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Nov postopek doloZanja raztrosa obremenitvenih kolektivov za izratunavanje zanesljivosti

A New Method of Load Collective Scatter Determination for the
Purpose of Calculation of Reliability

JANKO KERNC - MATIJA FAJDIGA

V prispevku je opisan neposreden postopek dolotanja raztrosov obremenitventh kolektivov
iz merilnih rezultatov in sklepanje o verjetnosti pojava posamiénega obremenitvenega stanja
med dejanskim obratovanjem. Ta metoda ne uposteva le ekstremnih vrednosti in linearnega
poteka kolektivov, tako kakor standardne kombinirane metode. Njena prednost je v tem, da
intenzivno izkorigia velike kolicino merilnih rezultatov, dobljenihh med resniénim obratovanjem
v razli¢nih razmerah oziroma rezimih. Ti podatki zadoséajo za izracun obremenitvenih ko-
lektivov oziroma njihovega raztrosa z razmeroma veliko zanesljivostjo. Fo analiticni poti se
dolodajo le fe parametri porazdelitvenih funkelj ohremenitvenih kolektivov. Te se uporabljajo
za izrafunavanje verjetnosti pojava dolotensga obremenitvenega stanfa, oziroma ob upostevanju
raztrosa zdriljivasti materiala, za dolodevanje verjetnosti okvare, fo je nezanes|jivosti
konstrukcije.

The paper describes a direct method for scaiter calculation of load collectives from
measurement results, and load state realization probability during actual use. Unlike con-
ventional methods, this procedure does not take into account only extreme values and li-
nearized load collectives. Its advantage is extensive use of a large gquantity of measurement
resulis made under various operation conditions, thus increasing the computation result
reliability. Analytical methods are used only for the computation of parameters of load
collective distribution functions, that are later used for the computation of failure probability.

0 UVOD

Raziskave raztrosa obremenitvenih Kolektivoy
napetostnega in deformacijskega stanja v dejanskih
obratovalnih razmerah so eden najpomembnej&ih
parametrov za dolotanje zanesljivosti, predvsem
pri moéno dinamiéno obremenjenih konstrukeijah,
kakor =0 vozila. Dosedanje analiti®ne metode dolo-
tanja raztrosov obremenitvenih kolektivov, oziro-
ma verjetnosti pojava dolofenega obremenitvenega
stanja med obratovanjem so se izkazale kot pre-
malo zanesljive. Njihova zanesljivost se precej po-
veta z vetjo uporabo merilnih rezultatov.

1 POSTOPKI DOLOCANJA ZANESLITVOSTI
KONSTRUKCLJ

Osnovna definicija zanesljivosti tehnitnega
sistema pravi: zanesljivest sistema pomeni ver-
jetnost, da bo sistem v vnaprej dolofenih zunanjih
razmerah opravljal svojo funkeijo v okviru podanih
toleranc delovanja [14].

Pri obravnavi definicije zanesljivosti oziroma
nezanesljivosti tehnitnega sistema se omejimo na
primere mehanskih podkodb (lomov, plastifikacij
materiala, poskodb povrdine, itn.) konstrukeije.
Nezanesljivost konstrukeije bo torej v nadaljevanju
pomenila verjetnost poskodbe oziroma odpovedi de-
lovanja materiala v znanih obratovalnih razmerah.

0 INTRODUCTION

Investigations of load collectives of stress-
-strain state during actual operation are one of
the most important topics for the determination
of reliability. This is especially true in designs
with prevailing dynamic loads, e.g. road vehicles.
Currently established analytical methods for the
determination of probability of load occurrence
during operation do not prove to be sufficiently
reliable. Their reliability increases strongly with
the intensive use of measurement results.

1 METHODS FOR THE DETERMINATION OF
DESIGN RELIABILITY

The basic definition of reliability of a tech-
nical system says: Reliability of a system is the
probability that the system function within
pre-set tolerance limits, and in the environ-
mental conditions considered in the initial design
[14].

For the purpose of mechanical designs we
may assume that the un-reliability of the design
is the probability of a kind of mechanical failure
occurrence (breakdown, material plastification,

surface damage, etc.), depending on the design
purpose and function,
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Pri izbiri vplivnih dejavnikov se omejimo na
dva glavna: nosilnost materiala (pri strojnih kon-
strukcijah je to v preteZni meri jeklo) in dejansko
obremenitev konstrukcije.

Ce zelimo doloZiti zanesljivost konstrukcije,
moramo dolotiti oba verjetnostna prostora (sl. 1):
verjetnostni prostor mogoc¢ih obratovalnih obre-
menitev ps in verjetnostni prostor pricakovane
nosilnosti (zdr2ljivosti) materiala pyy. Njun presek
Pok J& ekvivalenten verjetnosti okvare, torej ekvi-
valenten verjetnosti, da bo v &asu [, na izdelku
prislo do okvare,

-

1

Load, Carrying capacity
{Obremeniten, Nogilnost,

We will consider only the two most In-
fluential factors: strength (or carrying capacity)
of the material used (steel in most mechanical
structures), and the actual load of the design
during operation.

For the purpose of reliability determination,
we must first determine both probability do-
mains (Figure 1): the domain of possible opera-
tion loads p,, and the probability domain of ex-
pected strength (load carrying capacity) of mate-
rial p,,. Their interference p_. is equivalent to
the probability of failure of the structure during
the lifetime Iy,

" Helativia pogosthost obramenitve | e !

Relative load frequency

Sl. 1. Nesilnost materiala in dejanske obremenitve pri dinami¢no obremenjenih konstrukcijah
Fig. 1. Material carrying capacity and actual loads on dynamically loaded structures

Glede na to, da so podatki o zdriljivosti
materiala najvetkrat zelo podrobno predstavljeni
v literaturi (atlasi materialov), se tu osredo-
totimo na dolofevanje In vrednotenje obre-
menitev, ki se pojavljajo med dejanskim obrato-

vanjem.

1.1 Meritve dejanskih cbremenitev

Dolotevanje verjetnostnega prostora obre-
menitev, to je verjetnosti, da se bo doloteno
obremenitveno stanje med obratovanjem res po-
javilo, je po analiti¢ni poti mogote v redkih pri-
merih [14]), pa e v teh primerih je zanesljivost
rezultata vprasljiva. Zato je bil na Fakulteti
za strojnidtve v Ljubljani izdelan merilni sistem
[14], ki omogota dobivanje velike kolitine fa-
sovno odvisnih informacij o obremenitvah kon-
strukcije.

The material data are usually very well
covered in the literature (data from independent
material testing laboratories), therefore our
main subject will be the acquisition and pro-
cessing of the load data during actual opera-
tion.

1.1 Measurement of actual loads

Determination of the probability domain
of loads, i.e. the probability that a certain stress
state will occur during operation can seldom
be made in the analytical way [14], and even
in these cases the reliability of the result is
questionable. At the Faculty of Mechanical
Engineering in Ljubljana we have built a dedicated
measurement system [14], for the acquisition
of a large quantity of time dependent information
on structure loads.
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Njepova sestava je prilagojena serijskemu
delu v terenskih razmerah merjenja. To je vidno
tako v sestavl vkljufene strojne opreme kakor
tudi v izvedbl celotnega programskega paketa, ki
pomeni centralno orodje za pridobivanje podatkoy
o obremenitvah konstrukeije.

Strojna in programska oprema vhodnih mo-
dulov sistema je sestavljena tako, da podpira
zelo Ziroko paleto merilnih zaznaval, od uporov-
nih tenzometrskih, razliénih konfiguracij induk-
tivnih in kapacitivnih odjemnikov, do piezo-
elektriénih zaznaval. Frekvenéna obmodja ob-
segajo frekvence bistvenme za trdnost predvsem
kovinskih materialov in nekaterih pomembnejsih
nekovinskih gradiv, pomembnih pri strojnih kon-
strukeijah.

Rezultat merjenja so Easovni poteki obre-
menjevanja posamiénih merilnih mest v raz-
litnih obratovalnih razmerah. Taka oblika za
dolotanje zanesljivostl seveda Ze ne zadol&a.
Zato jo je treba ustrezno precblikovati. Temelj
dolofanja verjetnosti okvare in s tem tudi za-
nesljivosti konstrukcijskega elementa so obre-
menitveni kolektivi [19], ki so rezultat takega
prechlikovanja. Za izdelave ocbremenitvenih ko-
lektivov iz €asovnih potekov so uporabljeni delno
standardizirani postopki oziroma 2tevne metode
(171, [20]. Moéna ratunalniZka podpora, ki je
bila postavljena in preverjena na Fakulteti za
strojnistvoe v Ljubljani, omogota nadaljnje delo
po nekoliko drugatni poti.

2 IZRACUNAVANIE VERJETNOSTI POJAVA
OBREMENITVENEGA STANJA MED
OBRATOVANJEM

Obitajen natin sklepanja o verjetnosti pojava
obremenitvenega stanja med obratovanjem, opisan
npr. v [8], temelji na teoriji »porazdelitve ekstre-
move, ki jo je razvil E. J. Gumbel, ter teoriji
»periode vratanja«. Po tem postopku je nakljuéne
obremenitve treba spremeniti v obremenitvene
kolektive.

Ker pa je za sklepe o raztrosu obremenitve-
nih Kolektivoy treba opazovati samo njihove skraj-
ne vrednostl, je tako sicer mogofe dolofiti na
primer 10, 50 in 90-odstotno lego obremenitvenega
kolektiva z dvema znatilnostima:

— Obremenitveni kolektivi za razliéne izvedbe
(npr. 10, 50 in 90 odstotkov] so lahko konstruirani
samo za skrajnosti in so lahko samo linearni v
katerembkoli koordinatnemn sistemu. Motno so od-
visni od Ztevila vzorcev. Raziskave [7] do [11],
katejo, da je linearnost najveckrat zelo grob pri-
bliek dejanskim izmerkom (obremenitveni kolek-
tivi so obitajno moéno ukrivljeni) in da je ekstrem
samo eden od bistvenih podatkov.

It has been designed specifically for the mea-
surements in field conditions. This fact can be
seen in the set-up of the hardware, as well as
in the design of the software package, which is
the main tool for the structure load data acqui-
sition.

The hardware and software of the input mo-
dules supports & wide variety of transducers,
from resistive strain gauges, different configura-
tions of inductive and capacitive sensors to piezo-
electric transducers. The frequency range is li-
mited to the frequencies relevant for the strength
analyses of metal and some non metal materials
important in machine design.

The measurements result in time - load
histories of each measurement point taken under
different operation conditions. This form however,
is not directly applicable for reliability determi-
nation. It must be transformed to load collectives
[191, that are the basis for the determination of
the probability of failure. We have used partly
standardised procedures (i.e. counting methods)
for the transformation of the time histories to
load collectives [17], [20]. In order to perform
this usually time — consuming procedure in an
efficient manner, we have developed a dedicated
software support. In further calculations this
software uses methods which differ somewhat
from the established ones.

2 CALCULATION OF PROBABILITY OF
OCCURRENCE OF A LOAD STATE
DURING OPERATION

The usual method of computation of proba-
bility of occurrence of a stress state is described
e.g. in [8]. It iz based on the theory of distribution
of extremes developed by E. J. Gumbel, and the
theory of »return period«. This method requires
the transformation of random loads in load col-
lectives,

The scatter of load collectives can be deter-
mined only from their extreme values, so we
can determine e. g. the 10, 50, and 90% position
of the load collective. There are however some
drawbacks to this method:

— The different positions of load collectives
le.g. 10, 50 in 90 %) can be designed only for
extremes and cannot be anything but linear in
any coordinate system. They are strongly de-

pendent on the number of samples. Several re-
search studies [7] to [11] show, however, that

linearity is a very rough approximation to the
actual, measured result (curvature of load col-
lectives) and that the extreme is only one of the
relevant data.



242

STROJMISKI VESTNE — JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (41) 1995/7—8

— Tako ni mogote doloéiti zakona porazdslitve
verjetnosti obremenitev med dejanskim obrato-
vanjem, temvef samo vnaprej dolofene lege obre-
menitvenih kolektivov.

Zato je bila zasnovana in raziskana nova
metoda analize izmerjenih obremenitev, da bi lah-
ko sklepali o verjetnosti njihovega pojava med
chratovanjem [131, [14].

2.1 Eksperimentalna metoda

Zatetna analiza izmerjenih vrednosti se tu ne
razlikuje od uveljavijene [8]. lzmerjene vrednosti
obremenitev, obitajno zapisane v oblikah analog-
nega signala na magnetofonu digitaliziramo in z
ratunalnitko obdelave konstruiramo ustrezne
obremenitvene kolektive za vet razlictnih razmer
obratovanja.

Nadaljnji potek metode je razlofen na kon-
kretnem primeru 3asije avtobusa (sl. 2), kjer
so bila za nekatera kriticna mesta izmerjena
obremenitvena =stanja. Slika 3 prikazuje za
take krititno mesto skupino obremenitvenih
kolektivov, dobljenih po metodi DIN-Peak 3
in za primerjave 5e drufine obremenitvenih
kolektivov, dobljenih po metodi SAE-Rain Flow
(sl. 4).

lzkudnje namres keZejo 7], 9], da je za
sklepe o utrujenostnih poskodbah na jeklenih
konstrukcijah najprimerneje konstruirati obre-
menitvene kolektive po teh dveh metodah.

— In this way it is not possible to determine
the law of probability distribution of real stresses,
but only to determine the positions of load col-
lectives.

Both these disadvantages were the reason
why we started to work on a new method which
includes the analysis of the measured loads
to predict the probability of stress state occur-
rences during operating [131, [14].

2.1 Experimental method

The initial analysis of the measured values
does not differ from the conventional one [8]. The
measured load values, usually recorded as analogue
signals on the tape recorder are digitised. By com-
puter processing, the relevant load collectives are
designed for a variety of operating conditions.

The way the measured results are further
processed is specific for the new method, The
process is explained on the example of a bus
chassis, (Figure 2), where in some critical
sections, the stress states have been measured.
For this kind of critical section, Figure 3 shows
a family of load collectives obtained by the
DIN-FPeak 3 method, and (Figure 4) also a family
of load collectives obtained by the SAE Rain Flow
method.

Experience has shown (7], [9] that, to pre-
dict fatigue failure of steel structures, these two
methods using load collectives are the most con-
venient,

Sl. 2. Sasija »lahkega « avtobusa Avtomontaze A119
Fig. 2. Chassis of the »light« bus All9 of AvtomontaZa
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S1. 3. DruZina obremenitvenih kolektivov za razlicne obratovalne pogaje (DIN 45667 Peak 3)
Fig. 3. Family of load collectives for varying operating conditions (DIN 45667 Peak 3)
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S1. 4. Skupina obremenitvenih kolektivov (SAE RainFlow)
Fig. 4. Group of load collectives (SAE RainFlow)

Skupina okoli 400 cbremenitvenih kolektivov
(sl. 5) je bila konstruirana tako, da so bili vzorci
obremenitev vzeti iz izmerjenih vrednosti, zabe-
lefenih na magnetofonu, v razmerju z narotnikovo
zahtevo po pogostosti uporabe vozila v posamienih
okoliz¢inah (avtocesta, deZelna cesta, gorska voz-
nja itn.) obratovanja.

Predstavijeni histogrami (sl. 5) so bili kon-
struirani tako, da je bila napetost za vsako od
determiniranih pogostosti pojavijanja sunkov raz-
deljena v primerno 3tevilo razredov. »Relativna
pogostost« (tretja dimenzija v sliki) je hila dolo-
tena tako, da je bilo presteto 3tevilo obremenitev
pri posamiéni pogostosti sunkov, ki so v ustrez-
nem napetostnem razredu.

A family of about 400 load collectives (Fig. 5)
was designed by taking the load samples from the
measured values recorded on the tape, in the pro-
portion defined by the frequency of using the ve-
hicle in various operating conditions (highway,
country road, mountain road, etc.) as indicated
by the customer.

The histograms presented in (Fig. 5) were
designed so that the stress for each of the chosen
frequencies of impact occurrences was divided into
a suitable number of classes. The »relative fre-
quency« (third dimension in Figure 5) was defined
in such a way that we counted the number of
loads for each particular impact frequency in each
stress class.
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5S1.5. Raztros obremenitvenih kolektivov (FPeak 3)
Fig. 5. Load collective scatter (Peak 3)

Ma sliki 6 je prikazan primer, kako je bila
¥ histogram vkljufena triparametrska Weibullova

porazdelitev [15], ki se je v vseh dosedanjih
raziskavah pokazala kot najprimernsjfa za popls
raztrosa obremenitev.

Figure 6 shows an example of introducing a
three-parameter Weibull distribution [15] into the
histogram. All research studies so far have shown
that this distribution is one of the most suitable
for the description of the load scatter,

Razfros cbramenitvenega kolekiiva, Mer. masto 1040, Daloleka P1
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Sl. 6. Aproksimacifa raztrosa s triparametrsko Weibullove porazdelitvijo
Fig. 6. Scatter approximation with the three parameter Weibull distribution function

Parametri porazdelitve za posami®no determi-
nirane pogostnosti in eno druZino obremenitvenih
kolektivov v nasprotju s pri¢akovanji niso bili ena-
ki. V nadaljevanju bo treba poiskati razloge za ta
odstopanja in odstopanja z normiranjem obremenit-
venih kolektivov ter jih s strozjim upostevanjem
spremenljivih obratovalnih razmer zmanj2ati. Ven-
dar je bilo mogote tudi v raziskavi [14] dokazati,
da se lahke %e s povpredjem parametrov za vse
porazdelitve ene druZine obremenitvenih kolektivov
izpelje sklep o zanesljivosti R po shemi (sl. 7) [13].

The distribution parameters for the individual-
ly determined frequencies and for one family of lo-
ads were not the same. It will be necessary to find
the reasons for these deviations, and reduce them
by normalising the load collectives and making a
more rigorous consideration of varying operating
conditions. It was possible to prove in research
study [14] that from the average value of parame-
ters for all the distributions of one family of load
collectives, the reliability prediction can be carried
out according to the scheme shown in Fig. 7 [13].
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51. 7. Shema za ugotavljanje zanesljivosti
Fig. 7. Reliability determination scheme

Ce s p, (L) oznatimo porazdelitveno funk-
cijo obremenitev, se ta lahko popize z Weibul-
ovim zakonom porazdelitve verjetnosti, dolotenim
na prej opisan nacin:

pri temer so: §,7.n7 — parametri Weibulove po-
razdelitve, L;, - spremenljivka, ki popisuje dobo
trajanja.

S py (L) je oznatena porazdelitvena funkci-
ja za krititne obremenitve. ki povzrotijo krititno
potkodbo. Ce je porazdelitev py, (L) na primer
normalna, saj ve¢ raziskav ([7] do [9]1) dokazuje,
da je za kriti¢ne obremenitve normalni porazdelit-
veni zakon zelo dober pribliZzek rezultatov preizku-
#anj, zapisana v obliki:

B

Pﬂ(Li} = n-7

=y

1
pﬁ.(L‘) = G—MII'F;'.EK

z znatilnima parametroma porazdelitve my,, o,,.
Potem se zanesljivost R kot kumulativna funkeija
porazdelitve verjetnosti lahko izratuna z dvojnim
integralom:

L~y

=

Za vse zgporaj omenjene izratune je izdelana
programska podpora (programski paket) v okviru
merilnega sistema (DINAL) [14].

8
Lﬁ'?’)
n-=y

g
Lh—y]

Denoting the stress distribution function by

p, (Ly), we can express it by the Weibul probabi-

lity distribution law which is defined below:

Ty

e,

n-r
B, v, n— denoting Weibul distribution para-

meters, and Ly, standing for a variable describing
the life time.

Let us now denote the distribution function
for critical loads causing failure by p,, (Ly). If for

exemple the distribution py (L) is normal —
several research studies ([7] to [9]) prove that for

critical loads the normal law is a very good ap-

proximation to test results - we can write it in
the following form:

20,
with typical distribution parameters m,;, o,,. The
reliability R as a cumulative function of probabili-
ty distributions can then be calculated by a double
integral, as fallows:

s e S
o) }m
N

A special module of the DINAL [14] program
package enables the calculation of the reliability
for all stress distribution laws and eritical values.

]

f

L

1
— exp| -
ayVN27 H
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3 SKLEF

Vse razlotemo lahke na kratko strnemo v
nekaj osnovnih trditev. Izkljuéno analiti¢no (brez
preizkusanja trdnosti materiala) dolo¢anje zaneslji-
vostl oziroma verjetnosti loma ni mogode. Ce pa
vzamemo, da je zdriljivest materiala (z njenim
raztrosom vred) znana, potem je mogoce analititno
sorazmerno natantno dolotiti raztros obremenitev
samo ¥ primeru deterministi¢nih obremenitev.

Pri popolnoma nakljuénih obremenitvah je
raztros in s tem verjetnost loma mogote dobiti
predvsem z merjenjem ¢asovnega poteka obreme-
njevanja, zato je opisana metoda z mogotimi
spremembami nujno potrebna pri vseh konstruk-
cijah, pri katerih pretirani varnostni faktorji (z
vsemi spremljajofimi pojavi) niso zateleni,

3 CONCLUSION

The statements made can be basically sum-
marized as follows. Completely analytical (without
material strength testing) determination of relia-
bility, i.e. probability of failure, is not possible.
If the strength of the material (including its scat-
ter) is known, then the load (stress) scatter can
be determined analytically only in cases of purely
deterministic load functions.

When the loads are mostly stochastic, we
can determine the scatter, and consequently
the probability of failure occurs only with the
use of measured time - load histories. This makes
the presented method with all its variations a
valuable design tool in all desipns where addi-
tional exaggerated safety factors (with their side
effects) are not welcome.
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