N , for each component separately (the 
index  i  will be dropped in this section for simplicity). 

 Use the Weibull model for the lifetime  τ  of the component to write the 
reliability index for this component as

    R t
t

t( ) = −⎛
⎝⎜

⎞
⎠⎟

⎧
⎨
⎩

⎫
⎬
⎭

>exp , ,
α

β

0     (6.1)  
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  where

   t       is a variable generally given in terms of time or cycles,  
  α       is the scale parameter, and  
  β       is the shape parameter of the Weibull distribution.    

 The expression (Eq.  (6.1) ) transforms into the following:

    R t
t u
b

t( ) = − −⎛
⎝⎜

⎞
⎠⎟{ } >exp exp

ln
, ,0     (6.2)  

  where  u     =    ln  a  and  b     =    1/ β  are the shape and scale parameters of the random 
variable  x     =    ln  τ  will be held fi xed in the future. Assume  n  units are tested and 
let  t  1 ,  t  2     . . .     t   τ   be the failure data and  t   τ  + 1 ,  t   τ  + 2     . . .     t n   be then censored data (either 
failure or time censoring). 

 The methodology for calculating the point and interval estimates of the 
reliability function  R ( t ) applied to the simple Weibull model has been devel-
oped in many publications including  [106]  and  [112]  and can be described as 
follows. 

 Denote   a–   and   b–   estimates of the parameters ( u     =    ln  α  and  b     =    1/ β ) with the 
distribution of the ratios

    B b b U u u b= = −/ ( ) /and  

  as independent of the unknown parameters. Here, the distribution of the 
random variables is determined only by the estimation method and the test 
plan (i.e., by the numbers  n  and  r ). The estimate types include maximum likeli-
hood estimates, the best linear estimates, and the best linear invariant esti-
mates  [200] , as well as the linear estimates in Reference  201 . The tables of the 
coeffi cients for calculating the estimates   u–   and   b–   of the censored samples are 
included in the indicated papers. For the estimates of the types indicated 
earlier, one can introduce the function

    L R P L B U( , ), , { ( , ) } ;ε ν εθ ε ν ν ε1 such that < − =  

  that is,  L ( ε ,  ν ) is the (1    −     ε )th quartile of the distribution of the random vari-
able  ν  B     −     U . 

 The function  L ( ε ,  ν ) decreases with the increasing value of  ε  (for fi xed  ν ) 
and increases with the increasing value of  ν  (for fi xed  ε ). This form is indepen-
dent of the parameters  u  and  b  and is determined only by the form of the 
estimates   u–   and   b–   and the test plan (i.e., by the numbers  n  and  r ). 

 Denote

    L L*( , ) exp{ exp[ ( , )]},ε ν ε ν= − −     (6.3)  
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  extending its defi nition by its continuity property to the set

    {( , ); [ . ], }, *( , )ε ν εθ νε ν0 1 11R L osetting  and=  

    L R*( , ) .1 0 1ν νε= for all   

 The tables of values of  L *  ( ε ,  ν ) for different forms of the estimates   μ̄   and  b  
are presented in References  200 – 203 . For example, for the linear estimates by 
Reference  201  presented in the table of the function

    L r n*( , ) . , . , . , . / ,ε ν ε δ for  and for censoring = =0 5 0 75 0 8 0 9  

  which is close to the values of 0.25, 0.5, 0.75, and 1.0. For samples  n     >    30, the 
normal approximation of the function

    L v v z n( , ) /c c≈ − σ     (6.4)  

  is presented in the same article. In the last equality, the values of  σ   u   2 ,  σ   ub  , and 
 σ   b   2  can, depending on  δ , be determined by Table  6.7 .   

 For maximum likelihood estimates and complete samples of volume  n     =    8, 
10, 12, 15, 20, 25, 30, 40, 50, 75, and 100 5  presented in the table of the values of 
the function  L  *  as a function of

    ε ν and R = − −exp{ exp( )}  

  for  ε     =    0.75, 0.9, 0.95, 0.97, 0.98 and   R
–

      =    0.5 (increasing from 0.5 to 0.98 in steps 
of 0.02). 

 For the best linear unbiased estimates, the tables of values for the function 
 L *  ( ε ,  ν ) are presented in Reference  200 . A good log  χ  2  — approximation for 
the function  L ( ε ,  ν ) is presented in Reference  22  in the form

    L
mε ν χε, ln ,( ) = − ( )2 1

1
    (6.5)  

  TABLE 6.7    The Component Values of  σ  for the Given 
Value of  δ  

    δ       σ   b   2       σ   ub        σ   u   2   

  0.1    9.473    22.183    60.508  
  0.2    4.738    7.374    16.477  
  0.25    3.735    4.926    10.497  
  0.3    3.065    3.438    7.186  
  0.5    1.716    0.936    2.510  
  0.6    1.373    0.447    1.612  
  0.7    1.12    0.145    1.447  
  0.8    0.928     − 0.049    1.253  
  1.0    0.608     − 0.257    1.109  
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  where 1 and  m  are chosen so that the means and the variations of the quanti-
ties  W ( ν )    =     U     −     ν  B  and ln[ m  χ  2 (1)]/1 are identical. 

 Having calculated the estimates   u–   and   b–   by the results of tests of ith - type 
components ( i     =    1    . . .     N ), one can write the expression for the LCB of level  q  
for the component ’ s reliability function  R I  ( t ) in the form

    R L q
u t

B
iq I I I

i

= ( ) = −
* , ,

ln
.ν ν     (6.6)   

 Therefore, to calculate the LCB for the reliability function of any type of 
component with a given confi dence probability  q , it is necessary to 

   •      Calculate estimates of the Weibull model ’ s parameters   u–   and   b
–

  ,  I     =    1 …  
 N  (using one of the methods mentioned earlier).  

   •      Calculate the value of   νI i iu t b− −( )ln /  and the value of the function 
  L qi I, ν( ), as mentioned earlier.  

   •      Use the expressions in Equations  (6.3)  and  (6.6)  for the given values of 
the confi dence probability  q .     

   6.2.3.6    Multivariate  W eibull Model.     Let us consider a system with a series 
connection of  N  components having independent failures. 

 If the Weibull model is valid for each  N  component, then the function of 
system reliability  R ( t ) for a given value of time  t  could be represented as

    R t
t

ii

N

I

( ) = − ⎛
⎝⎜

⎞
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⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪= …
∑exp

α β1

    (6.7)  

  or, if we denote  u i      =    ln  α   i   and  b i      =    1/ β   i  ,  i     =    1,    . . .     N  as

    R t
t u
b

ti

ii

N

( ) = − −⎛
⎝⎜

⎞
⎠⎟{ } >

=
∏exp exp

ln
, .

1

0     (6.8)   

 Our goal is to give the algorithm for calculating the LCB  R q  ( t ) with confi -
dence level  q  for system reliability function  R ( t ) if we have  N  independent 
censored samples

    t t t i N r ni i
ri

i
i i( )

( )
( )

( )
( )

( ) , , , ,1 2 1≤ ≤ ≤ = ≤… …     (6.9)  

  where  n i   is the sample size of the  i th - type component and  r i   is the number of 
failures of the  i th component. 

 On the basis of the data (Eq.  (6.9) ), we can calculate the values   u–  i  ,   b
–  

i
   for 

unknown parameters  U i   and  b i  ,  i     =    1,    . . .     N  using one of the methods described 
in the previous section. It is simple to calculate the point value of the reliability 
function as follows
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    R t
t u

b
i

i

N

( ) = −
−⎛

⎝⎜
⎞
⎠⎟{ }

=
∏exp exp

ln
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1

    (6.10)   

 To calculate the LCB  R q  ( t ) with confi dence level  q ( q     =    0.8    −    0.95), it is 
necessary to use the general methodology developed in References  198, 204, 
and 205 . In accordance with Reference  206 , the general methodology must be 
used to solve the next nonlinear external task:

    R t L e I Rq
y S

I
yi

i

N

q
( ) = − − ′( )[ ]−

=
∏min * , ln ln ,

ε
1

1
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  and  R  ′  is the value of the statistic  R ( t ) determined by the expression (Eq. 
 (6.10) ) after calculating the estimated parameters   u–  i   and   b–  i  ,  i     =    1,    . . .     N.  

 This is denoted by

    g y L y R ti i i i( ) = − − −( ) − ( )( )[ ]ln * exp , ln ln .1 1   

 As is shown in References  206 and 207 , to isolate the two situations most 
frequently encountered in practice, the expression for  R q  ( t ) can be written in 
an explicit form.

   A.     If the functions  g i  ( y i  ) are identical for all  i     =    1,    . . .     N  (which is satisfi ed 
when the elements are tested according to the same plan ( n ,  U ,  r ) and 
the estimates of the same type are used for the unknown parameters) 
and convex upward on [(0, ln1/(1    −     q )], then

    R t L q R tq
N( ) = − −( ) ′( )( )⎡⎣ ⎤⎦{ }* , ln ln .1 1 11     (6.11)    

  B.     If all the functions  g i  ( y i  ) are convex downward on [0, ln 1/(1    −     q )], then

    R t L q R tq I N i( ) = ′ ( )( )[ ]≤ ≤min * , ln ln ,1 1     (6.12)  

  where  R  ′ ( t ) is the observed value of the statistic  R ( t ) determined by the expres-
sion (Eq.  (6.10) ). 

 If the convexity conditions are not satisfi ed for the functions  g I  ( y i  ) on the 
interval (0, ln 1/[1    −     q ]), then they can be replaced by convex approximations 
 g i  ( y i  ) such that the error  Δ  of Equation  (6.12)  is no greater than

    Δ Δ* exp ,= −
⎛

⎝
⎜⎜

⎞

⎠
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=
∑ i

j

N

1
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  where

    Δi y i ig y g y i N= − =max ( ) ( ) , , .1…      

 Our calculations show that the most practical situations (i.e., for compo-
nents having a very high level of reliability and relatively small sample sizes) 
take place in case B. 

 The calculation of LCB using Equation  6.12  involves calculating the point 
values of system reliability  R ( t ), then subsequently calculating the LCB of 
level  q  for reliability functions of each component of  N  systems and choosing 
the minimal value for them. As a corollary of result B, it is not diffi cult to get 
the following expression for the LCB  R q  ( t ) if all components of the system 
have identical (or almost identical) rates of censoring

    δI i

q

r n i N

R t L q R t

= = =
= −

/ , :

( ) * [ , ln ln[ / ( )]],

constant 1

10

…     (6.13)   

 where  L *   0 [ q ,  − ln ln(1/ ⊂  ′ ( t )] is that function from  L *  I  [ q ,  − ln ln(1/ ⊂    ( t )] that 
corresponds to the minimum sample size (i.e., sample size  n  0     =    min[ n i  ]).  

   6.2.3.7    Examples.      Example 1.  In order to fi nd the value of the LCB at level 
 q     =    0.9 for the reliability function of an electronic device that consists of  N     =    3 
components, and the lifetime of each has a Weibull distribution with unknown 
parameters, the components were tested according to this plan ( n i  ,  U ,  r i  ),  i     =    1, 
2, 3; that is, n I  specimens of type  i  are tested until  r i   failures appear and the 
failure specimens are permanent. 

 For this example, given the following values of the operating times until 
failure (in hours), the following results were obtained:

    t t t1 2 31820 1960 2172 1= = =, , ( ); for type  specimens  

    t t t t1 2 3 42441 2841 3432 3824 2= = = =, , , ( ); for type  specimens  

    
t t t t t

t
1 2 3 4 5

6

5329 5682 7016 7919 9566

11 760

= = = = =
=

, , , , ,

, ( for typee  specimens3 )
  

 On the basis of these data, the estimates of the unknown parameters found 
by the method proposed in Reference  203  (i.e., maximum likelihood esti-
mates) are

    u b u b u b1 1 2 2 3 37 62 0 13 8 13 0 21 8 46 0 38= = = = = =. , . , . , . , . , . .   

 Using Equation  (6.10) , we can calculate the point estimate for reliability 
function  R ( t ) as the product of the corresponding point estimates of the com-
ponent reliability function (for  t     =     T  0     =    1000):
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    R R R R= × × = × × =1 2 3 0 996 0 997 0 983 0 976. . . . .   

 To calculate the LCB of level  q  for device reliability  R ( t ), it is necessary 
(in the general case) to calculate the LCB at the same level  q  for each 
component, assuming that the point estimate of the reliability function of 
this component is identical to the point estimate reliability function device, 
that is, to   R–   ′ ( t ). However, in this particular case ( δ  1     =     δ  2     =     δ  3     =    0.5), we can 
use Equation  (6.13) , where it is suffi cient to calculate the LCB only for the 
component with the smallest sample size for the fi rst component because 
 n i      =    6    =    min {6, 8, 12}. 

 First, determine the value of function  L ( q ,  ν ), where  ν     =     − ln ln   R–   ′     =    3.72. 
 Since we used the maximum likelihood estimates for parameters  u i   and  b i  , 

now we need to use the tables from Reference  202 . For more visualization, 
use the normal approximation of functions  L ( q ,  ν ) by Equation  (6.4) , although 
it gives the same uncontrollable error. 

 From Table  6.7 , we can fi nd the values  σ   b   2 ,  σ   ub  , and  σ   u   2  corresponding to 
 δ     =    0.5 and then calculate  σ     =    ( σ   u   2     −    2 ν  σ   ub      +     ν  2  σ   b   2 ) 1/2     =    4.39 using Equation 
 (6.4) , which gives the following results (since  z q      =    1.28 when  q     =    9):

    L q( , ) . . . / . ,ν = − × =3 72 1 28 4 39 6 1 424  

  and Equation  (6.2)  gives

    L q L q*( , ) exp{ exp( ( , ))} . ;ν ν= − − = 0 786  

  that is, the fi nal answer according to Equation  (6.13)  is  R q      =    0.786. 
 For a comparison, we can calculate the LCB of level  q     =    0.9 for each com-

ponent mentioned earlier. 
 We obtain the following results:

    R R Rq q q1 2 30 873 0 93 0 904= = =. , . , . .   

 Note that if we multiply these LCBs, we will get only the value 0.73, which 
is essentially lower. 

 Remember that the calculation of LCB for the system reliability function 
requires calculating the conditional LCB  R iq  *   for each components ’  reliability 
functions assuming that the point estimate of this component ’ s reliability func-
tion is identical to the point estimation of system  R  ′ . 

 Corresponding calculations give the following result:

    R R Riq q q= = =0 786 0 838 0 8842 3. , * . , . .   

 The smallest of these values determines the LCB for the device reliability 
function mentioned earlier:
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    R Rq q= =1 0 786* . .   

  Example 2.  Note that min ( R iq  *  ) does not always fall on the component that 
has the smallest sample size as obtained in Example 1. 

 Let us slightly modify the initial data in Example 1. For example, we will 
exchange only the values  n  1     =    12 and  n  3     =    6, but the test results of all the 
components allowed have the same estimate parameters  u i   and  b i  ,  i     =    1, 2, 3. 

 It is not diffi cult to ensure that the above - mentioned calculation will give 
the results below. 

 The values of conditional LCBs for all components (of the same level 
 q     =    0.9) are

    R R Rq q q1 2 30 855 0 838 0 868* . , * . , * . .= = =   

 The smallest value of the conditional LCB falls onto the component number 
2, which has sample size  n  2     =    8 (not the smallest!) and the LCB of the device 
reliability function:

    R Rq q= =2 0 838* . .   

 The values of LCBs for all components (of level  q     =    0.9) are

    R R Rq q q1 2 30 914 0 93 0 89= = =. , . , . .   

 The product of these values (sometimes used for calculating the LCB for 
the device reliability function) yields the value 0.75. This is much less than 
0.838 obtained by the method suggested earlier.  

   6.2.3.8    Conclusions from the Above - Mentioned Strategic Methodology.     The 
methodology developed allows the prediction of system reliability for compo-
nents subjected to different types of the physics - of - degradation processes 
during the service life. This results from having a separate Weibull model for 
every type of degradation. 

 The value of this methodology is that it allows the prediction of the 
LCB of a system reliability function after testing a few samples of each com-
ponent of the system during a relatively short time. In addition, it allows 
prediction of the system reliability at the beginning of development when the 
testing of the system as a whole either has high cost or may be impossible in 
a short time. 

 Moreover, we may use this methodology even when the ART/ADT results 
of each system ’ s components are known. In this case, we have to transform 
the testing results found during ART/ADT to the equivalent testing results 
corresponding to ordinary conditions. 

 The duration of the testing period is determined by ART/ADT longevity 
for the system components and can be made suffi ciently small in principle. For 
instance, if we could provide each component in Example 1 with an accelera-
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tion coeffi cient  K  equal to about 10 (a realistic possibility), then we could 
obtain the confi dence estimate of system reliability function during the 
required operating time of our system only on the basis of the test results of 
its components. 

 There is a possibility of decreasing the new system development time and, 
consequently, the development cost. 

 This book considers only series systems, but the proposed methodology can 
also be extended to systems with arbitrarily series – parallel structures. 

 The proposed methodology also allows combining service life data with 
results of ART/ADT. 

 This methodology is especially important for reducing cost and design time, 
as well as improving the reliability, durability, safety, and many aspects of 
quality.  

6.2.3.9 The Strategy of Durability Prediction with the Consideration of 
Expenses and Losses.   If one conducts accelerated reliability (durability) 
testing as described in this book, then it is possible to obtain accurate initial 
information for durability prediction. During the testing period, the degrada-
tion of the test subject as well as the expenses attributable to this subject are 
approximately identical to the degradation and expenses incurred during the 
time of use in the fi eld. ART incurs one group of expenses; another is incurred 
by special fi eld testing as a result of a comparison of test subjects that accom-
plished different volumes of work during ART. 

 Test subjects in many areas of industry are connected to the products with 
which they are working. As a result, the above - mentioned test subjects are 
related either directly or indirectly to the losses. For example, the degradation 
and failures of the machinery (including electronic systems of control) for food 
technology, farm machinery, refrigerators, and many special trucks lead to 
product losses. 

 More degradation and failures drive more product losses for the test subject. 
Therefore, our methodology also considers product losses. If any test subject 
does not incur product loss, one can more easily measure the results because 
the components of equations that relate to the product losses will be zero. 

 Specifi cs for the methodology of the durability prediction encompass a 
combination of reliability and usage costs including product losses.  

6.2.3.10 Principal Scheme of Accurate Durability Prediction.   The total test 
subject expenses consist of three basic components:

   1.     Expenses related directly to the work of the test subject  
  2.     Expenses that depend on the loss of the product during the normal work 

of the test subject 
  3.     Expenses that depend on stopping the test subject work if there are fail-

ures or increased degradation of the test subject (increased degradation 
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and stopping work cause increased product loss and incur associated 
costs)    

 The total expenses, which infl uence the total cost of the work, can be 
expressed as in Chapter  4 , notably in the section called  “ ART/ADT 
Methodology as a Combination of Different Types of Testing. ”  Figure  4.4  
shows that the reliability, quality, and productivity decrease during use (level 
of wear). The example of a truck is shown. As a result, the losses of the product 
increase if the test subject interacts with another product that also sustains 
losses. The losses of both products have a greater infl uence on the expenses if 
we consider, for example, farm machinery. During its operation, the wear on 
the harvester has a direct infl uence on the loss of grain (Fig.  6.6 )   

 The increase of expenses during normal work can be evaluated as
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,  

  where

   ∑  Lp       is the loss of product during the work of the test subject and  
  Cu       is the cost of the product.    

 Product quality often infl uences the degree of deterioration of the test 
subject resulting in an increase in cost. In this case, calculate the losses due to 
product cost with the following formula:

       Figure 6.6.     Increasing losses during the harvester ’ s work time (seasons).  

New
harvester

Harvester
during
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work

Harvester
during

second season
of work

Harvester
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Where LN > L3 > L2 > L1
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L2
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  where

   Cu.n.       is the cost of the unit of product that occurs during the work of a 
new test subject and  

  Cu.d.       is the cost of the unit of product that occurs during the work of a 
deteriorated test subject.    

 The examples demonstrated enable one to take into account 

   •      The dynamics of changes in all the basic types of expenses during the 
lifetime of the product based on initial information obtained by conduct-
ing ART  

   •      Losses of quality and quantity of the product with which the test subject 
is working (depending on whether the test subject is working or not 
working at all)  

   •      The random character of the losses during the life cycle as a function of 
test subject reliability    

 This can be done without taking into account the aging of the test subject. 
Aging depends upon the length of time on the market before a new more 
effective test subject appears. 

 In this case, the optimal durability must be obtained by using current 
methodologies.  

   6.2.3.11    Practical Example.     The optimal durability of a harvester has been 
predicted by two methods:

    •      The current method that does not take into account product losses  
   •      The proposed new method that takes into account product losses    

 The result is shown in Figure  6.7 . With the current method, the optimal 
durability of the harvesters is equal to 7 years, but with the proposed method, 
it is equal to 14 years. This example illustrates the signifi cance of the 
difference.   

 Sometimes, instead of losses, one can take into account a decrease in quality 
during usage.  

   6.2.3.12    About the Basic Strategy of Accurate Maintenance Prediction.     
Maintenance is a combination of all technical and administrative actions, 
including supervision actions, intended to maintain an item in, or restore it to, 
a state in which it can perform a required function. 
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 The most important parameters of the maintainability measure are the 
duration of downtime due to maintenance and the number of repair personnel 
required. Keep both to a minimum if possible. However, the number of main-
tenance person - hours required may not be as important as minimizing the 
time required for repair regardless of the number of men involved or the inef-
fi ciency of their utilization. The third important parameter is maintenance cost. 

 The length of the repair time, for a discrete repair, is the sum of the indi-
vidual maintenance task times that are required for its completion. 

 The prediction of the expected number of hours that a device will be in an 
inoperative state or in a  “ down state ”  while it is undergoing maintenance is of 
vital importance to the user due to the adverse effect that excessive downtime 
has on mission success. Therefore, once the operational requirements of a 
device are fi xed, it is imperative to predict its maintainability in quantitative 
terms as early as possible during the design phase. Update this prediction 
continually as the design progresses to ensure a high probability of compliance 
with all specifi ed requirements. 

 The fi rst useful feature of accurate maintainability prediction is that it 
highlights the areas of poor maintainability justifying product improvement, 
modifi cation, or a change in the design. Another useful feature of maintain-
ability prediction is that it enables the user to make an early assessment about 
whether the predicted time, quality of personnel, tools, and inspection equip-
ment are adequate and consistent with the needs of the system ’ s operational 
requirements. 

 For some areas of industry, maintenance is the single largest controllable 
expense for owners/operators. For example, in the aircraft industry  [208]  
(Fig.  6.8 ), 

   •      Engines account for 50% of maintenance costs    
   •      Operators (specifi cally airlines) are under pressure to reduce operating 

costs  

       Figure 6.7.     Results of counting the accurate durability of the harvester (1 — proposed 
method, 2 — current method).  
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   •      Maintenance decisions are based only on short - term needs, not long - term 
impact    

 The maintainers have had no method to determine what type of mainte-
nance is most cost - effective. 

 Traditional  reliability - centered maintenance  ( RCM ) determines the optimal 
maintenance for each  component , not the optimum for the overall system. 
Optimizing RCM analysis at the system level may signifi cantly reduce long -
 term operating costs. 

 One of the basic problems facing RCM is the prediction of the best system 
strategy, from a reliability perspective, for determining the intervals between 
maintenance operations, the volume of maintenance work, and the required 
spare parts. One has to take into account that the maintenance time and the 
time between maintenance are usually random in character due to the degra-
dation process and the random time to failure. 

 The practical strategy for developing accurate predictions for maintenance 
systems could not be solved in the past because it was not possible to obtain 
suffi cient initial information about the frequency of the rise and accumulation 
of degradation during the service life of the product. 

 The strategy of ART described earlier provides the methodology to obtain 
this information. This advancement provides a practical system for optimal 
maintenance with minimal cost and time, resulting in maximum effectiveness 
of machinery use. 

 Theoretical solutions were presented earlier. For some systems, the provi-
sion of maintenance should be random. However, for other systems, mainte-
nance must occur at regular intervals, for example, it must not occur only after 
each failure. This requires a precise maintenance schedule. Thus, the character 
of the problem has changed. Instead of a typical stationary problem solved in 

       Figure 6.8.     Typical aircraft MRO costs  [208] .  
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the above - mentioned publications, this is a nonstationary problem that is dif-
fi cult in view of the arbitrariness of the distribution function for the time to 
failure of the machinery and the time to restoration.  

   6.2.3.13    Basic Principles for the Prediction of the Optimal Interval between 
Maintenance Actions.     The presentation of preventive maintenance data 
requires the known duration and frequency of the maintenance tasks. Active 
preventive maintenance time is the usual duration of the maintenance action. 
One may add observed nonactive preventive maintenance when necessary. To 
aid in maintenance planning, it is desirable to estimate the maintenance 
person - hours for each task. In addition to the detailed task information, 
present an overall summary of preventive maintenance times. In the following 
discussion, we will use the term  “ maintenance ”  instead of  “ preventive 
maintenance. ”  

 We have solved the above - mentioned problem for two situations:

   1.     As a criterion for the evaluation of the maintenance intervals, one uses 
the probability of prevention for a given time,  T .  

  2.     One uses the maximum availability as an overall criterion.    

 For the fi rst situation, formulate and solve the problem using the following 
process. 

 The distribution of the system time to failures  ξ  follows the arbitrary law 
 F ( x ), and the time of restoration  ζ  follows the arbitrary law  H ( x ). The time 
between maintenance actions is a constant. Maintenance after each restora-
tion is not essential. Determine the distribution of summary time  X a   when the 
system is in good working order over the interval  α  under the same condition 
that began at moment zero. 

 The interval between maintenance  α  is given by the equation

    P X T PT{ } .> ≥0 0   

 Consider the situation with one and with  n  failures on the interval ( o ,  a ) 
and fi nd the system at the end of the interval in both good and bad conditions. 
It was ascertained in Reference  18  that the distribution of time  X T  , where the 
system is in good condition over the interval of length (0,  T ), was shown by 
the necessary formula. 

 This function is too cumbersome, so an explicit analytical solution is very 
diffi cult. For fi nding the extremum, use a quantitative method of optimization 
using a computer; for example, use one of the modifi cations of the gradient 
method. 

 A second solution to the problem uses the method of fi nding the optimal 
interval between maintenance actions  α  by maximizing availability. 

 One has to take into account the progressive aging process characteristic 
of most systems. This process can be partially eliminated during the mainte-
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nance phase. Our research addressed the aging in one, two, three, and multiple 
steps. First, let us describe a brief solution to the problem with the simplest 
variant — one - step aging. In this case, the distribution functions of the times to 
failure and the times to renewal for the considered period has only one 
unchanging form.    

6.3 THE ROLE OF ART AND  ADT IN THE ACCURATE PREDICTION AND 
ACCELERATED DEVELOPMENT OF QUALITY, RELIABILITY, 
MAINTAINABILITY, AND DURABILITY 

 There are three basic elements of ART and ADT  [251] :

   1.     Accurate simulation of the whole complex of the fi eld situation using the 
given criteria  

  2.     Simulation  simultaneously and in combination  with  each group  of fi eld 
infl uences (multi - environmental, mechanical, electrical, and others), as 
well as safety and human factors  

  3.     Determination of the initial information required for an accurate predic-
tion of reliability, durability, and maintainability    

 As a result, provide initial information for accelerated quality, reliability, 
durability, and maintainability development and improvement during the 
phases of predesign, design, manufacturing, and usage. Moreover, the result is 
decreasing life cycle costs. Other types of testing cannot provide this informa-
tion because they do not use an accurate simulation of the fi eld situation and, 
consequently, the testing results differ from the fi eld results  [248 – 250, 252, 254, 
257] . 

 Using accelerated reliability (durability) testing, one can study the dynam-
ics of the product ’ s degradation in the fi eld. As a result, it is easy to identify 
the reasons for failures, and the losses of quality and maintainability. This 
results in the rapid elimination of degradation and failures, thereby improving 
the development of the product. 

 Figure  6.9  shows the strategic value of ART/ADT as a key factor for the 
accelerated solution of the interconnected problems of quality, reliability, 
maintainability, and durability, as well as serviceability, availability, life cycle 
cost, and warranty length.   

 These accelerated solutions for development and improvement can be pro-
vided through a chain: ART — fi nding the reasons for the degradation and 
failures in the fi eld — eliminating these reasons for degradation and failures —
 checking this elimination — predicting the level of quality, reliability, durability, 
and maintainability. 

 The components of this chain can practically achieve an accurate prediction 
of the quality, reliability, maintainability, and durability values. 
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 There are many methodologies for this prediction that are suitable. But the 
second component for an accurate prediction is a problem because the initial 
information to achieve an accurate prediction is based on currently undevel-
oped ART/ADT (reliability and/or durability testing). Other types of testing 
such as highly accelerated life testing (HALT), highly accelerated stress screen-
ing (HASS), accelerated aging, thermal shock, mechanical shock, vibration 
testing, and many other types of laboratory testing as well as fi eld testing and 
proving ground testing cannot provide accurate initial information for this 
prediction. They use inaccurate simulations of the fi eld situation during service 
life. They simulate only a portion of the many fi eld input infl uences and do 
not include the human factors and safety problems. 

 During the current design and manufacturing processes in most industrial 
companies, ART/ADT is not conducted. In other words, industrial companies 
do not provide the appropriate information for an accurate prediction. 

 Therefore, as considered in this book, accelerated reliability and durability 
testing technology is a key factor for accurate prediction of reliability, durabil-
ity, maintainability, and availability, and for reducing recalls and life cycle cost 
of the product. Therefore, it is practically useful.  

 EXERCISES 

       6.1    Industrial companies provide verifi cation and validation tests during 
design and manufacturing. What is the basic negative aspect of these 
tests for reliability, durability, especially quality, and prediction?   

       Figure 6.9.     Accelerated reliability/durability testing as a key factor for the accelerated 
solutions of quality, reliability, maintainability, durability, and related problems.  
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6.2    What is the basic aspect of quality control in the current system for an 
accurate quality prediction?   

6.3    Analyze a computer simulation (modeling) and determine its negative 
aspects for the accurate prediction of quality, reliability, durability, and 
maintainability.   

6.4    Show the basic scheme of the connection between the ART/ADT tech-
nology and accurate prediction of the product ’ s quality, reliability, dura-
bility, and maintainability.   

6.5    Describe why and how ART/ADT can improve upon the negative 
aspects for performing accurate predictions.   

6.6    Show the scheme of the basic steps of reliability, durability, and main-
tainability needed for an accurate prediction when ART/ADT is 
involved.   

6.7    Describe what steps are required to obtain accurate initial information 
for the accurate prediction of quality, reliability, durability, and 
maintainability.   

6.8    Why does the current process to obtain the initial information needed 
for prediction often make it impossible to accurately predict quality, 
reliability, durability, and maintainability?   

6.9    What criteria are required for an accurate prediction?   

6.10    What is the meaning of the divergence between two functions of 
distribution?   

6.11    What is the difference between the author ’ s criteria comparing two 
functions of distributions from Kolmogorov ’ s and Smirnov ’ s criteria?   

6.12    Describe and graph an analytical method of reliability testing. What is 
the specifi c component of this method and in what situations should one 
utilize this method?   

6.13    Describe the meaning of the prediction of the reliability function with 
a predetermined accuracy and confi dence level.   

6.14    What is the specifi c method included in this book for system reliability 
prediction after testing the results of the components?   

6.15    Show the basic elements of the above - mentioned system of reliability 
prediction after testing the results of the components.   

6.16    What is necessary to calculate the LCB for the reliability function of 
any type of component with a given confi dence probability?   

6.17    Describe the principal scheme of accurate durability prediction.   
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6.18    What is the specifi c aspect demonstrated in the book ’ s methodology of 
accurate durability prediction?   

6.19    Describe the basic strategy for accurate maintenance prediction.   

6.20    What components are included in the cost of typical aircraft mainte-
nance? What is the typical percentage of each component?   

6.21    Describe briefl y the basic principles to predict the optimal intervals 
required between maintenance actions.   

6.22    For what two situations did this book solve the maintenance prediction 
problem?   

6.23    For accelerated reliability/durability testing, show the scheme used as a 
key factor for the accelerated solutions of quality, reliability, durability, 
and maintainability.        
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Chapter 7

The Financial and Design 
Advantages of Using 
Accelerated Reliability/
Durability Testing 

     The fi nancial impact of poor reliability and quality on company profi ts is 
described in the examples included in Reference  32 . Figure  1.10  in Chapter  1  
demonstrates this impact. 

 This book ’ s approach to accelerated reliability testing (ART)/accelerated 
durability testing (ADT) as a component in the system of systems approach 
and as the key factor in the  “ quality – reliability – maintainability – durability –
 supportability ”  complex helps to improve this situation. Several industrial 
companies have partially implemented this approach. An example of the 
results of this approach, used by companies manufacturing engines and tools, 
is included in Tables  7.1 – 7.3 .   

 The following practical diffi culties (problems) were evident during the 
implementation of this technology:

    •      The methodology ’ s implementation requires an interdisciplinary team 
for a particular group of products. This team must be composed of highly 
qualifi ed professionals in the fi elds of quality, reliability, simulation, 
testing, safety, and human factors. Yet, the professionals working in these 
areas and in marketing and sales, plus most suppliers, usually work inde-
pendently. They have separate requirements (standards) and responsibili-
ties. This is the fi rst problem that all companies need to overcome for the 
successful implementation of the methodology and technology, including 
equipment, described in the book.  

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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   •      The interdisciplinary team needs a chair who is an outstanding manager 
who understands the specifi cs of the different specialties (reliability, dura-
bility, maintainability, quality, simulation, testing, safety, and human 
factors) and their interconnections.  

   •      In the company that fi rst used this proposed technology, a talented quality 
manager who possessed initiative, understanding, and ability was in 
charge. He was also experienced in the simulation, testing, reliability, 
safety, and human factors areas. He proposed to organize an interdisci-
plinary engineering emergency team composed of the types of profes-
sionals listed earlier. With the support of the vice president in development, 
this team was organized.  

   •      Many diffi culties were overcome during the work of this team. Most of 
the team members realized the necessity of excellent communication 
skills, good understanding of each other, and the need for coordination 
across professional specialties by team members.  

TABLE 7.1 Dynamics of Engine Complaints for 3 Years 

Year Complaints (%) 

  First    0.17  
  Second    0.13  
  Third    0.03  

TABLE 7.2 Comparison of the Complaints for a Reason over 3 Years 

Reasons

% of Complaints 

Years

First Second Third

  1. Design problems    58    43    36  
  2. Deviation from the instruction procedure    23    31    34  
  3. Not performed according to drawing    10    10    8  
  4. Not used according to specifi cation    4    10    15  
  5. Others    5    6    7  
  Total    100    100    100  

TABLE 7.3 Example of Practical Economic Results of the Proposed Approach 
for Tools 

Year Sales (Million $) Complaints (Number) Rejects (%) 

  2003    134.3    151    3.2  
  2004    156.2    144    3.0  
  2005    196.4    127    2.4  
  2006    214    114    2.0  



DESIGN ADVANTAGES OF USING ART/ADT  355

   •      This experience reveals that one of the major diffi culties in implementing 
new technology can be resolved by the enthusiastic cooperation of each 
team member and a willingness to work together. This is required for the 
implementation of a new technology for ART/ADT.  

   •      The implementation of this new technology revealed that the team 
members need adequate knowledge in metallic parts, new composite 
materials and units, and high - level standardization, especially in quality 
and reliability.    

 Later, industrial companies producing engines, tools, trucks, and other prod-
ucts implemented this methodology and technology. 

 Some of the economically benefi cial results of implementing this technol-
ogy are shown in Tables  7.1 – 7.4  and in Figure  7.1 .     

 The fi nancial results of applying this methodology are impressive. Especially 
impressive is the increase in the level of profi t in these companies over a 3 - year 

       Figure 7.1.     Increased volume of sales of instruments after the implementation of the 
new approach.  
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  TABLE 7.4    Increased Volume of Sales of Two Products as a Result of the 
Implementation of the Above - Described Quality Approach 

   Year  

   Product(s), Second Quarter  

   First Type of Product     Second Type of Product  

  2002    23.030    77.201  
  2004    55.680    108.829  
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period and the substantial increase in the quality and reliability of their prod-
ucts. The market outlook improved so much that Warren Buffet bought one 
of the companies (in Israel) in 2006. As a result, the product sales increased 
and the reputation of that company improved in the market (Fig.  7.1  and Table 
 7.4 ). 

 These fi gures show the effectiveness of this complex analysis and the vital 
importance of establishing the reasons for potential complaints prior to use 
and eliminating these faults prior to the completion of the design. Implementing 
accelerated improvement of the product quality during design and manufac-
turing yields this desired result. 

 The process for fi nal quality improvement (Fig.  7.1 ) coupled with the quality 
and characteristics of the raw materials used, improvement in the components ’  
quality, improvement of products used by the customers, and the improve-
ments that are specifi c to each manufacturer yields more marketable products 
at signifi cant cost savings. 

 Implementing the above - mentioned approach to ART and ADT and tech-
nology in different companies resulted in the following total life cycle cost 
(LCC) changes. 

 LCC percentage changes 

   •      Increase the cost of design phase from 4 to 8% (not including the benefi ts 
from recalls and maintenance reducing)  

   •      Increase the cost of manufacture phase (not including recalls) from 0 to 
1% (not including the benefi ts from recalls and maintenance reducing)  

   •      Decrease the cost of usage phase (includes recalls and complaints) from 
52 to 83%    

 As a result, the total LCC  decreased  by at least 33 – 47%. 
 If the company does not have enough money for full implementation of 

ART/ADT technology in a single step, then the company can do it step by 
step: First, implement the use of a test chamber with one type of equipment, 
for example, for vibration testing. Next, add equipment for the simulation 
temperature/humidity to the same test chamber, for example. The following 
step will be to add equipment for pollution simulation, then for other equip-
ment. KAMAZ Inc. (Russia) used this approach. 

 The cost of the design and manufacturing phases will decrease when the 
industrial company repeatedly uses the equipment for ART/ADT on the 
future models of the product and on the next new product designs. The basic 
parts of equipment will be applicable for use in the following product updates 
and modernizations and in the development of products with additional 
savings. 

 Beginning with the design process, ART/ADT technology could be contin-
ued through implementation for the manufacturing process (for quality control 
and other needs) using the same equipment design. This will dramatically 
improve the fi nancial results.  
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EXERCISES

7.1    What kind of practical diffi culties occurred during the implementation of 
ART/ADT technology included in this book?   

7.2    Show the dynamics of the complaints made during the implementation of 
ART/ADT technology in the years after the publication of this book.   

7.3    Show an example of increasing a product ’ s sales by the implementation 
of ART/ADT technology.        
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Chapter 8

Accelerated Reliability 
Testing Standardization 

8.1 OVERVIEW AND ANALYSIS 

 There is a great need for standardization for accelerated reliability testing 
(ART)/accelerated durability testing (ADT). Standardization will have an 
important infl uence on ART and ADT development and implementation. 
Standardization is needed for the following reasons:

    •      No standards exist for providing ART/ADT.  
   •      No standards exist for ART/ADT technology.  
   •      Customers do not have nor require ART/ADT standards development 

and application.  
   •      Lacking standards and requirements, the companies that design and 

produce testing equipment have less incentive to provide the wide range 
of equipment necessary for ART/ADT and implementation.    

 The need for standardization is dominant in this complex of problems. 
 A standards organization can be classifi ed by its role, position, and the 

extent of its infl uence in the company, in the local, national, regional, and 
global standardization arena. 

 By geographic designation, there are international, regional, and national 
standards. By technology or industry designation, there are standards from 
 standards developing organization s ( SDO s) and also from  standards setting 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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organization s ( SSO s), which are known as consortia. Standards organizations 
may be governmental, quasi - governmental or nongovernmental entities. 

 There are many international standards organizations. Three examples are 
the  International Organization for Standardization  ( ISO ), the  International 
Electrotechnical Commission  ( IEC ), and the  International Telecommunication 
Union  ( ITU ). ISO is composed of the  national standards bodie s ( NSB s), with 
one member per nation. The IEC is composed of  “ national committees, ”  with 
one member per nation. In some cases, the National Committee of the IEC of 
a country is also the ISO member from that country. Both the ISO and IEC 
consist of approximately a hundred specifi c committees. For example, IEC 
TC56 is the technical committee that updates and develops international stan-
dards in dependability (reliability and maintainability). The  World Standards 
Cooperation  ( WSC ) is a cooperative effort between the ISO, the IEC, and the 
ITU. 

 Additional independent standards organizations, such as American Society 
for Testing and Materials (ASTM) International, develop and publish techni-
cal standards for international use. Others that set standards within some more 
specialized context include SAE, IFTF, TAPPI, W3C, Institute of Electrical 
and Electronic Engineers (IEEE), UPU, and APT. Often these international 
standards organizations are not based on the principle of one member per 
country. 

 Regional standards bodies include the European Committee for 
Standardization (CEN), the European Committee for Electrotechnical 
Standardization (CENELEC), the European Telecommunication Standards 
Institute (ETCI), the European Cooperation for Space Standardization 
(ECSS), the  African Organization for Standardization  ( ARSO ), the  Arab 
Industrial Development and Mining Organization  ( AIDMO ), and others. 

 Each country or economy has a single recognized standards body. For 
example, in the United States, this body is the  American National Standards 
Institute  ( ANSI ). 

 Finally, all middle and large industrial companies, as well as many small 
companies, have their standards body that develops and updates their com-
pany ’ s standards. 

 The standardization of ART/ADT technology for products remains an 
unsolved problem. There are only standards for the planning, theoretical 
(probabilistic and statistical), and reporting aspects of ART (reliability testing). 
There are no standards for reliability and durability testing technology, that is, 
how to conduct ART/ADT. 

 The standardization for conducting ART and ADT is very important. It 
provides solutions for reliability/durability problems and accurate predictions 
facilitating solutions for the following issues:

    •      Maintainability problems  
   •      Minimization of life cycle costs  
   •      Safety aspects of risk assessment  
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   •      Need to reduce the time to market  
   •      Accelerated development and improvement of the product  
   •      Minimization of warranty and return costs    

 One can see the importance of reliability, including reliability testing in the 
following citation from the U.S. National Research Council to the Department 
of Defense, Guide 3235.1H  [2] :

  The Department of Defense and the military services should give increased 
attention to their reliability, availability, and maintainability data collection and 
analysis procedures, because defi ciencies continue to be responsible for many of 
the current fi eld problems and concerns about military readiness.   

 The current system of standardization, especially in engineering, has posi-
tive and negative aspects. 

 Some basic positive aspects of standardization are the following:

    •      Standards provide a known level of quality.  
   •      Standards provide a common language for the communication of require-

ments between suppliers and customers.  
   •      Laws are needed for all the areas involving the activity of people that 

identify their rights and responsibilities. In engineering, standardization 
embodies the technical laws that the industry needs.  

   •      Technical laws, in other words, standardization, are necessary to provide 
the unifi cation of the requirements for the product ’ s technology and 
quality, and the implementation of advanced solutions of technology and 
quality (reliability, durability, maintainability, and others) in the practice 
of design, manufacturing, and usage.    

 The negative aspects of the current system of standardization, especially of 
international and national standardizations, are the following:

    •      Standardization is based on a volunteer base of experts, which may result 
in the lack of responsibility for the quality and effectiveness of national 
and international standards.  

   •      Most qualifi ed professionals are not involved in standardization work 
because they are busy and do not have enough time to volunteer.  

   •      Most qualifi ed professionals who are retired and have enough time to 
volunteer are fi nancially unable to afford to attend the standards com-
mittee meetings.  

   •      Advanced technology and quality solutions of most industrial companies 
are proprietary; therefore, they are not available to other companies or 
to any other entity including national and international standardization 
organizations.  
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   •      In national and international standardization, the most interested parties 
are company producers of a particular product; therefore, their represen-
tatives are more involved in the work of standardization committees for 
their particular products. As a result, these standards are biased to rep-
resent the interest and achievements of the producers rather than the 
customer ’ s requirements. This is especially true for the reliability, main-
tainability, and durability standards.  

   •      One of the basic requirements of standards, especially national and inter-
national standards, is that they must be implemented and approved in 
practice before they are sanctioned as standards. This resulting delay in 
implementation is too lengthy and unacceptable. Therefore, these stan-
dards represent a past state of affairs, not new solutions. The resulting 
quality level of these standards is lower than current knowledge.    

 Let us examine the standards for reliability testing from the world ’ s most 
powerful standardization organizations.  

8.2 IEC STANDARDS 

 The IEC is the world ’ s leading organization that prepares and publishes inter-
national standards for all electrical, electronic, and related technologies, col-
lectively known as  “ electrotechnology. ”  

 On September 15, 1904, the delegates to the International Electrical 
Congress adopted a report about the  “  . . .    organization of a representative 
Commission to consider the question of the standardization of the nomencla-
ture and ratings of electrical apparatus and machinery. ”  As a result, the IEC 
was offi cially founded in June 1906, in London, England, where its Central 
Offi ce was set up. In 1948, the IEC Central Offi ce moved from London to 
Geneva, Switzerland. 

 IEC has more than 100 diverse technical committees, including those for 
capacitors and resistors, semiconductor devices, electrical equipment, medical 
equipment, maritime navigation, radio communications systems and equip-
ment, lasers, lighting, fi ber optics, ultrasonic wind turbine systems, fuel cell 
technologies, atomic energy, and many others. 

 IEC Technical Committee TC56 develops and updates the standards in 
dependability (including reliability and maintainability) including standards 
for reliability testing. One can see examples of IEC standards for reliability 
testing in References  209 – 211 . 

Standards for Reliability Testing and Statistical Principles
Tools : These standards share the common title  “ Equipment Reliability 

Testing ” :

IEC 60605 - 1 (1978)  Equipment Reliability Testing — Part 1: General 
Requirements
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IEC 60605 - 2 (1994 – 2010)  Equipment Reliability Testing — Part 2: Design 
for Test Cycles  

IEC 60605 – 3 - 1 (1986)  Equipment Reliability Testing — Part 3: Preferred 
Test Conditions. Section 1: Indoor Portable Equipment — Low Degree of 
Simulation

IEC 60605 - 3 - 2 (1986)  Equipment Reliability Testing — Part 3: Preferred Test 
Conditions. Section 2: Equipment for Stationary Use in Weather 
Protected Locations — High Degree of Simulation  

IEC 60605 - 3 - 3 (1992)  Equipment Reliability Testing — Part 3: Preferred Test 
Conditions. Section 3: Test Cycle 3: Equipment for Stationary Use in 12 
Partially Weather Protected Locations — Low Degree of Simulation  

IEC 60605 - 3 - 4 (1992)  Equipment Reliability Testing — Part 3: Preferred Test 
Conditions. Section 4: Test Cycle 4: Equipment for Portable and 
Nonstationary Use — Low Degree of Simulation  

IEC 60605 - 3 - 5 (1996)  Equipment Reliability Testing — Part 3: Preferred Test 
Conditions. Section 5: Test Cycle 5: Ground Mobile Equipment — Low 
Degree of Simulation  

IEC 60605 - 3 - 6 (1996)  Equipment Reliability Testing — Part 3: Preferred Test 
Conditions. Section 6: Test Cycle 6: Outdoor Transportable Equipment —
 Low Degree of Simulation  

IEC 60605 - 4 (2001 – 08)  Equipment Reliability Testing — Part 4: Statistical 
Procedures for the Exponential Distribution — Point Estimates, 
Confi dence Intervals, Prediction Intervals, and Tolerance Intervals  

IEC 60605 - 6 (2007 – 05)  Equipment Reliability Testing — Part 6: Tests for the 
Validity and Estimation of the Constant Failure Rate and Constant 
Failure Intensity    

 The following standards share the words  “ Reliability Testing ”  in their title:

IEC 61123 (1991)  Reliability Testing, Compliance Test Plans for Success 
Ratio

IEC 61124 (2006 – 08)  Reliability Testing, Compliance Tests for Constant 
Failure Rate and Constant Failure Intensity  

IEC 61650 (1997)  Reliability Data Analysis Techniques — Procedures for 
Comparison of Two Constant Failure Rates and Two Constant Failure 
(Event) Intensities    

 For better understanding, note that the above - mentioned standards only 
mentioned reliability testing, but they are not standards to conduct reliability 
testing. Examine the contents of these examples. 

First Example: International Standard IEC 60605 - 2
 First edition (1994 – 2009) 
 Equipment Reliability Testing — Part 2: Design of Test Cycles 
 Contents 
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 Foreword 
 Introduction 
 Clause 

  1.     Scope  
  2.     Normative References  
  3.     Defi nitions  
  4.     Relationship between Test Conditions and the Conditions of Use  
  5.     Description of the Conditions of Use  

  5.1.     Operating Conditions  
  5.2.     Environmental Conditions  
  5.3.     Interrelationship between Operating and Environmental Parameters    

  6.     Procedure for Design of Test Cycles  
  7.     Summary of Documentation of a Reliability Test Cycle    

 Annex A: Worked Example 

 Foreword 
 The IEC is a worldwide organization for standardization comprising all 

national electrotechnical committees (IEC National Committees). The object 
of the IEC is to promote international cooperation on all questions concerning 
standardization in the electrical and electronic fi elds. To this end and in addi-
tion to other activities, the IEC publishes international standards. 

 Their preparation is entrusted to technical committees; any IEC National 
Committee interested in the subject dealt with may participate in this prepara-
tory work. International, governmental, and nongovernmental organizations 
liaising with the IEC also participate in this preparation. The IEC collaborates 
closely with the ISO in accordance with conditions determined by the agree-
ment between the two organizations. 

 The formal decisions or agreements of the IEC on technical matters, pre-
pared by technical committees on which all the National Committees having 
a special interest therein are represented, express, as nearly as possible, an 
international consensus of opinion on the subjects. 

 They have the form of recommendations for international use published in 
the form of standards, technical reports, or guides and they are accepted by 
the National Committees in that sense. 

 In order to promote international unifi cation, IEC National Committees 
undertake to apply IEC International Standards transparently to the maximum 
extent possible in their national and regional standards. Any divergence 
between the IEC standard and the corresponding national or regional stan-
dard shall be clearly indicated in the latter. 

 Introduction 
 A test cycle is a sequence of different operating and environmental test 

conditions that are based upon actual conditions of use, as defi ned, for example, 
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by the relevant product specifi cation. The equipment undergoing reliability 
testing is normally subjected to repeated test cycles. The number of cycles will 
depend on the accumulated relevant test time, as required by the selected 
compliance test plan of IEC 60605 - 7, or as suitable for determination testing 
according to IEC 60605 - 4. 

 The step - by - step procedure described here is intended for any specifi c 
equipment to be tested, when it is considered necessary to simulate closely the 
real conditions of use of the equipment. It applies fully to laboratory testing 
but may be applied to fi eld testing, in so far as conditions can be controlled, 
with respect to operating conditions only (including load and supply). 

1. Scope
 This part of IEC 60605 provides a general procedure for the design of test 

cycles, where no applicable preferred test cycles can be found in IEC 60605 - 3. 
It applies to the design of operating and environmental test cycles referred to 
in clauses 8.1 and 8.2 of IEC 60605 - 1. The resulting test cycle should be 
included in the detailed reliability test specifi cation. 

 Tests, which include cycles designed according to this standard, are not 
intended to replace ordinary tests such as qualifi cation tests, functional per-
formance tests, and environmental tests. 

 Pre - exposure tests may in some cases be necessary before commencing 
the test cycles designed by the methods of this standard. The basis of the deci-
sion as to whether to include pre - exposure tests is outside the scope of this 
standard. 

 Normative References 
 The following normative documents contain provisions that, through refer-

ence in this text, constitute provisions of this part of IEC 60605. At the time 
of publication, the editions indicated were valid. All normative documents are 
subject to revision, and parties to agreements based on this part of IEC 60605 
are encouraged to investigate the possibility of applying the most recent edi-
tions of the normative documents indicated next. Members of IEC and ISO 
maintain registers of currently valid international standards.

   IEC 50(191): 1990,   International   Electrotechnical Vocabulary   (  IEV) —
 Chapter 191: Dependability and Quality of Service

  IEC 68:  Environmental Testing
  IEC 60605 - 1: 1978,  Equipment Reliability Testing — Part 1: General 

Requirements Amendment No. 1 (1982)
  IEC 60721 - 1: 1990,  Classifi cation of Environmental Conditions — Part 1: 

Environmental Parameters and Their Severities
  IEC 60721 - 2,  Classifi cation of Environmental Conditions — Part 2: 

Environmental Conditions Appearing in Nature
  IEC 60721 - 3,  Classifi cation of Environmental Conditions — Part 3: 

Classifi cation of Groups of Environmental Parameters and Their Severities



366 ACCELERATED RELIABILITY TESTING STANDARDIZATION

Second Example: International Standard IEC 60605 - 3 - 1 Equipment 
Reliability Testing Part 3: Preferred Test Conditions, Indoor Portable 
Equipment — Low Degree of Simulation

 Contents 
 Foreword 
 Preface 
 Clause 

  1.     Scope  
  2.     Introduction  
  3.     Applicability  

  3.1.     Type of Equipment  
  3.2.     Operating Conditions  
  3.3.     Environmental Conditions  
  3.4.     Degree of Simulation  
  3.5.     Examples    

  4.     Basic Assumptions Underlying the Severities 
   4.1.     Operating Conditions  
  4.2.     Climatic Conditions  
  4.3.     Mechanical Conditions  
  4.4.     Other Conditions    

  5.     Pre - exposure Tests  
  6.     Description of the Test Cycle 

   6.1.     Relevant Period of Equipment Life Covered by the Test Cycle  
  6.2.     Operating Conditions  
  6.3.     Climatic Conditions  
  6.4.     Mechanical Stress  
  6.5.     Permissible Modifi cations    

  7.     Relevant Test Time    

Preface
 Maintainability. The text of this standard is based on the following 

documents. 
The following IEC publications are quoted in this standard.

  Safety Requirements for Mains - Operated Electronic and Related Apparatus 
for Household and Similar General Use  

  Basic Environmental Testing Procedures — Part 2: Tests, Test B: Dry Heat  
  60605 - 1: Equipment Reliability Testing — Part 1: General Requirements  
  60605 - 1: Equipment Reliability Testing — Part 2: Guidance for the Design 

of Test Cycles (in preparation)     
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8.3 ISO STANDARDS 

 Founded in February 1947, the ISO promulgates worldwide proprietary indus-
trial and commercial standards. It is headquartered in Geneva. 

 While ISO defi nes itself as a nongovernmental organization, its ability to 
set standards that often become law through treaties or national standards 
makes it more powerful than most nongovernmental organizations. 

 ISO is a network of the national standards institutes from 157 countries, 
one member per country. ISO ’ s main products are the International Standards. 
ISO also publishes technical reports, technical specifi cations, publicly available 
specifi cations, technical corrigenda, and guides. 

 There are ISO/IEC Joint Technical Committees, ISO/IEC Joint Study 
Groups, and jointly issued ISO/IEC standards. There is no special ISO techni-
cal committee (unlike IEC) for preparation standards in reliability. 

8.3.1 ISO Standards in Reliability Testing 

 There are three ISO standards in reliability testing  [211]  called  “ reliability by 
testing ”  for pneumatic fl uid power:

   ISO/FDIS 19973 - 1 Pneumatic Fluid Power — Assessment of Component 
Reliability by Testing — Part 1: General Procedures  

  ISO/FDIS 19973 - 1 Pneumatic Fluid Power — Assessment of Component 
Reliability by Testing — Part 2: Directional Control Values  

  ISO/FDIS 19973 - 1 Pneumatic Fluid Power — Assessment of Component 
Reliability by Testing — Part 3: Cylinders with Piston Rod      

8.4 MILITARY RELIABILITY TESTING STANDARDS AND 
APPROPRIATE DOCUMENTS 

8.4.1 Military Standards 

MIL - STD - 781D  Reliability Design Qualifi cation and Production Acceptance 
Tests  [212]  

 Exponential Distribution 
 This standard covers the requirements and provides details for reliability 

testing during the development, qualifi cation, and production of systems and 
equipment with an exponential time - to - failure distribution. It establishes the 
requirements for tailoring reliability testing to be performed during integrated 
test programs specifi ed in MIL - STD - 785. Task distributions are provided for 
 reliability development/growth testing  ( RD/GT ) and  reliability qualifi cation 
testing  ( RQT ). 

  Production reliability acceptance tests  ( PRAT s) and  environmental stress 
screening  ( ESS ) are defi ned. Specifying any two or three parameters, that is, 
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lower test MTBF, upper test MTBF, or their ratio, given the desired decision 
risks, will determine the test plan to be utilized. This standard is applicable to 
six broad categories of equipment, distinguished according to their fi eld service 
applications. 

MIL - STD - 721C  Defi nition of Terms for Reliability and Maintainability  [213] 
 This standard defi nes terms and defi nitions used most frequently in specify-

ing reliability and maintainability. It provides common defi nitions for the 
Department of Defense and for defense contractors. 

MIL - STD - 2074  Failure Classifi cation for Reliability Testing  [214]  
 This standard establishes criteria for the classifi cation of failures occurring 

during reliability testing. 
 This classifi cation into relevant or nonrelevant categories allows the proper 

generation of MTBF reports. This document applies to any reliability test, 
including, but not limited to, tests performed in accordance with MIL - 
STD - 781. 

MIL - STD - 1635  Reliability Growth Testing 
DI - RELI - 80250  Reliability Test Plan 
DI - RELI - 80251  Reliability Test Procedures 
DI - RELI - 80252  Reliability Test Reports 
DI - NDTI - 81585  Reliability Test Plan 
DI - TMSS - 81586  Reliability Test Reports  

8.4.2 Military Handbooks 

MIL - HDBK - 781A Reliability Test Methods, Plans, and Environments for 
Engineering, Development, Qualifi cation, and Production   [215]  

 Scope 
 This handbook provides test methods, test plans, and test environmental 

profi les that can be used in reliability testing during the development, qualifi -
cation, and prediction of systems and equipment. 

 This handbook explains techniques for use in reliability tests performed 
during integrated Test programs. Procedures, plans, and environments, which 
can be used in reliability development/growth tests (RD/GT), reliability quali-
fi cation tests (RQT), PRATs, ESS methods, and durability/economic life tests 
are provided. 

 The data provided in this handbook is typical of reliability test programs 
and may be specifi ed in Department of Defense contract procurements, 
requests for proposal, statements of work, and government in - house develop-
ment that require reliability testing. This handbook is for guidance only. This 
handbook cannot be cited as a requirement. If it is, the contractor does not 
have to comply. 

 When referencing the test methods, test plans, and environmental test con-
ditions, the source is to be cited. The methods in this handbook are applicable 
to six broad categories of equipment, distinguished according to the fi eld 
service application of the equipment:
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   Category 1. Fixed - ground equipment  
  Category 2. Mobile ground equipment  

  A.     Wheeled vehicle  
  B.     Tracked vehicle  
  C.     Shelter confi guration  
  D.     Manpack    

  Category 3. Shipboard equipment 
   A.     Naval surface craft  
  B.     Naval submarine  
  C.     Marine craft  
  D.     Underwater vehicle    

  Category 4. Equipment for jet aircraft 
   A.     Fixed - wing  
  B.      Vertical and short takeoff and landing  ( V/STOL )    

  Category 5. Turboprop aircraft and helicopter equipment 
   A.     Turboprop  
  B.     Helicopter    

  Category 6. Missiles and assembled external stores 
   A.     Air - launched missiles  
  B.     Assembled external stores  
  C.     Ground - launched missiles      

 This handbook is very popular. It includes the technology for reliability 
testing that 

   •      Explains techniques for use in reliability tests performed during inte-
grated test programs  

   •      Includes the general  procedures, plans, and environments  that can be used 
in reliability development/growth tests, reliability tests, qualifi cation tests, 
and PRATs  

   •      Data provided in this handbook are typical of  reliability test programs
and may be specifi ed in the request for proposals, statements of work, 
and government in - house developments that require reliability testing.    

Handbook MIL - HDBK - H 108 Sampling Procedures and Tables for Life 
and Reliability Testing (Based on Exponential Distribution)   [216]  

 This handbook provides procedures and tables based on the exponential 
distribution for life and reliability testing. It includes defi nitions required for 
the use of the life test sampling plans and procedures, a general description 
of life test sampling plans, life tests terminated upon the occurrence of a 
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preassigned number of failures, life tests terminated at a preassigned time, 
and sequential life test sampling plans.   

8.5 STANDARDIZATION IN RELIABILITY (DURABILITY) 
TESTING BY SOCIETIES 

Associations

   IEEE  
   American Society for Quality  ( ASQ )  
  SAE International — The Engineering Society for Advanced Mobility Land, 

Sea, Air, and Space  
  ASTM International (formerly known as the American Society for Testing 

and Materials)  
   American Society of Mechanical Engineers  ( ASME )  
  And others    

 Large engineering societies and associations have technical committees and 
councils in standardization, including those in the reliability and durability 
areas. For example, SAE International has the G - 11 Division — Reliability, 
Maintainability, and Probabilistic Methods Division, which updates and devel-
ops SAE International standards in aerospace. This division has a program of 
standards development/revision activities. One standard from this program is 
JA 1009: Reliability Testing Standard, which includes six standards now in 
development to cover the subject matter:

   1.     Reliability Testing Standard JA 1009: Glossary of terms and defi nitions  
  2.     Reliability Testing Standard JA 1009/1: Procedure for the design of reli-

ability testing  
  3.     Reliability Testing Standard JA 1009/2: The strategy of reliability testing  
  4.     Reliability Testing Standard JA 1009/3: Equipment for reliability testing  
  5.     Reliability Testing Standard JA 1009/4: statistical Criteria for a compari-

son of reliability testing results and fi eld results  
  6.     Reliability Testing Standard JA 1009/5: Collection, calculation, statistical 

analysis of reliability testing data, development recommendations for 
improvement of test subject reliability    

 In another example, ASTM International published the standard ASTM 
F2477 - 07 Standard Test Methods for In Vitro Pulsatile Durability Testing of 
Vascular Stents  [217] . As described in the standard, this test method covers 
the procedure for determining the durability of balloon - expandable and self -
 expanding metal or alloy vascular stents. The tests are performed by exposing 
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the specimens to physiologically relevant diametric distension levels using 
hydrodynamic pulsatile loading. Specimens could be deployed into a mock or 
elastically simulated vessel prior to testing. The test methods are valid for 
determining stent failure due to typical cyclic blood vessel diametric distension 
and include physiological pressure tests and diameter control tests. The test 
apparatus includes a pressure measurement system, dimensional measure-
ment devices, a cycle counting system, and a temperature control system. 

 The typical duration of this test is 10   years of equivalent use (at 72   beats/
min) or at least 380 million cycles. These test methods do not address other 
models of failure such as dynamic bending, torsion, extension, crushing, or 
abrasion, as well as test conditions for curved mock vessels or overlapping 
stents. 

 General Caveat — This document contains guidance for testing currently 
carried out in most laboratories. Other testing techniques may prove to be 
more effective and are encouraged. 

 Whichever technique is used, it is incumbent upon the tester to justify the 
use of the particular technique, instrument, and protocol. 

 As we can see, the above - mentioned techniques for simulation do not cor-
respond to accurate simulation of real - life situations. Therefore, if one uses the 
aforementioned types of testing, then the durability prediction for the test 
subject is not accurate and needs improvement. This is described in more detail 
in Section  1.2.5  of this book. 

Conclusion
 The above - mentioned analysis and examples demonstrate that no accept-

able standards exist for reliability testing technology and durability testing 
today.        
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Conclusions

COMMON CONCLUSIONS 

 As one can see from this book, the technology of accelerated reliability testing 
(ART) and accelerated durability testing (ADT) consists of the following 
basic components:

    •      Accurate simulation of the fi eld conditions  
   •      Complex work during ART and ADT performance  
   •      Accurate prediction of product quality, reliability, durability, maintain-

ability, and life cost cycle during service life (warranty period and any 
other time) and product improvement     

SPECIFIC CONCLUSIONS 

    1.     The current types of stress testing cannot offer useful information for 
the accurate prediction of product quality, reliability, durability, main-
tainability, life cycle cost, and supportability because they are based on 
an inaccurate simulation of real - world conditions. 

 ART/ADT can, and does, solve this problem because it is based upon 
an accurate simulation of real - world conditions.  

  2.     Accurate simulation of real - world conditions requires full simulation of 
the fi eld input infl uences integrated with safety and human factors. But 

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.
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this proven approach to testing (ART/ADT) is developing too slowly 
here. This book analyzes the two basic groups of causes for this: cultural 
and technical. 

 The cultural group depends upon people, especially top management, 
which, in turn, depends upon investment in development. 

 The technical group of causes are  
   •      Insuffi cient development of accurate simulation  
   •      The lack of ART/ADT theory, strategy, methodology, and equipment, 

including the study of the degradation (failure) process.    
  3.     The development of ART/ADT requires the development of the follow-

ing steps: 
    •      The study of fi eld conditions to determine the important parameters 

that are to be simulated in the laboratory  
   •      Develop an accurate (by quality and quantity) simulation of the fi eld 

conditions
   •      Introduce ART/ADT, including the analysis and management of the 

causes of degradation (failures)  
   •      Development recommendations for eliminating the causes of failures 

and degradation  
   •      Make an accurate prediction of reliability, durability, maintainability, 

and life cycle costs.  
   •      Accelerate the development of the product.    

  4.     Each of these steps is complex and must be based upon the analysis of 
real - world conditions, whereupon recommendations for improvement 
can be made.  

  5.     This book shows a step - by - step technology of ART/ADT, as well as a 
way from the simulation of separate input infl uences to the development 
of ART/ADT through improvements in both the accuracy of each fi eld 
component simulation and of combined testing.  

  6.     The accurate prediction of reliability, durability, maintainability, and life 
cycle cost is the basis for accelerated product improvement.           
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Glossary of Terms and 
Defi nitions 

  In the European Cooperation for Space Standardization standard  “ Glossary 
of Terms, ”  Department of Defense standard  “ Defi nitions of Terms for 
Reliability and Maintainability ” , the  International Electrotechnical Dictionary , 
and the Oxford English Dictionary , as well as ISO/IEC Standard for Software 
Life Cycle Processes - Risk Management, ISO 9000:2000  “ Quality Management 
Systems — Fundamentals and Vocabulary, ”  and other these terms are defi ned 
as follows: 

Accelerated
reliability 
testing or 
accelerated
durability 
testing (or 
durability 
testing)

  Is testing in which: 

    1.     The physics (or chemistry) of the degradation 
mechanism (or failure mechanism) is similar to this 
mechanism in the real world using given criteria; and  

  2.     The measurement of reliability and durability 
indicators (time to failures, its degradation, 
service life, etc.) have a high correlation with these 
indicators measurement in the real world using given 
criteria.     

Accelerated Reliability and Durability Testing Technology, First Edition. Lev M. Klyatis.
© 2012 John Wiley & Sons, Inc. Published 2012 by John Wiley & Sons, Inc.



376 GLOSSARY OF TERMS AND DEFINITIONS

Note 1   Accelerated reliability and durability testing, such 
as accelerated testing, is connected with the stress 
process. Higher stress means a higher acceleration 
coeffi cient [ratio of time to failures in the fi eld to time 
to failures during accelerated reliability/durability testing 
(ART/ADT)], and a lower correlation between fi eld 
results and ART/ADT results.  

Note 2   The basic principles of accelerated reliability and 
accelerated durability testing (durability testing) are: 

    1.     A complex of laboratory testing and special fi eld 
testing.  

  2.     The laboratory testing provides a simultaneous 
combination of a whole complex of multi -
 environmental testing, mechanical testing, electrical 
testing, etc.  

  3.     The special fi eld testing takes into account the factors 
which cannot be accurately simulated in the 
laboratory, such as the stability of the product ’ s 
technological process, how the operator ’ s reliability 
infl uence on test subject ’ s reliability and durability, etc. 

  4.     Requires accurate simulation of the three integrated
complexes (components) of the fi eld situation: whole 
complex of fi eld input infl uences, human factors, 
and safety aspects.     

Note 3   ART and accelerated durability testing (ADT) 
(or durability testing) have the same basis — the 
accurate simulation of the fi eld situation.  

Note 4   Accelerated reliability testing can be for different 
lengths of time, that is, warranty period, 1 year, 2 years, 
service life, and others. Accelerated durability testing is 
provided until the test subject is out of service.  

Accelerated
testing

  Is testing in which the deterioration of the test subject is 
accelerated.  

Acceptance     The act of an authorized representative of the customer 
by which the customer for itself, or as an agent of 
another party, accepts ownership of existing and 
specifi ed products tendered, or confi rms satisfactory 
performance of specifi c services, as partial or complete 
performance of the contract on the part of the supplier.  
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Accident     An undesired event arising from operation of any 
project - specifi c items which result in: 

    1.     human death or injury;  
  2.     loss of, or damage to, project hardware, software or 

facilities which could then affect the accomplishment 
of the mission; and  

  3.     loss of, or damage to, public or private property; or 
detrimental effects on the environment.     

Acceptance of 
risk

  Decision to cope with consequences, should a risk 
scenario materialize.  

Accurate
prediction is 
possible

  If one has: 

    1.     methodology to incorporate all active fi eld infl uences 
and interactions integrated with safety and human 
factors; and  

  2.     accurate initial information from accelerated 
reliability/durability testing for accurate prediction 
calculation.     

Accurate
simulation of 
the fi eld input 
infl uences

  If quality and quantity of the full infl uences act 
simultaneously and in mutual combination.  

Accurate
system of 
prediction

  The system of prediction is accurate if, and only if, the 
simulation is accurate and ART/ADT is possible.  

Accurate
physical
simulation

  Occurs when the physical state of output variables and 
the physics - of - degradation in the laboratory differs from 
those in the fi eld by no more than the allowable limit of 
divergence.  

Availability     The ability of an item to be in a state to perform a 
required function under given conditions at a given 
instant of time or over a given time interval, assuming 
that the required external resources are provided.  

Note   This ability depends on the combined aspects of the 
reliability performance, the maintainability performance, 
and the maintenance support performance.  

Assessment     Any systematic method of obtaining evidence from tests, 
examinations, questionnaires, surveys, and collateral 
sources used to draw inferences about characteristics of 
people, objects, or programs for a specifi c purpose.  
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Certifi cation     Procedure by which a third party gives written assurance 
that a product, process, or service conforms to specifi ed 
requirements.  

Classifi cation 
accuracy

  The degree to which neither false positive nor false 
negative categorizations and diagnoses occur when a test 
is used to classify an individual or event.  

Common
cause failure

  Failures of multiple items occurring from a single cause 
that is common to all of them.  

Common
mode failure

  Failures of multiple similar items that fail in the same 
mode.  

Common
mode fault

  Faults of multiple items which exhibit the same fault 
mode.  

Confi dence 
interval

  An interval between two values on a score scale within 
which, with specifi ed probability, a score or parameter of 
interest lies.  

Confi guration 
control

  Activities comprising the control of changes to a 
confi guration item after formal establishment of its 
confi guration documents.  

Confi guration 
management

  Technical and organizational activities comprising: 

    1.     confi guration identifi cation;  
  2.     confi guration control; and  
  3.     confi guration status accounting.     

Confi guration 
verifi cation

  Examination to determine whether a confi guration item 
conforms to its confi guration documents.  

Consequence     An outcome of an event.  

Note 1   There can be more than one consequence from one 
event.  

Note 2   Consequences can range from positive to negative. 
However, consequences are always negative for safety 
aspects.  

Note 3   Consequences can be expressed qualitatively or 
quantitatively.  

Corrective 
action

  Action taken to eliminate the causes of an existing 
nonconformity, defect, or other undesirable situation in 
order to prevent recurrence.  

Note 1   The corrective actions may involve changes such as in 
procedures and systems, to achieve quality improvement 
at any stage of the quality loop.  
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Note 2   There is a distinction between  “ correction ”  and 
 “ corrective action. ”   “ Correction ”  refers to repair, 
rework or adjustment and relates to the disposition 
of an existing nonconformity.  “ Corrective action ”  
relates to the elimination of the causes of the 
nonconformity.  

Note 3   The above term  “ nonconformance ”  is equivalent to the 
term  “ nonconformity ”  as used in ISO 8402.  

Correlation     The tendency for two measures or variables, such as 
height, or weight, or other, to vary together or be related 
for individuals in a group.  

Cost (price)     That which must be given or surrendered to acquire, 
produce, accomplish, or maintain something.  

Cost
breakdown 
structure

  A systematic decomposition and presentation of the 
total system cost according to work packages, the nature 
of the cost element and the organizational elements 
responsible for the work packages.  

Critical item     Any item that introduces risk, which could be 
unacceptable to the project and requires specifi c 
attention or control in addition to that given to items 
not so categorized.  

Customer     Recipient of a product provided by the supplier.  

Note 1      In a contractual situation, the customer is called the 
 “ purchaser. ”   

Note 2   The customer may be, for example, the ultimate 
consumer, user, benefi ciary, or purchaser.  

Data     Information represented in a manner suitable for 
automatic processing.  

Demonstration     A process whereby evidence is produced to provide 
confi dence that the specifi ed requirements are 
fulfi lled.  

Dependability     The collective term used to describe the availability 
performance and its infl uencing factors: reliability  

Note   Dependability is used only for general descriptions in 
nonquantitative terms.  

Deration     Process of designing a product such that its components 
operate at a signifi cantly reduced level of stress to 
increase reliability.  
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Design to 
minimum risk

  Design of a product to an acceptable residual risk solely 
by compliance to specifi c safety requirements, other than 
failure tolerance.  

Development     The process by which the capability to adequately 
implement a technology or design is established before 
manufacture.  

Note   The process may include the building of various partial 
or complete models of the products and assessment of 
their performance.  

Durability     The ability of an item (material, part, unit, or whole 
machine) to perform a required function under given 
conditions of use and maintenance, until a limiting state 
is reached. The measurement of durability is its length of 
time (hours, months, or years) or its volume of work.  

Environment     Conditions in which an item exists or is operated.  

Estimate at 
competition

  The sum of the cumulative costs incurred up to the cut - off 
date and the estimate to competition from the cut - off date. 

Estimate to 
competition

  Based on the work completed, approved contract 
changes and the incurred commitments, the estimate of 
all costs from the cut - off date required to deliver the 
product as specifi ed.  

Event     The occurrence of a particular set of circumstances.  

Note 1   The event can be certain or uncertain.  

Note 2      The event can be a single occurrence or a series of 
occurrences.  

Note 3   The probability associated with the event can be 
estimated for a given period of time.  

Factor     In measurement theory, a statistically derived 
hypothetical dimension that accounts for part of the 
intercorrelations among tests. Strictly, the term refers to 
a statistical dimension defi ned by a factor analysis, but it 
is also commonly used to denote the psychological 
construct associated with the dimension. Single - factor 
tests presumably assess only one construct; multi - factor 
tests measure two or more constructs.  

Failure     The termination of the ability of an item to perform a 
required function.  

Note 1   After failure, the item has a fault.  
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Note 2    “ Failure ”  is an event, as distinguished from  “ fault, ”  
which is a state.  

Note 3   The concept as defi ned does not apply to items 
consisting of software only.  

Failure 
mechanism

  The physical, chemical, or other processes thathave led 
to a failure.  

Failure mode     The observable effect of the mechanism through which 
the failure occurs, for example, short - circuit, open - circuit, 
fracture, and excessive wear.  

Note   This term is equivalent to the term  “ Fault mode. ”   

Fault        1.     The state of an item characterized by inability to 
perform as required, excluding the inability during 
preventative maintenance or other planed actions, or 
due to lack of external resources.  

  2.     An unplanned occurrence or defect in an item that 
may result in one or more failures of the item itself or 
of other associated equipment.     

Note 1      A fault is often the result of a failure of the item itself, 
but may exist without prior failure.  

Note 2   An item may contain a subelement fault, which is a 
defect that can manifest itself only under certain 
circumstances (defi nition 2 above). When those 
circumstances occur, the defect in the subelement will 
cause the item to fail, resulting in an error. This error 
can propagate to other items causing them, in turn, to 
fail. After the failure occurs, the item as a whole is said 
to have a fault or to be in a faulty state (defi nition 
1 above).  

Fault tolerance     The attribute of an item that makes it able to perform a 
required function in the presence of certain given 
subitem faults.  

Field test     A test administration used to check the adequacy of 
testing procedures, generally including test 
administration, test responding, test scoring, and test 
reporting.  

Harm     Physical injury or damage to health of people, or 
damage to property or the environment.  

Harmful event     Occurrence in which a hazardous situation results 
in harm.  
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Hazard     Potential source of harm. In other words, a condition, 
associated with the design, operation, or environment of 
a system, that has the potential for harmful 
consequences.  

Hazard
acceptance

  Decision to tolerate the consequences of the hazard 
scenarios when they occur.  

Hazard
analysis

  Systematic and iterative process of identifi cation, 
classifi cation, and reduction of hazards.  

Hazard control     Preventive or mitigation measure, associated to a hazard 
scenario, which is introduced into the system design and 
operation to avoid the events.  

Hazard
elimination

  Removal of a hazard from a particular hazard 
manifestation.  

Hazard
manifestation

  Presence of specifi c hazards in the technical design, 
operation, and environment of a system.  

Hazard
reduction

  Process of elimination or minimization and control of 
hazards.  

Hazard
scenario

  Sequence of events leading from the initial cause to the 
unwanted safety consequence.  

Hazard free     Set of hazard scenarios originating from the same set of 
hazard manifestations.  

Hazardous     Property of an item and its environment that provides 
the potential for mishaps.  

Hazardous
events

  An occurrence arising from the triggering of one 
(or more) initiator events in the presence of one (or 
more) hazards, which may lead to undesired 
consequences.  

Hazardous
situation

  Circumstance in which people, property, or the 
environment are exposed to one or more hazards.  

Human error     The failure of a person to perform an action 
as required.  

Human factors     Is umbrella term for the following areas of (in Europe 
and other countries —  “ ergonomics ” ) research: human 
performance, technology, and human – computer 
interaction.  
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Human factors 
(in general)

  Is the scientifi c discipline concerned with the 
understanding of the interactions between humans and 
other elements of a system.  

Human factors 
engineering

  Is the scientifi c discipline dedicated to improving 
the human – machine interface and human 
performance through the application of knowledge 
of human capabilities, strengths, weaknesses, and 
characteristics.  

Incident     An unplanned event that could have been an accident, 
but was not.  

Information     Intelligence or knowledge capable of being represented 
in forms suitable for communication, storage, or 
processing.  

Note   Information may be represented, for example, by signs, 
symbols, pictures, or sounds.  

Inspection     An activity such as measuring, examining, testing to 
gauging one or more char - activities of an entity and 
comparing the results with specifi ed requirements in 
order to establish whether conformity is achieved for 
each characteristic.  

Item     Anything that can be individually described and 
considered.  

Note   An item may be, for example: 

    1.     an activity or process a product; an organization, 
system or person; or  

  2.     any combination thereof.     

Life cycle     Consists of three basic phases: research and 
development, production or construction, operation and 
maintenance.  

Life cycle cost     The total cost of a system, from  “ need identifi cation ”  
until disposal. This consists of acquisition cost, ownership 
cost, and disposal costs.  

Maintainability     The ability of an item under given conditions of use to 
be retained in or restored to a state in which it can 
perform a required function, when maintenance is 
performed under given conditions and using stated 
procedures and resources.  
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Note   The term  “ maintainability ”  is also used as a 
measure of maintainability performance. In 
this sense, maintainability is  “ the probability that 
a given active maintenance action, for an item 
under given conditions of use can be carried out 
within a stated time interval, when maintenance is 
performed under stated conditions and using stated 
procedures and resources. ”   

Maintainability 
prediction

  An activity performed with the intention of forecasting 
the numerical values of a maintainability performance 
measure of an item, taking into account the 
maintainability performance and reliability performance 
measures of its subsystems under given operational and 
maintenance conditions.  

Maintenance     The combination of all technical and administrative 
actions, including servicing actions, intended to retain an 
item in or restore it to a state in which it can perform a 
required function.  

Mean time 
between 
failures

  The expectation time between failures.  

Model     A physical or abstract representation of relevant aspects 
of an item or process that is put forward as a basis for 
calculations, prediction, or further assessment; to create 
or use such a model.  

Multi -
 environmental 
complex 
of fi eld

  Consists of temperature, humidity, pollution,  input
infl uences  radiation, wind, snow, fl uctuation, and rain. 
Some basic input infl uences combine to form a 
multifaceted complex. For example, chemical pollution 
and mechanical pollution combine in the pollution 
complex. Most of these interdependent factors are 
interconnected and interact simultaneously in 
combination with each other.  

Nonconformance     Nonfulfi llment of a specifi ed requirement.  

Note   The defi nition covers the departure or absence of one or 
more quality characteristics (including dependability 
characteristics), or quality system elements from 
specifi ed requirements.  

Normative 
reference

  A reference which incorporates requirements from a 
cited publication into a normative document.  
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Output
variables

  Are the results of input infl uences interaction. Output 
variables can be loading, tension, output voltage, and 
other. The output variables lead to degradation 
(deformation, crack, corrosion, vibration, overheating) 
and failures of the product.  

Probability     The extent to which an event is likely to occur.  

Note 1   ISO 3534 - 1:1993: the mathematical defi nition of 
probability is  “ a number in the scale 0 to 1 attached to a 
random event. It can be related to a long - run relative 
frequency of occurrence or to a degree of belief that the 
event will occur. For a high degree of belief, the 
probability is near 1. ”   

Note 2   Frequency rather than probability may be used in 
describing risk.  

Note 3   Degrees of belief about probability can be chosen as 
classes or ranks, such as rare/unlikely/moderate/likely/
almost certain or incredible/improbable/remote/
occasional/probable/frequent

Procedure     Specifi ed way to perform an activity.  

Note 1   In many cases, procedures are documented (e.g., quality 
system procedures).  

Note 2   When a procedure is documented, the term  “ written 
procedure ”  or  “ documented procedure ”  is frequently 
used.  

Note 3   A written or documented procedure usually contains the 
purposes and scope of an activity; what shall be done; 
what materials, equipment, and documents shall be used; 
and how it shall be controlled and recorded.  

Process     Set of interrelated resources and activities which 
transform inputs into outputs.  

Product     The result of activities of processes.  

Note 1   A product may include service, hardware, processed 
materials, software, or a combination thereof.  

Note 2   A product can be tangible (e.g., assemblies or processed 
materials) or intangible (e.g., knowledge or concepts), or 
a combination thereof.  

Note 3   A product can be either intended (e.g., an offering to 
customers) or unintended (e.g., pollutant or unwanted 
effects).  
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Product
assurance

  A discipline devoted to the study, planning, and 
implementation of activities intended to assure that the 
design, controls, methods, and techniques in a project 
result in a satisfactory level of quality in a product.  

Product state     A particular confi guration of the product related to the 
current confi guration baseline.  

Product tree     Hierarchical representation of the system resulting from 
an orderly or exhaustive identifi cation of its successive 
levels of decomposition.  

Quality     Is the ability of the product or service to satisfy the 
user ’ s needs.  

Note 1   In many instances, needs can change with time; this 
implies a periodic review of requirements for quality.  

Note 2   Needs are usually translated into characteristics with 
specifi ed criteria. Needs may include, for example, 
aspects of performance, usability, dependability 
(reliability, availability, maintainability), safety, 
environment, economics, and aesthetics.  

Note 3   The term  “ quality ”  should not be used as a single term 
to express a degree of excellence in a comparative sense, 
nor should it be used in a quantitative sense for 
technical evaluations. To express these meanings, a 
qualifying adjective should be used. For example, use 
can be made of the following terms: 

    1.      “ Relative quality ”  where entities are ranked 
on a relative basis in the degree of excellence 
or comparative sense (not was confused with 
 “ grade ” ).  

  2.      “ Quality level ”  in a quantitative sense (as used in 
acceptance sampling), and  “ quality measure ”  where 
precise technical evaluations are carried out.     

Note 4   In some references, quality is referred to as  “ fi tness 
for use ”  or  “ fi tness for purpose, ”  or  “ customer 
satisfaction ”  or  “ conformance to the requirements. ”  
These represent only certain facets of quality, as 
defi ned above.  

Quality
assurance

  All the planned and systematic activities implemented 
within the quality system and demonstrated as needed, 
to provide adequate confi dence that an entity will fulfi ll 
requirements for quality.  
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Quality control     Operational techniques and activities that are used to 
fulfi ll requirements for quality.  

Note 1   Quality control involves operational techniques and 
activities aimed both at monitoring a process and at 
eliminating causes of unsatisfactory performance at all 
stages of the quality loop in order to achieve economic 
effectiveness.  

Note 2   Some of the purposes of quality records are 
demonstration, traceability, and preventive and 
corrective actions.  

Qualitative 
data collection

  Is the collection of softer information, for example, 
reasons for an event occurring.  

Quantitative 
data collection

  Is the collection of data that can be stated as a 
numerical value  

Reliability     Is the ability of an item to perform a required function 
under given conditions for a given time interval.  

Note 1   It is generally assumed that the item is in a state to 
perform this required function at the beginning of the 
time interval.  

Note 2   The term  “ reliability ”  is also used to denote the 
nonqualifi ed ability of an item to perform a 
required function under conditions for a specifi ed 
period of time.  

Reliability 
critical item

  An item that contains a single - point failure, with a 
failure consequence severity classifi ed as catastrophic, 
critical, or major.  

Reliability 
growth

  A condition characterized by a progressive 
improvement of a reliability performance measure 
of an item with time.  

Reliability 
testing

  Is testing during actual normal service use that offers 
initial information for the evaluation of the 
measurement of reliability indicators during the time of 
provided testing.  

Requirement     That which is called for or is demanded: a condition 
which must be complied with.  

Residual risk     The risk remaining in a system after completion of the 
hazard reduction and control process.  

Residual
hazard

  Hazard remaining after implementation of hazard 
reduction.  
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Review     Systematic examination of an item for the purpose 
of assessing the results obtained at a given time 
in the project, by persons not themselves responsible 
for the project.  

Risk     The combination of the probability of an event 
and its consequence, or a quantitative measure of the 
magnitude of a potential loss and the probability of 
incurring that loss.  

Note 1   The term  “ risk ”  is generally used only when there is a 
least the possibility of negative consequences.  

Note 2   In some situations, risk arises from the possibility of 
deviation from the expected outcome or event.  

Risk
acceptance

  The decision to accept a risk.  

Note 1   The verb  “ to accept ”  is chosen to convey the idea that 
acceptance has its basic dictionary meaning.  

Note 2   Risk acceptance depends on risk criteria.  

Risk
assessment

  Overall process comprising a risk analysis and a risk 
evaluation.  

Risk category     A class or type of risk (e.g., technical, legal, 
organizational, safety, economic, engineering, cost, 
schedule).  

Note      A risk category is a characterization of a source 
of risk.  

Risk criteria     The terms of reference by which the signifi cance of risk 
is assessed.  

Note      Risk criteria can include associated cost and 
benefi ts, legal and statutory requirements, 
socioeconomic and environmental aspects, the concerns 
of stakeholders, priorities, and other inputs to the 
assessment.  

Risk
communication

  All information and data necessary for risk management 
addressed to a decision maker.  

Risk
evaluation

  Procedure based on the risk analysis to determine 
whether the tolerable risk has been achieved.  

Risk index     A score used to measure the magnitude of the risk; it is 
the product of the likelihood of occurrence and the 
severity of consequence, where scores are used to 
measure likelihood and severity.  
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Risk
management

  The systematic and iterative optimization of the project, 
resources, performed according to the established 
project risk management policy.  

Risk reduction     Implementation of measures that leads to reduction of 
the likehood or severity of risk.  

Risk scenario     The sequence or combination of events leading from the 
initial cause to the unwanted consequence.  

Risk trend     The evolution of risks throughout the life cycle of a 
project.  

Safety     The freedom from unacceptable risk. Safety is one of the 
aspects of quality.  

Safety critical 
function

  A function which, if lost or degraded, or which through 
incorrect or inadvertent operation, could result in a 
catastrophic or critical hazardous event.  

Safety measure     Means that eliminates a hazard or reduces a risk.  

Set     Group of physically or functionally related 
items that are considered together for technical 
or administrative reason, but whose association 
does not increase functionally over that of the 
individual items.  

Severity of 
safety

  A classifi cation of a failure or undesired event according 
to the magnitude of its possible consequences.  

Software     Programs, procedures, rules, and any associated 
documentation pertaining to the operation of a 
computer system.  

Stress testing     Classifi ed as based on constant stress, step stress, cycling 
stress, and random stress.  

System     Set of interdependent elements constituted to achieve 
a given objective by performing a specifi ed function.  

Systems
engineering

  Is a discipline concerned with the architecture, design, 
and integration of elements that when taken together 
comprise a system. Systems engineering is based on an 
integrated and interdisciplinary approach, where 
components interact with and infl uence each other. In 
addition to the technological systems, systems considered 
include human and organizational systems, where the 
incorporation of critical human factors with other 
interacting factors directly affects achieving the 
enterprise objectives.  
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Systems of 
systems

  Are composed of components that are systems in their 
own right (designed separately and capable of 
independent action) that work together to achieve 
shared goals  

Task     A specifi c piece of work to be done.  

Test     A formal process of exercising or putting to trial a 
system or item by manual or automatic means to 
identify differences between specifi ed, expected, and 
actual results.  

Compliance
test

  A test used to show whether or not a characteristic or a 
property of an item complies with the stated 
requirements.  

Endurance
test

  A test carried out over a time interval to investigate how 
the properties of an item are affected by the application 
of stated stresses and by their time duration or repeated 
application.  

Laboratory 
test

  A compliance test or a determination test made under 
prescribed and controlled conditions which may or may 
not simulate fi eld conditions.  

Test 
development

  The process through which a test is improved, planned, 
constructed, evaluated, and modifi ed, including 
consideration of content, format, administration, scoring, 
item properties, scaling, and technical quality for its 
intended purpose.  

Test 
development 
system

  A generic name for one or more programs that allow a 
user to author and edit items (i.e. questions, choices, 
correct answer, scoring scenarios, and outcomes), and 
maintain test defi nitions (i.e. how items are delivered 
with a test).  

Testing 
techniques

  Can be used in order to obtain a structured and effi cient 
testing, which covers the testing objectives during the 
different phases in the life cycle.  

Validation     Confi rmation by examination and provision of objective 
evidence that the particular requirements for a specifi c 
intended use are fulfi lled.  

Note 1   In design and development, validation concerns the 
process of examining a product to determine conformity 
with user needs.  
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Note 2   Validation is normally performed on the fi nal product 
under normal operating conditions. It may be necessary 
at earlier stages.  

Verifi cation     Confi rmation by examination and provision of 
objective evidence that specifi ed requirements 
have been fulfi lled.  

Note   In design and development, verifi cation concerns the 
process of examining the result of a given activity to 
determine conformity with the stated requirements for 
that activity.  

Warning 
conditions

  Conditions in which potentially catastrophic or critical 
hazardous events have been detected as being imminent 
and preplanned saving action is required within a limited 
time.  

Whole - life 
costs (WLC)

  Total recourse required to assemble, equipment, sustain, 
operate, and dispose of a specifi ed asset as detailed in 
the plan at defi ned levels of readiness, reliability, 
performance, and safety.  

Note   WLC also includes the costs to recruit, train, and 
retain personnel, as well as the costs of higher 
organizations.  

Work package     A group of related tasks that are defi ned at the lowest 
level within a work breakdown structure.  

Workmanship     The physical characteristics relating to the level of 
quality introduced by the manufacturing and assembly 
activities. ”   
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technology, 26, 199
usefulness, 32–35

accelerated reliability and durability 
testing (ART/ADT)

basic concepts, 30, 31, 81–122, 349
basic methodological requirements, 

134
methodological requirements, 134–141
philosophy of, 131

accelerated stress testing (AST), 7, 
11–15, 27, 38, 39, 131

accelerated vibration testing 185–190, 
246–251

accelerated weathering testing, 310–315
accelerated development, 76, 112–115, 

322–326
acceleration, 102–104
acceleration coeffi cient, 30, 102–104
acceleration factor, 104
accurate durability prediction, principal 

scheme of, 342–345
accurate initial information, 11, 31
accurate physical simulation, 34, 50, 83, 

84
of the fi eld conditions, 34, 50
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accurate prediction, 7, 31, 49, 50, 57, 
321–351

basic steps, 324, 325
criteria for, 326–329
of quality and durability 50, 321–351

accurate physical simulation
basic concepts, 84–87
of fi eld input infl uences, 37, 50, 68, 74, 

133
accurate simulation

of human factors, 65–66
of the fi eld conditions, 31, 50, 68

actual fi eld input infl uences, 58
actual fi eld situation, 57–58
advance vibration testing, 185–191, 

246–251
advance testing methods for accelerated 

corrosion, 168–185
aircraft corrosion, 162–163
aircraft vibration testing, 236
analysis

of degradation mechanism, 107–112
of reliability, 111–115

artifi cial input infl uences, 82–85
Atlas Material Testing Technology, test 

chamber, 291
author’s philosophy of the ART/ADT 

processes, 132–134

basic concepts of accurate physical 
simulation, 84–87

basic concepts of ART/ADT, 81–122”
basic methodological requirements of 

ART/ADT, 134
basic procedures, 222, 226, 229, 230, 246, 

251, 267, 270, 283, 290, 293, 
324–329, 335–351, 353, 355, 356, 
359, 360

battery testers, 315
brake dynamometer, 261, 262
burn-in test equipment, 315

cold-head climate test chamber with 
road simulator and sunlight 
simulator, 223

combination different types of testing, 
134, 135

combination fi eld and laboratory testing, 
134

combined corrosion test system, 222
combined equipment

for accelerated reliability (durability) 
testing, 207–211, 218–231

development of, 207–209, 218
for multi-environmental testing, 

268–273
combined simulation, 135, 136
combined test chamber with vibration 

and input voltage, 221
combined testing system; vibration, 

climate, and corrosion, 224
complaints, 354
complex analysis of factors, 72
components accelerated reliability 

(durability) testing, 30
component of interdisciplinary systems 

of systems approach, 43–67
computer (software) simulation, 3, 7, 8, 

323
conceptual methodology of 

substantiation of representative 
region, 91–97

confi dence interval, 90
confi dence limit, 90
consequential costs, 118–119
correlation, 97–114
corrosion, 149, 152–163. See also

corrosive-mechanical wear
cost of, 149–152
forms of, 153–160
of marine environments, 161–162
mechanism of, 152–160
why metals corrode, 152–160

corrosion testing, 163–185
in the automotive industry, 165–166
immersion, 165

corrosive-mechanical wear, 215
coronary artery device, 21
cost. See also expenses

acquisition, 117
disposal, 117
estimation, 120
ownership, 117

criteria for accurate prediction, 
326–329.

criteria for accurate prediction of 
reliability, durability, and 
maintainability, 326–329
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criterion for correlation of the ART/
ADT results to fi eld results, 83, 
87–90

cumulative reaction of the test subject, 
34

current engineering culture, 69–74
cyclic loading, 13–16

testing, 13–16

data collection for reliability/durability, 
51–57

methods, 53–57
degradation, 34

mechanism, 34, 88, 89
parameters, 34, 88
process, 88

dependability, 118, 362
destructive failure analysis, 88
direct cost of metallic corrosion, 150, 151
directions of accelerated testing, 3
distribution of average life cycle cost, 

116
driving simulator, 66
durability, 31

prediction, 37, 49, 343–345
testing, 6, 11, 16, 26, 39

equipment, 209–211, 220
of medical devices, 16–23

dust test chambers, 296–302

electrical testing, 315–317
electromigration, degrade parameters, 89
electrostatic discharge degrade 

parameters, 89
EMC testers, 315–317
empirical function of distribution, 328, 

329
engineering culture, 69–75

for reliability integrated with quality, 
70–75

engineering cost method, 120
environmental factors, 143–145
ergonomics, 62
examples

of rapid improvement of product 
quality, reliability, and durability, 
113–114

of reduction of cost and time for 
product development, 114

expenses, during life cycle of machinery, 
44

failure
analysis, 107, 108, 113
cost, 23–25

components, 118
Reporting and Corrective Action 

System, 111
fi eld

conditions, 85
input infl uences, 57

most accurate physical simulation 
of, 101

testing, 3–5

global dimming, 147–149
group factor, 61
group of fi eld input infl uences, 57

harmful accelerated reliability testing, 
32–40

hazard identifi cation, 60
Highly Accelerated Life Testing 

(HALT), 9–12, 350
Highly Accelerated Stress Screening 

(HASS), 10, 350
high stress approach, 9
human characteristics, 62
human factors, 60–67

accurate simulation of, 64–66
assurance simulation, 65, 66
engineering, 60
essential goal, 61

hybrid series chassis dynamometer, 264

immersion corrosion testing, 165
inaccurate prediction, 46
indirect cost of corrosion, 151, 152
incorrect predictions, 14
individual differences, 61
inertia dynamometer, 260, 261
inertia type brake dynamometer, 

261–263
integral composite structures, 145
integrated approach, 48, 49
integration, unsuccessful, 68
integration system of quality, reliability, 

and maintainability, 70–72, 75
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interaction, 48
of fi eld situation components, 50

interconnection, 49
reliability with quality, 67–68
reliability with safety, 67–68

interdisciplinary team, 353, 354
intravascular device testing, 21

Kolmogorov’s criterion, 327–329

large wind tunnels, 282–286
leakage testers, 315
life cycle, 44, 52

cost elements, 116, 119, 120
costs, 116–118
phases, 115, 117
six major phases of a product, 117

limit of acceleration coeffi cient, 102, 
103

load correlation of test subject, 255
long-term prediction, 137
lower confi dence bound, 335–342
losses of product cost, 343–345

maintainability, 2, 346
maintenance schedule, 347
MAST systems, performance 

specifi cation, 242
mechanical testing, types of, 140
mechanism of corrosion, 152–160
medical devices testing, 16
metal corrosion, 152–162
microbial corrosion, 159–160
modeling, 81, 82
multiaxis vibration, 12, 233

equipment, 235, 240, 241–244, 
247–251

multienvironmental factors, 142
multienvironmental testing, 141–144
multifunctional distribution, 326
multiple-specimen stent durability 

testing, 20
multipurpose fog test equipment, 274
multivariate Weibull model, 115, 338

natural medium, 211
normalized coeffi cient, 333
normalized correlation, 108, 168
noxious gas test chambers, 274–276

ONERA, testing in, 284, 286
operator’s reliability, 136
output variables, 58
output voltage, 58
ozone test chambers, 302–310

passenger car, inertia-type brake 
dynamometer, 262

Pearson criterion, 91, 106,
physical simulation, 68, 82

and ART, 87, 90, 97–99
physics-of-degradation, 133, 134,
pollution, 142, 144

by oil pipeline releases and corrosion, 
160,161

power spectrum, 86, 102, 108
prediction, of reliability functions, 327, 

328, 330–334
principal scheme of accurate durability 

prediction, 342–345
principal scheme of corrosion, 153
proving grounds, 7, 13, 15

testing, 13, 15, 16
psychological aspects, 61
psycho physiological state variables, 61
psychophysiology, 64, 65

qualitative data collection, 52
quality, 67

accurate prediction of, 325
assurance of, 69, 73, 273
integrated in reliability, 67–74
 prediction of, 75

quality control process, 323
quantitative data collection, 52, 53

random stress, 13
recall, 45
reliability, 67

prediction of, 29, 329–343
testing of, 11, 16, 26–29

standardization, 359–372
representative region 91–97
risk

analysis of, 59, 60
assessment of, 59, 60
management of, 50, 60
problems, 59
reduction of, 60
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safety, 58–60
problems, 58–60

short-term prediction, 137
simulation, 81, 82

of simultaneous combination, 85
of separate input infl uences, 100
of whole range of fi eld infl uences, 83

simultaneous combination, 85
Smirnov’s criterion, 327, 328
solar radiation

global dimming, 147–149
hitting, 147–149
test chambers, 286–296

specifi cs of the proposed strategy, 75
special fi eld testing, 31
stages of basic vibration testing 

equipment development, 235
statistical criteria for comparison ART/

ADT results and fi eld results, 
107–111

stent tester, 19–20
stent-graft testing, 21
steps of accurate prediction, 325
stiffness, damper, elastic, and inertia 

quality of product, 186
strategy for accurate reliability 

prediction, 329–330
strategy for durability prediction with 

the consideration of expenses and 
losses, 343–345

stress loading scenarios, 14
Student’s distribution, 110
Student’s criterion, 107–111
substantiation of the usefulness, 32–39
successful prediction, 76, 77
suffi cient correlation between ART/

ADT results and fi eld results, 
86–89

systems engineering, 48
systems of systems approach, 47–49, 66
system reliability prediction, 75

system reliability prediction from testing 
results of the components, 334–343

technological chain, 135
TESTMASH, 218, 269
three basic elements of ART and ADT, 

349
two basic components of successful 

prediction, 326
types of vibration, 185

universal test equipment, 104
unsuccessful integration, 68
USD series sand and dust chambers, 296
useless accelerated reliability testing, 35

vascular stent, 17
vehicle testing, results of, 166, 167

negative aspects of laboratory 
vibration testing, 234

vibration, 57, 58
equipment, 232–256
of mobile product, 232–257
of the test certifi cation process, 236
testing, 4, 6, 185–191, 232–257

in the space industry, 245, 246
types of, 185
working heads equipment, 249–250

walk-in chamber for testing solar panels, 
295

warranty costs, 119
water-cooled shakers, 240
wearability, 214, 215, 218

mechanism, 213–214
weather-Ometer test chambers, 

312–314
Weibull model, 335–342
wind tunnels, 276–286

rolling road machine, 290
testing of microair vehicles, 279
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