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Abstract: A method to model component reliability is presented, where the life is 

measured by the number of load applications. With static strength failure and fatigue 

failure as the scenario, the dynamic models for calculating the reliability and failure rate 

of components under random repeated loads both without strength degradation and those 

with strength degradation are derived. The relationship between reliability and the number 

of load applications, and that between failure rate and the number of load applications are 

discussed in different cases. The result shows that both the reliability and the failure rate 

of components decrease as the number of load applications increases. This is even though 

the strength does not degenerate, and the failure rate curve has the partial characteristics 

of a bathtub curve, with an early failure period and a random failure period. When 

strength degenerates with the number of load applications, the reliability of components 

decreases more obviously, and the failure rate curve of components is bathtub-shaped. 
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1. Introduction 

The reliability and failure rate of products is always referred to by a certain period, and in 

existing reliability models the reliability and failure rate of components or systems is always 

expressed as a function of time [1-6]. However, there are many mechanical and electronic 

products, whose life parameter is the number of load applications. For example, the number of 

load applications is used to express the life of bearings subjected to the cyclic stress, the 

number of charge or discharge cycles is applied to measure the life of impulse capacitors, and 

so on. In order to analyze conveniently the reliability of products, whose life parameter is 

denoted by the number of load applications, it is necessary to develop the method to model the 

reliability of components and systems with the number of load applications as life parameter. 

In addition, the existing reliability models, which are derived directly from the 

load-strength interference model, seldom embody the relationship between the reliability of 

components or systems and the number of load applications explicitly [7-13]. Namely, the 

reliability calculated by these models, is actually the reliability when a random load is applied 

for one or more specified times [1, 11]. Although fatigue reliability models can be applied to 

calculate the reliability of components or systems corresponding to different numbers of load 

cycles, they only reflect the effect of strength degradation caused by the repetition of load, and 
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do not reflect the effect of the load itself on reliability, which was caused by the randomness 

of the load [1]. In other words, these models can not completely embody the effect of the 

number of random load applications on the reliability of components and systems. 

In this paper, the failure mechanism of components under repeated random loads is 

analyzed, and the models for calculating the reliability and failure rate of components with the 

number of load application as life parameter are derived. Then, the relationship between 

reliability and the number of load applications, and that between failure rate and the number of 

load applications are discussed in different cases. Finally, the application of model is explored. 

2.  Reliability Model of Components under Repeated Random Load (RRL) 

Random loads applied to mechanical components or systems in their service life are almost 

always repetitious, and the effect of the number of load applications on reliability should be 

considered in reliability modeling. Most component reliability models were derived directly 

through the conventional load-strength interference model. However, the conventional 

load-strength interference model can not embody the effect of the number of load applications 

on reliability [1]. Therefore, these models can not reflect the effect of the number of load 

applications on the reliability of components, and can only calculate the reliability when a 

random load is applied once or for a specified number of times. Because reliability calculated 

by these models is a static value, and it can not be used to derive the failure rate function. In 

this section, the reliability models of components which include the number of load 

applications are derived. 

2.1  Reliability of Components without Strength Degradation under RRL 

For static strength failure, the index of strength is taken as a random value, which does not 

degenerate, and in this case it is reasonable in developing the reliability model of components 

under random repeated load that the effect of strength degradation is ignored. 

According to the statistical meaning of random load application, it can be regarded as 

extracting n load samples with the random load applied n times. When strength does not 

degenerate, a component can survive these n load samples if it does not fail under the 

maximum load in the sequence. Thus, reliability when a random load is applied for n times 

equals that corresponding to the maximum among these n load samples applied once, and the 

maximum can be defined as the equivalent load. Further, the probability density function of 

equivalent load can be expressed as  

[ ] )()()(
1 

xfxFnxf s
n

sx
−

=                          (1) 

For example, a random load follows the normal distribution with mean 50MPa  and 

standard deviation15MPa , the curves for the probability density function of equivalent load 

corresponding to different numbers of load applications, are shown in Figure 1. It can be 

concluded that as the number of load applications increases, the mean of the equivalent load 

increases and the dispersion decreases. Even though the degradation of strength (shown 

as  ( )fδ δ  in Figure 1) is ignored, the interference area increases with the number of load 

applications. 

Further, the reliability model of components when a random load is applied n times, can 

be developed as 
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Equation (2) can embody the relationship between reliability and the number of load 

applications and it can be applied to calculate the reliability of components when a random 

load is applied for arbitrary numbers of times. 
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Figure 1: Curves for probability density function of equivalent load 

2.2  Reliability of Components with Strength Degradation under RRL 

For fatigue failure, strength degenerates with the number of load applications, and the residual 

strength changes with the number of load applications. Generally, strength degradation is 

related to the magnitude of the load, the number of load applications and the order of load 

application. When the magnitude of load is constant or its variance is small enough, residual 

strength can be expressed as the function of the magnitude of load and the number of load 

applications. 

Here, only the case that the magnitude variance of the load is comparatively small is 

discussed. We utilize the residual strength model developed by elsewhere [14, 15], and when 

the original strength is δ , the residual strength ( )nδ  after the load is applied n times can be 

expressed as 

( )( )

c

n

s

n
s

N
δ δ δ

  = − −    
                            (3) 

Here, s  is the magnitude of the load, 
sN  is the fatigue life corresponding to load level s , 

and c  is the material coefficient. 

When the mean of the load, 
sµ  is constant and the variance is small enough, (3) can be 

approximately expressed as  
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                           (4) 

According to (4), when δ  is deterministic, ( )nδ  is deterministic, too. Assuming that 

nA  represents the event that the component does not fail when the n
th

 load is applied, then if 

it survives n-1 load applications, the probability that event nA  happens can be expressed as 
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In the case that δ  is deterministic, the reliability of component after the load is applied 

for n times, is 

( 1) 
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Further, )1( −iδ  in (6) can be expressed as the function of δ  and 1i −  by (4), and so (6) 

is rewritten as   
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Generally, the original strength δ  is a random variable with the probability density 

function ( )fδ δ , and the reliability of a component when a random load is applied n times is 

( 1)   
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As a special case, when strength does not degenerate (namely, ( 1)iδ −  is independent of 

1i − ), (8) has the same expression as (2). 

3.  Failure Rate Model of Components under RRL 

For components with time as their life parameter, failure rate at time t  is defined as the 

failure probability per unit time of the components, which have not failed up to time t, and the 

failure rate at time t  can be expressed as  

0
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In a similar way, the failure rate model of components with the number of load 

applications as the life parameter is derived as follows. 

For components or systems with the number of load applications as their life parameter, 

the failure rate can be defined as the failure probability per time of a component or a system 

given that it has not failed up to n applications and the average failure rate ( )h n  during the 

interval [ ]nnn ∆+,  can be expressed as  
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Obviously, 
min 1n∆ = . Generally, the total number of load application is large enough that 

minn∆  is very small compared to the total number. Letting 
minn n∆ = ∆ (namely, 1n∆ = ), the 

failure rate when load is applied for n  times is expressed approximately as 

( ) ( 1) ( 1)
( ) ( ) 1

( ) ( )

R n R n R n
h n h n

R n R n

− + +
= = = −                      (11) 

Further, through substituting (2) into (11), the failure rate of components without strength 

degradation, can be expressed as 
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Similarly, through substituting (8) into (11), the failure rate of components with strength 

degradation, can be expressed as 
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4.  Reliability and Failure Rate of Components under RRL 

Taking a component with a single failure mode as an example, its strength follows the normal 

distribution with mean 600MPaδµ =  standard deviation 60MPaδσ = , and the load follows the 

normal distribution with mean 400MPasµ =  and standard deviation 40MPasσ = . When 

strength does not degenerate, the curves for reliability and failure rate are shown in Figure 2 

and Figure 3, respectively. 
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, the curves for reliability and 

failure rate are shown in Figure 4 and Figure 5, respectively. 
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Figure 3: Failure rate curve (without 

strength degradation) 
Figure 2: Curve for reliability (without 

strength degradation) 

Figure 4: Curve for reliability (with 

strength degradation) 
Figure 5: Failure rate curve (with 

strength degradation) 
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From Figures 2 and 3, it can be concluded that when strength does not degenerate, 

reliability still decreases with the number of load applications, as does the failure rate. The 

failure rate has the partial feature of a bathtub-shaped curve. From Figures 4 and 5, it can be 

concluded that when strength degenerates, reliability decreases more obviously with the 

number of load applications, and the failure rate has the characteristics of a bathtub-shaped 

curve, with an initial failure period, a random failure period and a wear-out period. 

From Figures 3 and 6, it can be seen that even though strength does not degenerate, the 

failure rate decreases as the number of random load application increases. As with the 

conventional explanation, the early higher failure rate is caused by the flaws related with 

strength only. However, from Figure 6, it can be seen that when the mean of the load is fixed, 

the larger the deviation is, the higher the failure rate. Therefore, randomness of load is of the 

same importance on the failure rate as strength, and it is also one of main factors that cause the 

early higher failure rate. 
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Figure 6: Curves of failure rate for different dispersions of random load 

(without strength degradation) 

5. Application of Failure Rate Model of Components 

Failure rate, as an important reliability index, can be applied to guide reliability tests, 

maintenance, and so on. For example, when the effect of strength degradation can be ignored, 

(12) can be applied to describe the relationship between failure rate and the number of load 

applications. When the accepted failure rate *h  is given, the number *n  of load 

applications corresponding to the initial failure period 
1N  (shown in Figure 7) under the 

normal random load, can be derived from (12). Then, the probability density function of the 

equivalent load corresponding to the number *n  of load applications can be given by (1). 

Since it has the same effect as normal random load application for *n  times when the 

equivalent load is applied once, in screening test the equivalent load can be applied instead of 

the normal random load, and this will greatly reduce the test time. 

As another application of the proposed model, when the accepted failure rate *h  is 

given, the early failure period 
1N , the random failure period 

2N  and the wearout failure 

period 
3N , can be calculated using (13), as shown in Figure 8. Accordingly, the duration of a 

trial run, the reliable operation life and maintenance schedule, can be determined. 
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6.  Conclusions 

In this paper, the mathematical method to model the reliability and failure rate of components 

with the number of load applications as their life parameter was developed. The relationship 

between the reliability of components and the number of load applications, and that between 

the failure rate and the number of random load applications, with and without strength 

degradation were also discussed. The results show that even though strength does not 

degenerate, both reliability and the failure rate decrease with the number of load applications, 

and when strength degenerates, reliability decreases more obviously and the failure rate curve 

is bathtub-shaped. 

The failure rate of components for different dispersions of random load was studied, and 

it was seen that the randomness of load has the same importance on the failure rate as strength, 

and that it is one of the main factors resulting in the early higher failure rate of components.  

The models developed can explicitly reflect the effect of the number of random load 

applications on reliability and the failure rate of components. They can also be used to direct 

the screening test, and to determine the early failure period, random failure period and 

wear-out failure period when the accepted failure rate is specified. In addition they can be 

applied to design the reliability tests of components and determine the duration of a trial run, 

the reliable operation life, maintenance schedule, and so on. 
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