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Risk Assessments - Part 2 
Statistical Risk Estimations 
Dependent on the Failure Behaviour 
of Motor Vehicle Components 

By Bernhard Pauli 

Where there are frequent failures or safety-relevant field failures a 
rapid and assured estimation of the associated risk to the company is 
necessary.To achieve this the failure behaviour is recognised in the first 
step, ie w hether the failures occur initially, randomly or as the result o f 
wearout and ageing. The following determination o f the expected fail ­
ure quantity depends on the failure behaviour present. The new ly de­
veloped models necessary allow not only the qualitative description of 
individual failure mechanisms, but also, for the first time, the quantita­
tive calculation of the aUected quantity for the various types of f ailure 
behaviour. This is especially important for risk assessments and can 
avoid w rong and consequently costly decisions. 

1 Introduction 

After recognising the failure behaviour in 
the first step [1] and confirming it via fail­
ure analyses and corresponding tests it is 
important to estimate how great the num­
ber of affected parts and thus the potential 
company risk will be. To do so, the concrete 
procedure and the methods to be applied 
strongly depend on the failure behaviourto 
be investigated. 

A very important factor is the limitation of 
the quantities under consideration by iden­
tifying potential affected manufacturing 
lots via batch numbers, manufacturing 
dates, supplied parts or other relevant fac­
tors and influences. The better the possibil­
ity of separation is, the more accurately the 
maximum affected failure number can be 
determined. 

When the failures occur randomly then the 
latent failure mechanism can lead to fail­
ures at any time. As this is valid over long 
periods the known methods can be applied 
forthe kilometer and time ·dependent life ­
time prognoses, as will be briefly shown be ­
low. 
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If the failures occur systematically the 
above-mentioned models can not be direct­
ly applied for lifetime prognoses. These 
models assume the permanent existence of 
the failure type; this would result in a com­
pletely wrong assessment of the failure 
quantity. Instead, the systematic failure be­
haviour must be analysed and specifically 
considered, ie whether the failures occur 
initially or are caused by wearout or ageing. 

A systematic initial failure behaviour 
means that the failure, if it exists, arises dur­
ing a specifiable demand. This can happen 
within a certain time period or service time, 
up to a specific mileage or additionally dur­
ing a number of switching cycles ortemper­
ature changes, etc. After this demand the 
failure type is no longer expected. 

In the case of a failure behaviour caused by 
wearout or ageing the failure mechanism 
acts over the long-term and can in principle 
affect all vehicles. The time-dependent oc­
currence of the failure heavily depends on 
reaching the demand necessary; this varies 
strongly from individual to individual, as 
demonstrated by the mileage driven in 
practice. Additionally the continuous de­
cline in vehicle population with increasing 
age has to be taken into account. 

Often no detailed data are available forthe 
required demand profiles in vehicle use, 
and so as a rule the distribution function of 
the mileage is resorted to. Both the mileage 
and the associated time requirement di­
rectly derived from it are used to estimate 
the maximum failure number. By addition­
ally considering the failure distribution 
these estimations can be even more pre­
cise. 

Z R eliability Characteristics 
Used 

The time period between the start of opera­
tion and the failure of a system or compo­
nent is generally denoted as its lifetime T. 
As a rule, this depends on random circum­
stances and can be described by a real ran­
dom variable T. The associated distribution 
function (Eq.l) 

F(t) =P(r<t) (I) 

is called lifetime distribution or failure 
function. In general the time point of the 
operation start is fixed as t = 0, whereby the 
lifetime can not become a negative value 
and F(t) .: 0 is valid for all t t O. The com­
plement of the failure probability is the so­
called survival probability or reliability 
function (Eq. 2). 

R(t) =P(T >t) = l - P(T:::t) = (2) 
= I - 'lt) 

When the distribution function F(t) has a 
density [(t), the so-called failure density, 
(Eq.3) 

You wi!! find the fIgUres mefllionoo in 
tillS aruc!e in the German issue of 
ATZ 6/2001 beginning OIl page 554 . .---. 
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d F(t) 
t(t)=--fort>O 

dt 
(3) 

is valid under the condition of continuity. 
Thus the associated hazard rate h(t) can be 
easily calculated (Eq. 4): 

h(t)= t(t) = _ d In R(t) for t >0. 
R(t) dt (4) 

These reliability characteristics are all 
equivalent in the sense that each can be 
transformed direct into the others [2). In 
this way all characteristics are determined 
and calculable, even if only one of them is 
known. 

Analogous tothe mileage distribution in II] 
the time requirement Z, for a fixed distance 
S > 0 is a real random variable. The associat­
ed distribution function Al(t) reflects the 
probability of needing at most the time t 
forthe distance 5, as given by [3] (Eq. 5): 

A, (t) : p(Z, st) : 

«
l for t>O. 

= l - Ll -
t 

(5) 

The annual mileage 51 is well described by a 
LN().I, ( 2) distribution [3, 41. It can then easi­
ly be shown that the time requirement Zl 
has a LN(ln 5 - J.I, 0 2) distribution. 

In the case of an unknown theoretical dis­
tribution function forthe lifetime then the 
empirical reliability characteristics are de­
termined on the basis of empirical data and 
are defined with regard tothe content anal­
ogOUSly to the theoretical characteristics 
and generally carry the same designation 
plus a tilde. 

When, from a sufficiently large sample 
with size no of equal components, a total of 
naW parts failed up to time t and all re­
maining components are still in operation, 
the empirical failure function F (t) is valid 
as (Eq.6): 

F(t): n,(t) 
n, (6) 

By using other measurement units. such as 
the mileage s, the reliability characteristics 
are analogously defined and interpreted. 
Further characteristics and interrelations 
can be found in the extensive literature. 

3 Statistical Risk Estimations 

As already mentioned. the procedure and 
the methods for estimating the expected 
failure quantity are very strongly depen­
dent on the failure behaviour under inves­
tigation The operation ofthe failure mech­
anism as statistically recognised in the first 
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step can vary conSiderably. This is clearly 
shown in Figure 1 by the hazard rate in the 
form of the so-called bathtub curve [5]. 

Period I covers mainly the initial failures 
and can be modelled by DFR distributions 
(decreasing failure rate) as is well known. 
The period II is characterised by random 
failures and its nearly constant hazard rate 
can be easily incorporated by an exponen­
tial distribution. During the period III 
wearout and ageing are increasingly evi­
dent and so the hazard rate rises there and 
can be described by IFR distributions (in­
creasing failure rate). 

3_1 Syste matic Initial Failure 
Behaviour 

A systematic initial failure behaviour is 
shown by a steeply falling failure quota 
which approaches zero during a certain time 
period or demand and then disappears. The 
determination of this demand limit must be 
made spedficallyfromcasetocase and is de­
pendent on the affected components and 
the failure mechanism inoperation. In addi­
tionto field data, it is possible to take intoac­
count results of test trials with series compo­
nents, treated samples, sub-assemblies and 
elements and also theoretical results of sim­
ulation calculations. etc. 

Often the demand limit, essential for the 
failure mechanism, can be denoted in the 
form of a distance So upto which the failure 
mechanism will lead to a failure. In other 
words, all affected parts will fail before 
reaching this distance so. Vice versa the 
conclusion is that all components in vehi­
cles with a mileage greater than So are not 
affected by this failure. 

Since the mileage driven in practice is indi­
vidual and varies greatly. this must be con· 
sidered in the determinationofthe remain· 
ing expected failures. This is done by using 
the mileage distribution Ll (s) which is 
known or correctly determined for the af­
fected vehicle platform. as described in the 
first Part [1]. 

When the quantity under investigation is 
in field service for a period of to years, the 
question arises, how many vehicles have 
already reached the critical distance So 
within this time period to, and how many 
of the remaining vehicles may yet be af· 
fected by failures. These proportions can 
easily be calculated with (Eq. 5) by using the 
time requirement. Consequently a propor­
tion of 1- Ale(to) has not driven the distance 
so. while the remaining proportion of 

A1o(tO) has already exceeded this mileage 
reading and is thus no longer endangered 
by this failure mechanism. 

If a total of nro(s) parts fails due to this de­
fect at the mileage s within the time period 
to, this failure quantity refers to the vehi­
cles which have already reached this dis­
tance. Thus the expected km-dependent 
failure number at the distance s can be cal­
culated analogously to [6] (Eq.7): 

0t (s) 
n,«) :~( ). (7) 

A. to 
This calculation is to be made for all dis­
tances 5 at which failures occurred. Their 
successive cumulation results in the total 
failure number n,(s) in dependence on the 
driven distance (Eq.8): 

oats) : LOl (r;)fors~O . 

'" 
(8) 

Following from this, the entire failure 
quantity na to be expected is valid as (Eq. 9): 

Oa : Oa(SO) : :Lod<;). (9) «, 
Likewise. in order to establish when in 
terms of time the failures are to be expect­
ed, the time requirement is taken into ac­
count. This leads tothe following Simple es­
timation for the time-dependent failure 
number naW (Eq.lO): 

(10) 

Additionally, the failure occurrence con­
cretely present can be considered (Eq.ll): 

Oa(t) = L ol(r;)·A;: (t)fort>O. (11) 
~:SSO 

An extrapolation beyond the distance So is 
not necessary, because the failure then no 
longer occurs. If the affected production 
quantity is in field service over a longer 
time period. the procedure presented here 
is applied selectively to subsets from short­
ertime periods. 

3.2 Random Failure Behaviour 

In the case of a random failure behaviour 
the defect can be latent and this is also re­
flected in the field data. The associated fail ­
ure data arise from a large value range and 
permit the application of known models for 
reliability prognoses. 

The expected failures are calculated again 
with (Eq. 7) and thereafter successively cu­
mulated. Using the total affected produc­
tion quantity no as reference. the empirical 
distribution function is derived as (Eq.12j: 
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After this the fitting is carried out using a 
theoretical distribution function F /: (5), often 
in the case of random failures in the form of 
an exponential distribution. With the asso­
ciated density ft(s)thetime-dependent life­
time is then predicted (Eq.13): 

F(f) : I fk(s).As(t)dsfort>o. (13) 
o 

The exact derivations of (Eq.12) and (Eq. 13) 
and also detailed explanations are given in 
[6] and [7). The two lifetime distributions 
Fk(S) and F(t) are prognoses over longer pe­
riods in selVice and describe the operation 
of the failure mechanism in dependence on 
the driven distance and the time respec­
tively. This leads to the time-dependent 
failure number (Eq.14): 

nd(t) : no' F(t) for t >0. 

3_3 Systematic Wearout 
Behaviour 

(14) 

If the failure is caused by wearout or age­
ing, a certain demand or time period is here 
necessary. Only after this point are failures 
to be expected. This late failure behaviour is 
reflected in the failure data and can in prin­
ciple affect all components. 

Analogously to systematic initial failures, 
the relevant demand limit is determined 
from case to case byusing field data and re­
sults from tests and calculations. Ukewise 
the demand limit can often be denoted as a 
distance So which is the minimum that has 
to be driven so that the failure mechanism 
can lead to a failure. The varying driving 
behaviour during the period of to years in 
field service is again included by the time 
requirement A,(t) using (Eq. 5). 

Since all components can be affected by the 
wearout behaviour, the lifetime prognosis 
is made analogously to the procedure for 
random failures. The expected failure num­
bers are calculated using (Eq. 7) and the as­
sociated empirical distribution function us­
ing (Eq.12j. At the following fitting of a the­
oretical distribution function F/:(S) the fail· 
ure-free period up to the distance So must 
be considered. Thus (Eq. 15) is valid for the 
time-dependent lifetime: 

-F(r) = jf,(,)A,(t) d,= (IS) 

o fort>O. 
= jf,(,) A,(t) d, , 
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For such long-time prognoses starting from 
a defined demand limit and extending to­
wards infinity, the size ofthe existing vehi­
cle population can exercise a significant in­
fluence. The population decreases continu­
ously with increasing vehicle age and is de­
pendent on car brand and modeL This spe­
cific population factor crt) can be ascer­
tained from registration statistics from 
transportation ministries, automotive as­
sociations, etc. 

Finally the time-dependent failure num­
bers n3 (t) can be calculated by taking into 
account the total production quantity no 
and the declining vehicle population (Eq. 
16): 

na( t) : no c(f) F(t)fort>O. (16) 

For all the models presented here, it is im­
portant that the mileage distribution must 
not be determined using the few failure 
data under investigation but must be based 
on a sufficiently large and representative 
data set. 

4 Summary and Outlook 

Starting with the statistical recognition of 
whether the failure behaviour is random or 
systematic, the models presented here in 
the second part permit a statistically as­
sured prognosis of the failure quantity to 
be expected. These models are easily applic­
able and have proven themselves in real 
risk assessments. They are based on known 
and proven practical procedures in the au­
tomotive industry and they close a gap in 
the field of "Risk Assessment". 

To prevent fallacious statistical prognoses 
based on faulty technical assumptions and 
thus to avoid potential misjudgements 
with high resulting costs it is vital to under­
stand the technical nature of the defect and 
to correctly assess the fundamental opera­
tionofthe failure mechanism. The extra ex­
penditure of time, money and work for ad­
ditional tests and calculations, etc., 
amounts at most to only a fraction of the 
costs arising from wrong decisions. 

Statistical procedures together with the 
necessary technical analyses and tests pro­
vide the required confidence for judging 
and assessing potential risks. 
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