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INTERNATIONAL ELECTROTECHNICAL COMMISSION

OPTICAL FIBRES -

Reliability — Power law theory

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all rati i i i i . j is to |promote
interpati - i i i ization i ical onic flelds. To

this gnd and in addition to other activities, IEC publishes International Standards, T i pecifl
Techpical Reports, Publicly Available Specifications (PAS) and Guides ( 3
Publication(s)”). Their preparation is entrusted to technical committees; any IEC N

in the subject dealt with may participate in this preparatory work. e 9 ta nd non-
govefnmental organizations liaising with the IEC also participate in this(prepacation. closely
with [the International Organization for Standardization (ISO) in accordance wit{ecoRditi ined by
agregment between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express ¢ ble, an intefnational
consensus of opinion on the relevant subjects since each i R épresentation |from all
intergsted IEC National Committees.

3) IEC Publications have the form of recommendations fori i 3 accepted by IEC |National
Comnittees in that sense. While all reason A i at the technical content of IEC
Publjcations is accurate, IEC cannot be € i hich they are used or| for any
misirjterpretation by any end user.

4) In ogder to promote international uniformity i 9 i undertake to apply IEC Pullications
trangparently to the maximum extent posgible in th' ati and regional publications. Any diyergence
betwgen any IEC Publication and the corre ional v regional publication shall be clearly indjcated in
the latter.

5) IEC i € i Nndependent certification bodies provide cqnformity

for any

assep i i arks of conformity. IEC is not responsiblg
servip S

6) Allu

7) Noli entployees, servants or agents including individual experts and
mem| bational Committees for any personal injury, property dgmage or
othe q ether direct or indirect, or for costs (including legal f¢es) and
expe| isi theN\pubhcation, /use of, or reliance upon, this IEC Publication or any other IEC
Publ

8) Atterftion i ive, references cited in this publication. Use of the referenced publicptions is
indis 3 i

9) Atter] is™d onthe possibility that some of the elements of this IEC Publication may be the spibject of
patent righ{s. yshall e held responsible for identifying any or all such patent rights.

ever, a
llected
ard, for

example "state of the art".

IEC 62048, which is a technical report, has been prepared by subcommittee 86A: Fibres and

cables, of IEC technical committee 86: Fibre optics.

This second edition cancels and replaces the first edition published in 2002, and constitutes a
technical revision. The main changes with respect to the previous edition are listed below:

— correction to the FIT equation in addition to all call-outs and derivations;

— insertion of a new section explaining how to numerically calculate bends and tension;

— editorial corrections of inconsistencies.


https://iecnorm.com/api/?name=07ecd2c549a2fd660d0186430876c05d

-6 - TR 62048 © IEC:2011(E)

The text of this technical report is based on the following documents:

Enquiry draft Report on voting
86A/1357/DTR 86A/1375/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

» replaced by a revised edition, or
*+ amended.

IMPOR is publication indicates
that it e correct understanding
of its ¢ t\this publh atio using a colour printeyr.
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OPTICAL FIBRES -

Reliability — Power law theory

1 Scope

This technical report provides guidelines and formulae to estimate the reliability of fibre under
a constant service stress. It is based on a power law for crack growth which is derived

empirigally, but there are other laws which have a more physical basi

expongntial law). All these laws generally fit short-term experimental

differelt long-term predictions. The power law has been selected &

represe¢ntation of fatigue behaviour by the experts of several stand

Reliability is expressed as an expected lifetime or as an exps i . results
cannot|be used for specifications or for the comparison of/the i Fdifs ibrels. This
document develops the theory behind the experimental prinsi i i e fibre
param

literature and is presented here in a unified man

lifetim

allowed maximum service stress or exjre
an acceptable lifetime or failure rate.

formulge used and numerical example
are sufficient and self-contai

ters needed in the reliability formulae. Much of'the i 3 renced

9 imar ' lae for
bly, an
jted for

or for failure rate, given in terms of

of the
of fibre reliability — Clauses % and 6
detailed background with algebraic

derivatjons will find this i Pt is made to unify the approach gnd the
notation to make it eapi derndo~follow)the theory. Also, it should ensure that the
notation se 13 has a limited set of mostly thegretical

referen m to follow the analytical development|in this
technig
NOTE -valueyand this is done for theoretical completeness only. There afe as yet
no agree e 12 gives only a brief analytical outline of some proposed jmethods
and furth tlcal esults for the special case in which 8 can be neglected.
2 Sy
Table ¢ of symbols found in this document. Each symbol is first defineq in the
subclayise oryparagrgph indicated in the final column of the table.
Table T — Symbols
Symbol Unit Name Subclause or
paragraph

a Crack size (11.1) 71
4 um Flaw depth 71
ar um Radius of glass fibre 10.3
b dimensionless Bend designation 12.1.2
B GPa’xs Crack strength preservation parameter or B-value 7.1
B, GPa’xs Transitional B-value at the slow-unloading/fast-unloading boundary | 9.4
c dimensionless Non-linearity term for stress versus strain 7.4
C dimensionless Additive dimensionless prooftest term or C-value 10.6
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Symbol Unit Name S:g:talzgzghor
A dimensionless Average additive dimensionless prooftest term or C-value 12.1.1
C, dimensionless Transitional value of C at the slow-unloading/fast-unloading 10.6
boundary
Mm Fibre-axe separation in two-point bending 10.3.3
E GPa Young's modulus 7.4
Eo GPa Zero-stress Young's modulus 7.4
fh) dimensionless (h:umulative number of failures as a function of the number of hours | 11.4
F dimensionless Fibre failure probability / 11'{‘
F, dimensionless Fibre failure probability during prooftesting /\\ ~ 1.2
h dimensionless proportionality constant /\ \Q:\L’?O\\
i dimensionless Rank order, sorted by increasing failure stress \ \'}\b‘\ S\Q/Z
1 Strength integral over the sample surface (assuming ; ‘fI'aN)O.Z.
are negligible) /\ M
K(?) GPa x um"? Stress intensity factor (_ &) 71
Kp.(2) GPa x um"? Critical stress intensity factor ( N \\ > 71
L km Fibre effective length um ’szes %r %alent tensile 10.2.
length
L km Fibre length nNQlfo\\ d \OWX_ ) 10.3.2
L, km Mean survival | }r&%ie\gth, during prooftesting 10.6
L, km Gauge length, \efer{rﬁe{w\\ ) 10.2.
m dimensionless "IM‘ \?@ﬁﬂ\g\a@m\e‘@r n{—v@Ae 10.2.
my dimensionless, Nauk\ under d@lﬁwv&fatigu} 10.5
mg dimensionlesé W&un&g{{\%&}a{gue 10.4
n dime@o@ssz Stre{s céq%’s\"oﬁ\\swibility parameter or n-value 10.2
N dimension%/ss W}o{ﬁecimens tested 5.3.2
Np ganreakrafe per unit length during prooftesting 10.6
N(S) ?Y“’\\ \(\%\aws\per unit length not exceeding inert strength § 10.2.
P ensio FiMrvival probability 10.2.
P ibre survival probability of each strip 6.2.4
P, Fibre survival probability after prooftesting 10.6
R Fibre bend radius 10.3.2
N Q(‘/GPa Strength 10.1.
Sonin GPa Minimum initial strength 10.5
s(t) GPa "Inert" strength of a crack 71
S, GPa Strength after prooftesting 9.3
Spmin GPa Minimum strength after prooftesting 9.4
B GPa Strength after unloading 9.2
S trmin GPa Minimum strength after unloading 9.3
Sy GPa Weibull gauge strength 10.2.1
t ] Variable of time 71
lf s Critical survival time 9.3.2
ty s Time to failure under dynamic fatigue, or prooftesting dwelltime 8.2.1,9.2
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Subclause or

Symbol Unit Name paragraph
ly s Lifetime (time to failure) under constant stress or static fatigue 7.2,8.1
testing
iy s Lifetime after prooftesting 10.8
Ypmin s Minimum lifetime for certain survival after prooftesting 10.8
(1) dimensionless Intercept on a static fatigue plot 8.1
1 ms Prooftest loadtime 9.2
Ip ms Effective prooftime 9.3
tu ms Prooftest unloadtime 9.2
t, years Service time in years ( 6.1
t0 dimensionless Static Weibull time-scaling parameter /\< b (\ A4
N
14 um/s Crack growth velocity < \\ \ \(1
Ve um/s Critical crack growth velocity (\ \\ \z.1
wi dimensionless Weibull cumulative probability ordinate \ LV \ 5.3.2
wout; dimensionless Median Weibull cumulative probabw@m\te\gﬁ \ ) 5.3.2
X dimensionless Factor relating bend length to eg{valentt\t\sn ngth \ 10.3.2
Y dimensionless Crack geometry shape parm&e\r / AN 71
z dimensionless Length factor/\ A >V ( L) ‘\) 1.1
o dimensionless Ratio of prooft\e‘st\ur%{d\pgrar&ers }wrack}!arameters 9.4
B GPa"-s-km™?'™ | Weibull B-valug, 10.4,10.5
B; GPa"-s-km™?'™ | Weibull B-valué\for {é?n{ailbe\}ugs} 5.3.2
e dimensionless Stka'Q cﬁ&)@%g%ﬁbart{c%r stress 7.4
Ai km™-yr.”! N Nk%enp&&tir&wntan}ous failure rate) 11.1
Ja km-1-yr.-1 L \Kv\a@ggd fé@k\@te 11.2
o(t) GPa < > { Stre@ aMed am 71
o, GPa A( MeMWr static fatigue testing and lifetime 8.1, 11.2
O"a GPa/s<\\ plied stress/rate under dynamic fatigue testing 8.2.1
Gb @a \ \ Win}m bend stress 6.3.4
af (\G{\ \\ Failure stress under dynamic fatigue testing, without prooftesting 8.2.1
afp \GRN /léailure stress after prooftesting 10.8
fPmin GPa Minimum failure stress after prooftesting 10.8
af(l) dimensionless Intercept on a dynamic fatigue plot 8.2.1
op GPa PToOTIEST Stress 9.2
Omax GPa (Non-failing) maximum stress 5.3.2
o, GPa Applied stress during unloading 9.2
G'u GPa/s Positive unloading stress rate 9.2
o0 GPa Dynamic Weibull stress-scaling parameter 10.5

3 General approach

First, the equivalence of the growth of an individual crack and its associated weakening is
shown. This is related to applied stress or strain as an arbitrary function of time. Applied
stress can be taken to fracture, from which the lifetime of the crack is calculated. Next, the
destructive tests of static and dynamic fatigue are reviewed, along with their relationship to
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each other. These tests measure parameters useful in the theory. This also shows the
difference between "inert" strength and "dynamic" strength.

The above single-crack theory is then extended to a statistical distribution of many cracks.
This is done in terms of a survival (or failure) Weibull probability distribution in strength. It can
allow for several deployment geometries in testing and service. The inert distribution and the
distributions obtained by static or dynamic fatigue testing are derived for before and after
prooftesting. The latter is sometimes done with approximations that may not require knowing
the B-value explicitly. Finally, the various parameters measured by the above testing are
related to formulae for fibre reliability, that is, lifetime and failure rate.

Some

— The i$ given
by Equation (29); while at fracture, the relatlonsh|p between the criti intensity
facfor, strength, and flaw depth is given by Equation (30).

— Thg crack growth velocity is related to the stress intensity f3

— Thg Weibull distribution of stress (before any proofttln Y 3 ing to
Eqyations (85) and (86), or bimodal according to ) pair
apgropriate to the desired survival probability leve)and be used. Deplpyment
lengths will differ upon the application such as /i able, splice trays, or
within a connector or other component. Becaus probabilities desired,
however, the low-strength extrinsic

— Thg values of the fatigue param

enVironment, fibre ageing, and fibre 0 testing. In theory, tHey are
taken to be independent of time, sg \ decide
the|practical values to be used in t i i onding
stafi Y i d time
durption).

arfiic, depend upon the fibre

Hent of
cording

— Zerp-stress ageing|
time

The fo testing
with pg ngth L
(depen ss that

does n JE . (This stress is tensile, including bending stress. Torsipnal or
compressive aré not covered.) The lifetime as a function of failure probalbility or
failure rate as-a ipn of time are given.

The foumulae assume a Weibull distribution with parameters that vary among fibre typles and
perhaps among fibres of the same type. Moreover, they change with environment and applied
stress levels. The Weibull distribution may have several nominally linear terms depending
upon several levels of flaw strength. It is important that the Weibull parameters for the term of
interest be used in the formulae. These are obtained from fatigue measurements. Generally,
the low-strength region near the prooftest stress and below is of interest, and measurements
must be on long fibre gauge lengths and with many samples, so that the total fibre length
tested is large. Parameters measured for a small number of short samples, characterizing the
high-strength region, will differ from the preceding ones. They must not be used in the
formulae to extrapolate to lower-strength lower-probability regions.

Within the above power-law assumptions, the equations of Clauses 7 to 11 are algebraically
"exact". However, in some applications, certain terms may be negligible, and more
approximate and simpler algebraic equations are given in Clause 12. This has the advantage
that the B-value, for which there is yet no standard test method and which has been reported
to span several orders of magnitude, is not required.
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Even with these formulae, there is no assured way of accurately predicting fibre reliability.
Some fibres may break before the most conservative of predictions, while others may last
longer than the most pessimistic of predictions. After fibre manufacture, fatigue or damage
may occur due to cabling, installation, or operation; this usually cannot be accounted for in
the theory. A start on estimating these effects could be made by measuring the parameters of
fibres after each of these stages, but this is not commonly done.

For convenience in assisting the reader to find the derivations of equations, if desired, the
formulae summarized in Clauses 5 and 6 include the indication in brackets of the equations
listed in Clauses 7 to 12. However, it is not necessary to refer to the derivations to be able to
follow Clauses 5 and 6.

5 Measuring parameters for fibre reliability

5.1 Seneral

This cl Lations
are ob btained
from testing the full length of fibre to be deployed. By<gontre X ynamic
fatigue €s. ) linear"
Weibul| plots of the cumulative failure probability F sca ‘ " is the
surviva &\ v 5). For
situatigns in which the plot may be fit{ed to_tw 3 i sest to
the antjcipated service stress should b ini

5.2 Length and equivalent length

The tepting and service ¢ gauge
length |in static or dy cted to

equals the actual length only for the case
ire equivalent lengths.

consta
of long

For uniform bending ) S drél wrap), the in-service bend length L, is replgced by
an app Ve in-Service tensile length L given by Equation (97).

Ly

04—

s ®
The sgme relatia holds between the gauge bend length L,, and the equivalent|gauge
length

x = =mSn=M (2)
n—2 n+1

using inert, static fatigue, and dynamic fatigue parameters, respectively, as obtained below.

For two-point bending, the equivalent length depends upon the applied stress in a complex
way. Computation of the equivalent in-service length for an arbitrary applied service stress is
difficult. The equivalent gauge length is approximately 10 um to 30 ym, depending upon the
failure stress.
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This subclause outlines methods that are commonly used to derive reliability parameters.

5.3.2 Prooftesting

n

e Obtain the composite prooftest parameter Opty,

t,, where o, is the actual prooftest stress

during dwell, and n is the stress-corrosion susceptibility parameter (or n-value). The

effective prooftime is given by Equation (64).

obt

e (Og
sur

where

If this i not possible, obtai

5.3.3 Static fatigue
e Obfain the s S
for pny particula

ess 0, (Equation (174)).

De ine™R8 » n, and B from the characteristics of the plot.

e Obfain the best-fit
(Equation’ (48)).

.2,5.2.3, or 5.3.

(3)

mean

(4)

(5)

obability versus the natural log of failure {imes 1

(6)

traight line to the log of failure times versus the log of applied s{resses

logt s(c,) ~logts(1)—n logo,

(7)

Measure the static stress-corrosion susceptibility parameter as the negative slope —n of this
line. The term ¢(1) is the "intercept" of this line on the ordinate axis, that is, the value of
failure time where the applied stress is unity. (This value will depend on the units used, and
may require a straight-line extrapolation beyond the data points. It does not have the

dimension of time.)
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5.3.4 Dynamic fatigue

IEC 60793-1-311 describes how to measure both short-length and long-length strength
distributions of optical fibres.

e Obtain the dynamic Weibull plot of scaled probability versus natural log of failure stresses
offor any particular constant applied stress rate c}a (Equation (175)).

1 O';lc+1
In = ‘ (8)
P,(cs) (n+)o,
pAC r
Defermine parameters m, and B from the characteristics of the p|
e Obt hpplied
stre
(9)

Measu of this
line.
The te failure
stress S S 2 d, and
may rg¢quire a straight-line e ve the
dimengion of stress.)
5.4 ’aramet@
5.4.1
This s tly low
probab vel for
the se re 14).
Norma
NOTE
5.4.2 Variable prooftest stress

This method (briefly mentioned in 9.5) subjects a full length of fibre to a certain prooftest
stress, another length to a higher prooftest stress, and so on for several increasing levels of
prooftest stress. The mean survival length L (or number of breaks N, per unit length) is
counted for each length and stress level. This resembles a static fatigue test in which the
failure stress (the prooftest stress o,) varies. However, the failure time does not exceed the
fixed prooftime - The n-values are obtained by the fatigue measurements of 5.3.

First, consider the case in which there is no initial prooftest at manufacture. From
Equations (171) and (173) one has

1 IEC 60793-1-31:2001, Optical fibres — Part 1-31: Measurement methods and test procedures — Tensile
strength.
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|an+mS(n|n op+ln tp—ln,B)=0 (10)

so a logarithmic plot of mean survival length versus prooftest stress should be close to a

straight line. The slope is —nm, while the stress and length “intercepts” are l(Inﬂ—lntp) and
n
mg(In 7, - In B), respectively.

In Reference [11]2, fibres with a 400 pm jacket and initial lengths of 10 km to 15 km were
used, with five proofstrains of 0,8 % to 3,5 %. There was no other initial prooftest.

Equation (10) is equivalent to Equations (18) to (20) of Reference [11] with C = 7. With a

duratio = = —=0,1035.
Also, n
More dommon is the case in which there is an initial prooftest at second
prooftest stress is significantly above the first, then Equation (10
In Reference [12], the prooftest stress level at manufagture. w ated. nimum
samplg length of 10 km or 20 km was used, and each sa subjetted to a differInt one
of five prooftest stress levels between 1 GPa and 4 a. The peed was redliced to
minimize breakage during the start-up accelerati peviod, duration time [, was
normaljzed to 1 s using n = 23. The failure probabilit r each
stress gind plotted to fit the straight ling”of the

(11)
With apother “In” on th r static
fatigue|(i

(12)
From t so that
ﬂms —|z
5.4.3
This is[a\ferm of dynamic testing with censoring, as mentioned in 8.2.2, and with more|details

on the apparatus given in Reference [5].

A specimen is a single gauge length L, of fibre. (A recommended gauge length L, is longer
than 1 m; for example, 10 m to 20 m.) A sample is a group of specimens from a given
population of fibres.

Each specimen is loaded to a failure stress o, or, with censoring, to a (non-failing) maximum
stress 0,54 (for example, 2,4 GPa, about 3,2 % strain from Equation (44)). The recommended

strain rate da is fast (for example, greater than 200 %min, about 2,6 GPa/s, from

Equation (43)). The sample size should be large enough to provide an adequate
representation of the second Weibull mode (for example, so that 1 km of the total specimens
fail).

2 Numbers in square brackets refer to the Bibliography.
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The fol

lowing data are recorded

15—

— the total number of specimens tested: N, whether or not failure occurred;

— the failure stress values of those specimens that failed: o in GPa. Here i is the rank
order, sorted by increasing failure stress.

— the stress rate (converted from strain rate): da in GPal/s.

— the gauge length of the specimens: Lj in km.

A Weibull plot in the form of Figure 1 may also be presented (without the curve fits). The
points are measurements from about 0,8 GPa to 2,4 GPa, for an acrylate-coated fused silica

fibre w

Calculs

Here t
cumulg

where

Hence

th a cladding diameter of 125 ym

tion of Weibull parameters

' = 1 — P is the cumulative failurg

compute

he data of the measurement is analysed. According to_Eyuation(8 t
tive probability ordinate scale is of the form

m{ijFj,

Linear regression fit

Nonlinear regression fit

-0,25 0

0,25 0,5 0,75 1

In stress (GPa) IEC 925/11

Figure 1 — Weibull dynamic fatigue plot near the prooftest stress level

Exponentiate this and use a rearranged form of Equation (138).

eibull

(13)
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d_ Md_
O'%dLo o,(n +1)0'th G, (n +1)0';1,tp i
expw; = —————x | T+ ——F—— T (14)
) Mg anr1 anr1
674 (n +1)B] 1 A A

Here the length L becomes the testing gauge length L.
Two fits are used on this equation.

a) Linear regression fit

For large failure stresses, the term in Equation (14) that is enclose
approaches one. The equation approaches the "linear" form of t
and (110) without prooftesting.

led racKets { }
uatin )

(15)
where (16)
Hence e least
square
This p itN gure 1. Clearly, it would be be¢tter to
have 3 - to the

applicq

b)

This us
B is cq
produc
for the

- De:I:
val

— Sel

yrvature is apparent. Given a value of m,, a value of
and a value from the middle of the data of interest
at area. The result produces a sum of squared errors
to minimize the sum. The steps are indicated belo.

vhich the fit is to be forced. Here it is constructed using In o,

— Sef/inPequal to the median of the computed In g, values.

— Compute wout; using Equation (14) and the above value of 8.
— Compute the squared errors (w; — wouti)z, and then compute the sum of squared errors.
— Vary m, as in the second step, and repeat the remaining steps to minimize the sum.

The procedure produces the non-linear regression fit in Figure 1.

5.5 Measured numerical values

In this subclause, experimental values resulting from the measurements of 5.4.3 are obtained.
They will be used in the calculations of Clause 6.

In 5.3.2, the composite prooftest parameter is oz, = 88849 x 107 GPa”" x s, with a nominal
proof stress of 0, = 0,69 GPa (In o, = —-0,37 in Figure 1). From 5.2.3 n = 20 is obtained, and
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in 5.3.3 the stress rate is da = 4,59477 GPals for a gauge length L, = 20 m. The non-linear fit
n+1

gives the values m, = 2,359 and In 8 = 25,499. Note that 8 has the unit GPa” xsxkm ™d .

The static value will also be needed in the following subclause (Equation (114))

m, =4 (17)
$ n+1

which according to the above subclause equals 011233 Note too that 8 now has the unit
1

GPa" s x km”s and that g™ =17,538 GPa""s x s™s x km.

The twp values are in reasonable agreement with those of 5.4.2

6 Examples of numerical calculations

6.1 Seneral

The nymerical values experimentally ohtai i in the calculations below. The
results| will be conservative since th ic #d; lower failure ratps and
longer |lifetimes would be obtained if .J(The degree of improyement
increages as B increases.) The results be quite sensitive to the|choice

of pargmeter values. These values ar€ related toea er, and a change in one parpmeter
will aff r parametexs. I, the parameter values should be obtained on

the bag

If the failure probabilit i s—(generally the region of practical intereft), the
term In beNeplaced by F to an accuracy of 0,5 % or betjer, but
this ha

(18)
Finally
6.2
6.2.1

Compute-thefaiture Tates A thatwoutd-occurat various staticstresstevets o as—a furction of
service time , in years.

6.2.2 FIT rate formulae

The instantaneous failure rate is [Equation (178)]

mg—1

myg o n
A (tf)=3,6><1012ms(O;J tf+tp(_pJ (19)

Ogq

The averaged failure rate is [Equation (178)]
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la(tf):&&;i<1—exp{{(tpa;§)ms —(tfagﬂpaﬁ“} L }> (20)
S

p

6.2.3 Long lengths in tension

Use several applied stresses, as a fraction of the nominal prooftest stress, in the above
equations for a fibre length L = 1 km. As a function of time out to 50 years, these give the
instantaneous and averaged failure rate plots of Figures 2 and 3, respectively. The
corresponding values are given in Table 2. (Zero time is avoided because of the singularity
shown there of the averaged failure rate.)

I time,
ulative
in the

Two ppints are worth noting. First, all the failure rates are almost
especially at the lower stresses. This indicates an almost linear incr
failureg with time. Secondly, and because of this, there is little
values|between the instantaneous and averaged failure rates.

i RN\
N

Instantaneous FITs per Km

10 20 30 40 50
Time in Years IEC 926/11

rates per fibre km versus time for applied stress/prgoftest
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O —— e = - ——— ————

Aderaged FITs per Km

10 20 30
Time in Years

fest

Applied | Averaged FIT/km
stress:

as a % of
prooftest
stress:

15 1,81 \1(8/1< ,&d \®\\>1 1,81 1,81 | 1,81 1,81 1,81 1,81 1,81
i 0

\NQ" o™ e 10 10° | 10° 10® 10 10® 10®

1010
20 5,71 ,7\ 3w/ 571 | 571 |71 [ 571 |571 | 571 |571 || 571
16‘\ QY ;)0“ yot 10t | 10* |10 |10 [ 10* |10 | 10* || 10°

25 < 9\5\ . §5 4,93 4,92 4,91 4,95 | 4,95 4,94 4,94 4,94 4,93
o 2 2 - - - - - - - - -
1

1072 1072 1072 102 | 102 1072 1072 1072 1072

30 1@\’1,78 168 | 1,59 | 151 | 144 | 189 | 184 | 178 | 173 | 169 | 164

R

N

6.2.4 Short lengths in uniform bending

From Equations (97) and (98), reduce the actual bend length Ly by the bend-length factor

Ly~ o (21)

which equals 0,266 86 here. From the non-linear Equation (94), the maximum applied stress
at the outside fibre surface under bend is
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where D is the bend diameter in millimetres. Use several bend diameters in the equations of
6.2.2 for a bent fibre length of 1 m. As a function of time out to 50 years, these give the
instantaneous and averaged failure rate plots of Figures 4 and 5, respectively. The
corresponding values are given in Table 3.

The "% of prooftest stress" number is the percentage that the maximum stress (at the outside
of the bend) is of the 0,69 GPa prooftest stress. Compared with the tensile case of the
previous subclause, the constancy of the failure rate with time no longer holds at these higher
stressgs, especially at shorter times. Also, more significant differ
instantpneous and averaged values appear, especially at shorter times

Finally
expect
Moreo
as the

reases

@tantaneous FITs per m

20 30 40 50
Time in years IEC 928/11

Instantaneous FIT rates per bent fibre metre versus time
op to bottom): 10 mm, 20 mm, 30 mm, 40 mm, 50 mm
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€ M.H‘h ]
2 :
E .................... _|
T e N A I NN R R
° i IR -
S B i i R
2] ——
g 10
< = = = = = — = = —
107
107
-5
10 10 20 30
Time in years
Figure 5 — Averaged FIT rates per bent fibre G st for bend diamefters
(top to bottom): 10 mm, 20 mm
Table 3 - FIT rates™q

Bend Averaged FIT/m in bend
diameter ‘
(mm), %

of
proofte:st
stress

& \55\(\\31\
107" @5\ 10N g\qz 107 107 107" 107" 1072 1072 1072

30,42, | 8, 1,03 ) 4,28 § 3,33 | 2,72 |[1,83 | 4,06 |244 |1,79 |1,44 || 1,21
1 o<\ 1072 %‘3 107 107 107 10" | 107 107 107 107 107
40, 32,] 1,8 | 1, 1,12 | 987 884 |[191 |1,73 |[1,57 |[145 |1,35 || 1,27
N 0° 0° 107 10 10 10° | 10° 107 107 107 107
50, 25,5 Q)\‘W 215 | 215 |214 |214 |[217 |216 [216 |[216 [215 || 215
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Table 4 - FIT rates of Table 3 neglecting stress versus strain non-linearity

Bend Instantaneous FIT/m in bend Averaged FIT/m in bend

diameter DV TV Y YV T D DV T B DV
(mm), % 1 10 20 30 40 50 1 10 20 30 40 50

of year | years | years | years | years | years | year | years | years | years | years | years
prooftest

stress

10, 127,4 | 1,02 | 1,32 7,11 4,96 3,84 3,15 8,43 | 1,11 6,02 4,21 3,27 2,68

10" 1072 1072 10 10 10" 10" 10 10" 10"
20, 63,7 | 2,14 | 2,77 1,50 1,03 |8,10 | 6,64 1,30 | 1,86 1,03 |7,28 |569 |[4,70
10" | 1072 1072 1072 10°° 10°° 10™ 10™ 10 1072 1072
30,426 | 7,73 | 1,10 |[599 |[4,19 |325 | 266 1,68 | 3,85 | 2,32 \(1,71 1,,3\&!\ 1,16
102 | 1072 107 107 10°° 10°° 10" | 1072 1 0/2\<\ 10 1@{ 1072
40,31,9 | 1,64 | 1,38 1,18 1,03 | 915 | 8,25 1,66 | 1,52 40 1,36\ 22 1,15
10° | 1073 107 107 10 10 10° | 107 MO @ \q)' 107
50, 25,5 | 1,94 | 1,93 1,93 1,92 | 1,92 1,91 1,94 | 193 193D 1\03 1,93 1,92
10° | 10° | 10° [ 10° |10° | 10° | 10° \{5 fﬁ& 10° 10° || 10°

6.3 _ifetime calculations Q

6.3.1 General

Compute the lifetimes that would occur—at vaxio tic stress levels o, as a fungtion of
failure probability F.

6.3.2 Lifetime formul
The lifeti
A

mg | My _

) —Oplp0q" (23)
6.3.3
Use se€ resses, as a fraction of the nominal prooftest stress o, = 0,69 GPa, in
the abpve edquation™for a fibre length L = 1 km. As a function of failure probability, this gives

the lifefime plots of Figure 6. The corresponding values are given in Table 5.

For this example, it appears that an applied stress that is 30 % of the prooftest stress is
unacceptable at any failure probability level, whereas the 10 % and 15 % values are always
acceptable.
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Figufre 6 — 1-km lifetime versus fail

6.3.4

Lifeme in years

percentages (top to bg

Calcule [ bend.
Use E hpplied
stress merical
approa ethods
produc under
bend e bf 1 m.
As a fu onding
values

Compdr&d gth in tension of the previous part, at these higher stresseq, there
isagr variation in the lifetime with failure probability. It appears that the
30 mm 50 mm bends are acceptable at almost all the failure probabilities.

Finally] Table 7 gives results when the non-linear term is not included in Equation (22). As
expected, the fifetimes are targer, since the appited Stress 15 siightty underestimated.

Moreover, the percentage deviation error from the more correct values of Table 6 increases
as the bend diameter decreases and stress increases.
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Table 5 — One kilometer lifetimes of Figure 6 for various failure probabilities

Applied stress as a % Failure probability

of prooftest stress

10" 10* 10*° 10*®
10 2,56 2,14 2,10 2,10
1011 1010 1O+9 10+8
T 7,70 6,43 6,31 6,30
10+7 10+6 10+5 10+4
20 2,44 2,04 2,00 2,00
10"° 10" 10" 10*?
or 2.82 2.35 2.31 2.30
“ 10™° 10** 10
30 7,35 6,13 6,02 6,0
10 107" 1080

'~

N\

Q|

I/ I
YA

/ /
/
/

[

S~

_‘

o

N
~

a
N
\.
~N
B > N
& 7/,{ S
N
C

Lifetime in years
N

%
%P,
| f//“m

107 107

IEC 931/11

bend dia
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Table 6 — One-meter lifetimes of Figure 7 for various failure probabilities

Failure probability

Bend diameter % of prooftest
mm stress |

6.3.5

Optica
assum
Refere
constry

taken i

107 107 10° 10°°
3,83 7,23 2,57 7,69
10 131,0 10%° 107 10"
5,28 9,99 3,54 1,06
49 e 10" 10" 10" 10
1,93 3,64 1,29 3,87
30 42,9 10 107 1073 10"
. . 6,37 1,20 427 1,28
TG0 oZ, 1 10+21 103 10+5 1 2
N
5,68 1,07 4 §
50 25,6 10+23 5

Bend diameter

% of prooftest

mm stress 5
10°

1,34

1070

1,4

10

: 4,39 1,56 4,67

30 4&5 Q\Q \%?&> 1510 1672 i

Ne

40 \( N N2 1,38 4,91 1,47
[\ A~ 3 +22 1013 10+5 10+2

0 XN 6,35 1,20 4,26 1,28
N & 102 | 10" 107 10

drop cables used in building applications as descri
all diameter low fibre count cables may be routed through ¢
similar to copper and may be subject to bends and
these demanding conditions, the strain from all sources sho
ccurately predict mechanical lifetime at the bend.

s. This
bed in
xisting
ension
uld be

The resutting faiture provabitity whenm bendsandtension are presentcan be catcutate

] using

the strip calculation. The difference in the calculation is that instead of using Equation 21 for
effective length, the calculation is done for a number of surface strips, each of which has a
different static stress. The probability of surviving the load period is calculated for each strip.
The sum of these probabilities is the probability that all strips will survive. One minus
probability of overall survival yields probability of failure and thus average failure rate.

Equation 21 is derived from assumptions that include a uniform Weibull slope and which do
not include the proof test. Doing the strip calculation allows taking the actual distribution into

account. It also allows the introduction of tensile load to bending.
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The strip calculation

Calculate the maximum bend stress, o}, as a function of bend diameter, D, as

70,33 9

Define the number of strips as ns and designate the strips with index, i, ranging from 0 to ng.
It has been found that i should be at least 20 to get reasonable results. Define 0 = i2n/ns. A

tensile —OT; - r each
strip, 4, as:
o; =max[oy, cos(d; )+ o, 0] (25)

Calculate the log of the probability of survival for each strip

(26)
where failure,
F, as:

(27)
Calcule

(28)
This cgfc d with no tension and will provide reasonable agreement with the
failure wthe previous section. The tensile load option allows one to cglculate
the failure ratesfor theycombination of bend and tension. Table 8 shows the result whep 30 %
proof tht is_ addedte’each radii for a 30 year case.

Table 8 — Bend plus 30 % of proof test tension for 30 years

Bend Failure Average Average
diameter prob/m FIT/m FIT/turn

10 1,87 10™ 7,10 10™ 2,23 107
15 9,00 10° 3,42 10 1,61 107
20 5,53 10° 2,10 10™ 1,32 102
30 2,90 10° 1,10 107 1,04 10
40 1,88 107 7,15 10 8,99 10
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Except for the purpose of comparison, it would probably be better to calculate failure
probability in a configuration similar to deployment such as one %4 or % turn. For a 10mm
diameter full turn, this works out to around 6 ppm.

7 Fibre weakening and failure

71 General

Individual cracks in the glass are considered first. Their statistical nature is treated in
Clause 10.

7.2 rack growth and weakening

It assumes that very small imperfections or cracks are distributed

For a dilica-based fibre, the critical cracks are mostly at the surfa erable
to atta fibres,
polymsg n film,
plus cg
The st

(29)
assum
Here
Y
o
a s. The
In the Dr zero
humidi acture.
For a varies
proporfionatiy.to e-varying stress applied to the crack. The factor has a maximum value

K,., called the "critical stress intensity factor or fracture toughness". This occurs when the
appliewmwww_QMmeme crack

(typically above 15 GPa for a short length of pristine fibre), so at this instant the time-varying
Equation (29) becomes

1
— 2
K. =YSa (30)

At this point, catastrophic failure occurs. Because of the required environment, inert strength
is difficult to measure, and this has led to non-unique values obtained experimentally. We
typically will use the term "strength" rather than "inert strength" to mean the limiting value of
failure stress that would be measured for "instant fracture" under static or dynamic fatigue.
(This is described mathematically in 8.4.3.) The value may have a dependence on the
environment in which this measurement would occur.
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For the fibre in a non-inert or active (ambient or hostile) environment, such as at higher
temperatures and with humidity, water, or chemical species, any applied stress will cause
crack growth to occur. This is called stress corrosion, since hydrolysis of silica bonds occurs.
The values of the shape parameter Y and the fracture toughness K. are uncertain to at least
10 %, but are assumed constant for that type of crack over a wide range of environments.

Then Equation (30) establishes a one-to-one relationship between the increasing crack size in
the active environment with the decreasing strength that could be approximately measured in

an inert environment, or for instant fracture. Numerically, with assumed values of Y =124 for
an elliptical crack under tension and K. ~ 0,8 MPa-m'/2, Equation (30) is

a(um) = 0,42[S(GPa)]2

A stren ,
In the high-strength region, 7 GPa corresponds to a crack size of onl
not mugch larger than the tetrahedral structural units of the glag

may bg i

In a ng
be related to the stress intensity factor by the empiri

This cdntains the critical cr

(33)

Here, 4 is a ma depends on the environment through the|critical
crack drowth velocity expected to increase as the partial pressure of water
increages. The expowent n is the crack's stress corrosion susceptibility
parameter, or n-ve . The power-law relationship of Equation (32) holds in th¢ linear

region || of thie Ky curve, where n is the slope of the line. This may haye little

physical basi By the results it produces in approximating experimental fesults.
Both n es a dependence upon r) depend upon the particular environment.

In the freatmen ¥, we will generally speak of strength rather than crack size, although
they afe/interchangéable via Equations (30) and (31). To calculate how a crack wgakens
(loses | strength) as stress is applied, one substitutes the stress intensity fag¢tor of
Equation (33) into Equation (32) for crack growth and eliminates crack size via Equation (30).
This gives the strength variation with applied stress

ds" () o"(1)

dt B

(34)

Here one defines the crack's strength preservation parameter or B-value (for short)

2
1 n 2 12 n Y
B =|——-1|AY“K; c =|—-1|V 35
[2 ] e (2 )C(chj )
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The parameter depends upon the environment through the earlier-defined parameters in this
equation. It will not be necessary later in this document to individually know them all to be
able to calculate B. However, to measure it is difficult (see 12.4), and quoted values may
range from 10-8 to 1 GPaZ-s.

Equation (34) can be integrated so that if the fibre is subjected to a stress history o(z), a
particular crack at an initial time 0 and of an initial strength S(0) will weaken to a strength S(¢)
given in

n-2 n-2 1t NN I7 g
S"2(t)=8 (0)—Ejoa (1)dr with o(7) < S(r) (36)
() _ |, 8%0) ¢t
or S(O) - - B -[0 (37)
The flaw does not break so long as its remaining strength eéxceed applied . Tihe last
term o 3 isti i i nd the
fibre's that in
Equati though
commgn values may range from 15 tg [ ermetic
fibres. [Moreover, a particular applied<stress k i ct on a
fibre having a higher value of B (in keepi itk
7.3
In the acture,
the crii gth in
Equati
(38)
(In ang hations
(30) an 7), one
obtains
n-2 _ on-2 _i Iy n
" 2(t ;)= S"2(0) Bjo o (¢)dt (39)
0 0'2(t ) n 2
‘o
or SO T o))y, (40)
G(lf) B 0 G(ff)

The ratio under the integral sign becomes unity at fracture. Either form of this equation
implicitly gives the lifetime tffor any stress history o(¢) in a given fixed environment.

Further simplification is useful for those cases in which the left side in Equation (39) is
negligible, that is the fracture stress is somewhat less than the initial strength. For example,
that fracture stress term is negligible (less than ~1 % of the other two terms) when

o(ty) <001 "12 S(0) (41)
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For the examples n = 15 and 30, this holds if the applied fracture stress is less than 70 % and
85 % of the initial strength, respectively. Hence if sufficient crack weakening (crack growth)
has occurred, the general lifetime equation of Equation (39) is simply

j(;f o ()dt = BS"2(0) (42)

An advantage of this form is that now B and S»n=2(0) do not need to be known separately but
only in a product. (Also, it results in the linearized plots below of Equation (46) for static
fatigue and Equation (47) for dynamic fatigue, so this approximation is often used in the
literature.)

7.4 Features of the general results

hd (40)
stress

— Crack weakening in Equations (36) and (37) and crack failure
degend on the magnitude of the applied stress and upor
apglication, as well as the crack parameters n, B.

— Thgse general results can be applied to many differentfractjcal p ~ ing fibre
weakening or failure due to applied stress. Some o » ill b below;
they include prooftesting, which is intended to b - i destructive fests of
stafic fatigue and dynamic fatigue, and predicting ; g

- Equ ple, to
the 2 nipping
perjod of almost zero stress, to the cabling \process) j . rength
dedrease during each period (from beginnih

— Allt ' stress
alone. For a fixed enviro men i , i changed
with time. This i J‘e with
temperature and versus
enVironment have

- Str\lngth car@} called
zerp-stress reglon the small-flaw strength often decfeases;
whereas in the € } e  strength of the larger flaws sometimes incfeases.
Experiments vetirn the two phenomena, and, if the effects qre not
separated, ; ogUlts can produce incorrect estimates of the [fatigue
paramete

— Forl retiabl at areful engineering judgement is required concerning the load-
time k| Yothe enyironmental conditions the fibre experienced before installatipn, the
strgngth™di ' e fatigue parameters, the ageing characteristics, and the sjresses
and envirehin xpected in the field application.

7.5 5tréss and strain

Instead of using stress, one may speak of the associated fractional increase in length, the
strain ¢. The two are related in References [2] and [3] by the quadratic relationship

o(€) = Fo(1+cée)e (43)

Here %o is the zero-strain Young's modulus which has values of 70,3 GPa to 73,8 GPa. The
non-linearity term ¢ has ranged from 3 to 3,3 for axial strain; we will use the former here. Due
to asymmetric stress distributions, the value changes in other geometries are discussed in
Reference [4] and briefly in 10.3. In this technical report, stress will be used rather than
strain. Inverting Equation (43) gives strain in terms of stress
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1
(E§ + 4E0c0)2 —Eg
2Eoc

glo) =

(44)

A stress of 0,7 GPa, typically used as a prooftest stress, corresponds to a strain of 0,92 % to
0,97 %.

We assume a perfectly circular glass fibre with a diameter of 125 um and ignore the coating
contribution to load. Then 1 GPa stress is equivalent to a force of 12,272 N or a load of
1 251,4 df.

8 Fa|tigue testing

8.1

We no
measuf

BS"2.
measur

8.2
In stat|

weake;
shown

If the
approx

This ha

Seneral

bt crack of initial strength S breaks\at an of attare time ¢,
schematically in Figure 8. From/Equation (40) the failure lifetime is

stress-to {
mate life i used, then this has the reduced form

tercept" value

t7(1) = BS™ 2

This stress hi

may be
5 fibre
roduct
meters

ntil the
story is

(45)

small, such as in Equation (41), or]|if the

(46)

(47)

which
time.)

epends upon the units used. (Note that this Intercept does not have the dimension of
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Failure time

In stat

The dg
interce
extrapd

discusy

pt of Iogtf(1) (This

ed|n844 thi

Failure time ;g<

Iatlon beyond the ata paints. )

InterGept lo 1)

of specimens. From

(48)

Vertical

used, and may require a straight-line
gwn schematically in Figure 9. Acgording
large applied stress or weak flafs. As

Approximate
equation (8.1.2

(5.1.1)

\\
Exact equation /

Applied stress log g,
IEC 933/11

Figure 9 — Static fatigue: schematic data of

failure time versus applied stress
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8.3 Dynamic fatigue
8.3.1 General

This test is performed in either of two ways. In one, the stress is applied until the fibre breaks.
In the other, the stress is applied to a maximum value or until the fibre breaks, whichever
occurs first.

Applied stress rate,

a= ; Failure
d stress

Applied stress o(¢)

o

or

Failu
ti

Time ¢

IEC 934/11

8.3.2 Fatigue to breaka

bpplied
e time

In the [more common
stress rate o, u
t;, or dynamic fail

(49)

This S:L wn schematically in Figure 10. (Do not confuse ¢; with prooftesting

dwellti From Equations (39) and (40), the failure stress is
1

. (cnd—2 U;,;—Zj}n;+1 (50)

(o \_|—/ 1Y)
Uf \Ua, L\Ild T |/uduaku

If the stress-to-strength ratio is sufficiently small according to Equation (41), or if the
approximate lifetime of Equation (42) is used, then this has the reduced form

1 1
or(0q)= [(nd #NBg6,8" 2 |t = o (o (51)

This has the unit-stress-rate "intercept" value

1

or(1)= [(nd +1)Bds"d‘2]ﬁ (52)
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which depends upon the units used. (Note that this intercept does not have the dimension of
stress.) (One can also work with ¢; versus oyor o,, but these formats are less common.)

In dynamic fatigue testing, different stress rates are applied to different sets of specimens.
From Equation (51), a In-In plot of failure stresses versus stress rates gives

. logo

logo +(c,)~logo (1) + a
gos(o,)=logo ,(1) no 1 (53)
The d = il ertical
intercept of Iogof(1). (This value will depend on the units used and may réquireNa straight-line
extrapglation beyond the data points.) This data is shown schepratic igure 11.

According to Equation (50), non-linearities are expected for large I weak
flaws. As discussed in 8.4.4, this can lead to errors in measuring n:

Failure time log oy .
proximate

equation (8.2.3)

\ ‘Exact’ equatior

(8.2.2)
Intercept log oy(1)74

\/& Applied stress rate log o,
IEC 93%/11

— Dynamic fatigue: schematic data of failure time
versus applied stress rate

8.3.3 aximum stress

For long-term reliability prediction, it is useful to obtain data in the low-strength low-fracture-
probability portion of the Weibull distribution discussed in 10.2.2, 10.5, and 10.8. Except for
fibre deployments that involve very high stresses, very tight bends, or rather high allowable
failure probabilities, it is these cracks that are more important. One method of characterizing
these cracks is dynamic fatigue testing with censoring.

According to Reference [5], the method differs in several ways from the usual dynamic fatigue
testing. The gauge length is longer, and more samples are used. Both these factors mean that
a very long length of fibre is tested. Only one high strain rate is applied, and the resulting
applied stress is limited to a maximum value o, Wwithin the lower mode of the Weibull
strength distribution. The stress history is similar to that of Figure 10 with a constant stress
rate, but with the highest stress being either o, with breakage or o,,,, without breakage. The
latter is more common, and this means that a smaller fraction of fibre from a longer sampled

length is broken.

More details of the measurements and calculations are given in 8.4.2 and 8.4.3.
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8.4 Comparisons of static and dynamic fatigue
8.4.1 Intercepts and parameters obtained

The parameters n, B obtained statically or dynamically should, in principle, be equal for the
same environment. With a few exceptions for the n-value, we will drop the subscripts s and d
from this point forward. Then Equations (47) and (52) relate the intercepts as

O_n+1(1)
BS"2 =4, (1)=—L 4
r n+1 (54)

8.4.2 Time duration
Static flatigue experiments are usually carried out over longer period onths)
and may be conducted in a hostile environment (elevated temperat ssible
chemidal species). Dynamic fatigue is usually carried out o%ve f time
(seconfds to hours), often (but not always) in an inert or ambient many
applicgtions, it is necessary to assess the strength distribdtiqn\in of the
prooftest stress, usually by dynamic fatigue testing.
Solving Equation (46) for tf('l) and Equation (51) for o

(55)
This syggests that if the stress,
then ag in Reference [6]

(56)
where results
from dividi
In an g \ proach \two flaws of different initial inert strengths S, S, prior to static and
dynam '

-2 2
R
o B (57)

and from the "exact" dynamic failure stress Equation (50)

s n—2 o_3
P2 = 1+—f. (58)
oy (n+1)Bo,
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Equating the left sides leaves

(59)

Equation (55) was applied to dynamic and fatigue results taken at several laboratories on the
same fibre measured in various deployment geometries in Reference [6]. When the non-linear
corrections of Equation (43) and the area corrections of 10.2 were incorporated, the static and
dynamic n-values in a static fatigue type plot fell on the same line. However the slope of the
line varied to give n-values ranging from 17 at high stress/short time to 40 at low stress/long
time.

8.4.3 Dynamic and inert strengths

From Equations (49) and (50), the ratio of inert strength to~fai stress or\’dynamic
strength") is

(60)
which ppproaches unity as the stress MCr y high
stress fates are sometimes used to expérimenta
8.4.4 Plot non-linearities
In stafic fatigue, the[Mailure S eases,
accord|ng to Equation|(43)/F failure
time vanishes. he\plot op | S o, according to Equation (48), the morg exact

Equatipn (45) le a

o ng—2
ng —2( Sa J
fatigue logarithmic slope = - " (61)
1-[%a ]|
S

As the| applied stress increases, the plot of Figure 9 will curve downwards such that the
absolutewalue of the anpp increases from 0 to highpr values so that the apparemt ng is

larger.

In dynamic fatigue, the failure stress or dynamic strength increases with stress rate,
according to Equation (50). For example, if n; = 15 and 30, increasing the stress rate by a
factor of one thousand (which is often done in dynamic fatigue testing) increases the dynamic
strength by 54 % and 25 %, respectively. Moreover, the proportionality factors relating the two
strengths depend upon the environment (through B and r). These factors impact the manner
in which vendors or users can specify "strength"”.
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For the plot of In Oy versus In da according to Equation (53), the more exact Equation (50)
leads to a

dynamic fatigue logarithmic slope = ! (62)
(nd _2)de-a
(ng + )1+ 3
o

As the applied stress rate increases, the plot of Figure 11 will flatten somewhat such that the
value of the slope decreases from (n,+ 1)-! to smaller values, so that the apparent n, is
larger.

Becaug 8.3.2,
increag Ppness
of the gynamic fatigue curve at very low stress rates are observed b static
and dypamic n-values converge.

8.4.5 Environments

The dd on. An
unders crack
growth|would permit the "mapping" frg Kirojs e mit the
use of ghorter-term "accelerated ageing" i i onger-
term segrvice in more benign environmen

In a tnuly inert environment, the failure 9 lhis is

equivalent to putting eith

9 Prpoftesting

9.1 Seneral

This ¢ reduces "infant mortalities" and determines important

reliabil

NOTE This alue, and this is done for theoretical completeness only. There are 3s yet no
agreed 1« B, and Clause 9 develops theoretical results for the special case in which B can be
neglected.

9.2

Prooftesting—requires—that a—nominally constant prooftest stress & be—applied—seguentially
along the full length of the fibre. Unlike fatigue testing, it is not performed necessarily to
failure, although, as discussed in 10.6, a breakrate (failures per unit length) N, is statistically
expected. This is done during fibre manufacturing, on-line as part of the fibre drawing and
coating process, or off-line as part of the testing process.

The stress history of prooftest stressing, shown schematically in Figure 12, is

— stress loading from near-zero to the prooftest stress, during a loadtime 1,

— constant prooftest stress o, during a dwelltime ¢; (symbol not to be confused with the
dynamic fatigue failure time defined in 10.3.),

— stress unloading from the prooftest stress back down to near-zero, during an unloadtime
¢

ur
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Consider a fibre prooftested at a fibre speed s. The loading/unloading time across a quarter

turn of a wheel of diameter D is then ¢, = Z—D. The fibre dwell-length is sz,.
S

As shown in Figure 12 and References [7] to [10], it is assumed that the load and unload
processes are essentially linear. The load and unload portions are similar to dynamic fatigue,
and the dwell is somewhat similar to static fatigue. The differences are that the maximum
applied stress (the prooftest stress) is limited and that breakage does not necessarily occur.
Since this topic is particularly complex, equivalence to equations in the references (often with
varying approaches and notations) are given in the development below.

Applied stress o ()

Proofstress o,

{
N Mﬁ)

\ — Time ¢

Unloadtime 1,

IEC 936/11

9.3 Crack weakeni

Equatipns (36) a 5 initial
"inert" strength S b esting,
where
(63)
Here the efféctive prooftime is given by
tl +tu
t, =ty +——— 64
P d n+1 (64)

(This is equivalent to Equation (7) of Reference [7].) In this equation, the loadtime ¢; and
unloadtime ¢, in the fraction contribute little to the effective prooftime. As an example, if
n > 20, and neither the loadtime nor unloadtime exceeds 10 % of the dwelltime, the fraction in
Equation (64) constitutes less than 1 % of the effective prooftime. This shows that the
dwelltime ¢, should be kept small so as to minimize the fatigue of the surviving cracks.

A crack that has an initial strength (before prooftesting) not exceeding the prooftest stress will
weaken and break during loading. A stronger crack will weaken and will break during the
dwell if its strength degrades to the prooftest stress. If it survives the dwell, it has a strength
S,(0) just before unloading at least equal to the prooftest stress; however, further weakening
occurs during unloading. During a time ¢ into the unloading, the applied stress is
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(65)

(66)

Using Equations (65) and (66) in Equations (36) and (37), the monotonically decreasing crack

Strength dm;ny un:uad;ny tsobtainedas

n=2¢,y _ oh—2 . O-;l’t” a4
S2(¢) = 5772 (0) e {1 [1

(This ig equivalent to Equation (7) of Reference [8].)

9.4 Minimum strength after prooftesting

9.4.1 General

For thf weakest crack just surviving tf pinimum  final
Equati

There

unload ates to the dimensionless quantity

whethg

9.4.2 Fast-uhloading

strengt

n (63) equals the minimum stren [ i ' Equation (67), so that

is determined, depending upon whet

Here t||1e Wweakest crack just before unloading has its strength equal to the prooftest

(67)

n from

(68)

ner the

(69)

portant

stress,

that is,

Sumin(o) =0p

(70)

During unloading, the decreasing strength from Equation (67) is larger than the rapidly
decreasing unload stress of Equation (65), so that fracture does not occur. The rates of

decrease for both strength and applied stress just before unloading must satisfy

dS, (1)
dt

t=0

(71)
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Applying Equation (66) to Equation (67) and using Equation (69) implies that « <1. Then
Equations (67) and (70) give the minimum crack strength after prooftesting

S min =0 p| 1 "2 1_n=2,\n2
pmin =90 e | P et (72)
B
for a <1or ¢, S(n—2)—2
Op
(This ig equivalent to Equation (9) of Reference [8].) For fast unloading, B2 By
9.4.3 Slow unloading
Here the weakest crack just before unloading has its strength e thelproeftest |stress,
that is,
(73)
For failure at some time ¢ during unloadi ) 4 equals
the degreasing unloading strength of t i
(74)
where p, . is a minimum value 4) into
Equation (67) gives the minj
1
2 -2
% min L "
(n +1)B} (75)
(This i ivaler Equation (9) of Reference [7].) The unknown minimum failure| stress
Omin C4n be armined by noting that at the critical survival time t, the strength and stress
curves do not quite intersect. They are tangential, so that at that point
dS (1)
u\ 7 -0
dt i “ (76)

Equations (76), (67) and (69) leave

o3
=(n-2)Bo, =—= (77)
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This and Equation (74) imply that « > 1, and Equation (75) gives

1 1 1

1 —
Spmin :(%j”—z [(n_z)Bd-u]g:Gp( & j"—za 3
n

e+ (78)
B
for a>1or tu Z(I’l—2)—2
Op
(Theseg| are equivalent to Equations (10) and (11) of Reference [7], and /o uation (10) of
Referepce [8].) For slow unloading, B < By.
Note that here the unloading rate is the only prooftest (non-crack) ng the
minimym surviving strength (which is now independent o itself).
Equatipns (72) and (78) both show the importance of minimizing s sfated in
IEC 60[793-1-3.
944 Boundary condition
At thg boundary between the fast-unload conditions, a =1. Then
Equatipn (69) gives the transitional B-

(79)
which pan also be solyedor nimum
surviving strength at t

(80)
9.5 Va
One effect\qf inggeasing ( 5S is to
increas ipi surviving strength according to Equations (72) and (78). Another is to
increage the fibre~hreakrate (or decrease the survival length), as will be shown in Clatise 10.
This hkfs been used in References [11] and [12] to probe the low-strength distributign over
long fiblrerlengths _and is detailed in 54 1

10 Weibull probability

10.1 General

So far, single cracks with deterministic values of particular parameters have been considered.
Now it is assumed that for a particular type of crack most parameters are constant but that

strengt

hs are statistically distributed in value.
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10.2 Strength statistics in uniform tension
10.2.1 Unimodal probability distribution

We assume a fibre of circular geometry that is uniform along its length. When simple
longitudinal tension is applied to it, there are two degrees of stress uniformity, both along the
fibre length and in the fibre cross-part. (Fibre volume or surface area may instead be used as
the prime dimension.) Call N(S) the cumulative number of flaws per unit length having an
"inert" strength equal to or less than S. If a fibre length L is put under stress, call P(S,L) the
cumulative survival probability up to the strength S. (A parallel derivation can be made in
terms of the flaw size a.) In this "weakest link" model, the incremental probability that the fibre
fails in the strength interval Sto S + dS is

[1—=P(S+dS,L)]—-[1-P(S,L)] (81)

This equals the probability of survival to the failure strength times tityNproportjpnal to
the number of flaws in that strength interval

P(S,L)AL[N(S + dS) — Ni (82)
where i using
the bol ibption

(83)
(Usual P. e use
P to sir

(84)
where
Using E e [13]

(85)
The bc
failure 4

i . il
measured at a gauge Iength LO, correspondlng to a survwal probablllty of e=1 or 36,8 %. The
"inert" m-value is related to the variance or 'width' of the distribution with respect to strength
and determines the variation of strength with fibre length. Furthermore,

=mIn— +In— (86)

so that for a fixed length, a scaled cumulative failure probability plot versus inert strength
leaves a straight line of slope m. Increasing the length will increase the probability intercept.
(Prooftesting will distort the distribution, as discussed in 10.6.)
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The probability distribution function, a continuous "histogram" of the survival population, is

P m LS
S Sy Lg

m—1
p(S,L)=——=—— —J P(S,L) (87)
So

This is related to the number of flaws per unit length having an "inert" strength S given by

- - (@)
Uo p oy s \U,LA, UUL
Here Ejquations (83) through (85) and Equation (87) have been used,
For a given survival probability, the strength can be predicted f i rms of
the gadge values
(89)
Similarjy, for a given strength, the survi
(90)
Extrapolation to longer fibxe g i seuations is uncertain, since weakdr flaws
of a "gifferent type" ms i {Veibull

paramgters as per. the

10.2.2

If therg o0 main ways of statistically describing them ac¢ording
to Ref \ flaw distributions, both flaw types are presenf in all
specimens. iSN &_Ca with specimens from one manufacturer. Here, the gurvival

probabiili istributionsis\the product of the individual survival probability distributions f¢r each
flaw ty flaw distributions, a given specimen may contain only one flay type.
An example pecimens from two manufacturers. In this case, the survival propability

distribdtion is of the individual survival probability distributions for each flay type.
Partially cancurrentdistributions can also be modelled.

Fibre flaws are likely of the concurrent type so that the Weibull assumption of Equation (85)

becomes
s\ L s\ L
P(S,L)=-exp —( ] —[ J 91
{ So1 Lo\ So2 Loa (1)

Here (m4, Spq1) and (m,, Syp) characterize each flaw, while gauge lengths Ly,, Ly, provide a
weighting factor for the two flaw types. This type of distribution can describe the “knee” found
in plotting measured data. The steeper distribution of high-strength breaks is attributable to
silica bonding, and this is the region of "intrinsic" flaws. The lower-slope distribution of low-
strength "extrinsic" flaws is introduced during the manufacturing process. Prooftesting will
generally affect only the latter segment of the population distribution.
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Plots with negative curvature can be fit to exclusive or partially concurrent distributions.

10.3 Strength statistics in other geometries
10.3.1 Stress non-uniformity

It is usually assumed that the glass fibre is perfectly circular, with a radius a, constant with
length L (although non-uniformities can be corrected for in principle). The effect of the coating
on stress calculation is often neglected or only approximately accounted for. The treatment in
the text until now has been for longitudinal tension in which the stress is uniformly applied

along the fibre length. Stress then equals the fraction [tensmn/(;ra ). With non-uniform

stress, i i obabHity } j : istributigns has
S™mL relaced b igible)

I= LS’”(A)dA (92)

Two cgnfigurations have commonly been treated mathema 5] and

[16].

10.3.2| Uniform bending

Here g bend of radius R (with respeg i8),
length |L,, as around a mandrel. The\tesul{ing applied<stres
length,|but it varies on the fibre surface =

pplied uniformly along [a fibre
is Uniform along the bept fibre

(93)
In the ¢ross-part of the ne and
passing through the fi of the
fibre b¢nd and i@

(94)
using the ce [4].
For a fj ith i p = 125 um, the error in calculatmg stress while neglect ng the
non-lin Iso, a
maxim upon
the asqumed’'value of Young's modulus).
The incremental area at the above stress is

dA = Lya,d® (95)

Integration according to Equation (92) leaves the Weibull forms similar to Equation (85) and to
the later Equations (100), and (107), but with the bend length replaced by the equivalent
tensile length

L. ¢~
L:—bIZSin *0d o (96)
T Y0
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This defines the length in uniform straight tension at the maximum stress 0,5, giving the
same probability distribution as for the real length under uniform bending. This result applies
to the approximate Weibull static distribution of Equation (101) and to the approximate
Weibull dynamic distribution of Equation (108). It does not apply to those distributions after
prooftesting in Equations (122), (132), and (138).

A better fit for Equation (96) is

Ly,
L~04—
I (97)

a result independent of the bend radius. In this equation there is the fact

(98)

using |nert, static fatigue, and dynamic fatigue paraméie
length |s some fraction of the real bend length.

The eqyivalent

10.3.3| Two-point bending

both in| the fibre cross-part and length, value at the mid-point of the

Here the fibre is bent between parall he tension is non-lLJ]niform,
outsidg of the bend. Similar to Equation (5 > eferénce [4], that value is abo

t

(99)

where D is the § er, the
equivalent tensile ) - as t at stress increases, and the anaIyS|s becomegs very
complicated, as inAR pm at
typicallfailure strqi

Now conside A i gsti , i i -i i ient or
hostile i affects the inert Weibull probability distribution introduced ip 10.2.
Then gdd ¢ ing of Clause 9, which affects mainly the low-strength extrinsic|region
of the bimodal(distributionn. We show how both static and dynamic fatigue testing presefve the

linear nature“of the distribution, but prooftesting distorts and truncates it.

Howev r~in fs\flglln fnchng, the Qppllnr{ stress and the failure stress are ||e||9||\]/ Is\rg br than

the prooftest stress. This is not so for most practical longer-term service conditions. The
Weibull parameters obtained this way apply only to the high-strength segment of a bimodal
distribution and cannot be extrapolated to lower failure probability values. To obtain values
that apply to the lower-strength segment including the prooftest stress region, longer fibre
lengths must be tested. An example is given in 8.3.3.

10.4 Weibull static fatigue before prooftesting

For a particular value of stress g, applied to a fibre length L, there is some statistical variation
in the measured failure lifetimes ¢. The initial strength prior to static fatigue is given by
Equation (57), which substituted into the Weibull probability Equation (85) leaves the static
survival probability
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B \"™
tf +72
P(t ;) =exp| - N
! o (100)
te\™ B
~ exp| — L whent, >>—- (101)
o . 3

(The psual approximate form in Equation (101) is equivalent \to Equation|(5) of
Reference [17].) Here the static Weibull parameter is related to the "inefrt" usually
known) via

(102)

The Weibull time-scaling parameter is

(103)

where (104)
These [depend @se from
static fptigue testirig on\ga 2.
From gny probab

(105)
A con es are

e (36,8 %) or % (corresponding to the median lifetime). Furthermore, from Equation (100)
one obtains

=myIn|—Za (106)

so that a scaled cumulative failure probability plot versus failure time leaves a straight line of
slope m,. This preserves the form of the inert Equation (85) and is shown schematically in
Figure 13 for a bimodal distribution.
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Cumulative failure probability
In'In (1/P)

mg2 , 102

Intrinsic
region

ms1, 101

Extrinsic

region <\
Xﬂure imM
IEC 937/[1
: eibulivlo

tistical
variatign in the measured failure stresses e ThitiaNstrength prior to dynamic fafigue is
given by Equation (58) whi j leaves
the dynamic survival prob

Figure 13 — Static fatigue sc

10.5 Weibull dynamic fatigue befoye

(107)

:
o\
@z exp| — (—fJ when 0'? >> (n+1)Bo, (108)
[oXy) -

(The psual approximate form in Equation (108) is equivalent to Equation|(6) of
Reference [17].) Here the dynamic Weibull parameter is related to the "inert" m-value (not
usually known) via

[ n+1
mg = P m (109)

The Weibull stress-scaling parameter is

1

[(n+1)B5,1""
90 1 (110)

L™
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n+1

_ n—2y mq
B=BSy "L,

(111)

These depend upon several crack and measurement parameters and can be calculated from
dynamic fatigue testing on a fibre length Lj at several applied stress rates, according to 8.3.

From any probability value, one can calculate

A con

e~ (36,8 %) or % (corresponding to the median failure

Equati

so that
of slop
Figure

nient point is the "intercept" for unity failure stress; convernien

n (107), one obtains

e m,. This preserves the form of
14 for a bimodal distribution.

Cumulative failure probabi
In'In (1/P)

9,

Extrinsic
region

mqg2, 602

Intrinsic
region

(112)

les are
from

(113)

stress leaves a straight line
nd is shown schemati

cally in

Failure stress log or
IEC 938/11

Figure 14 — Dynamic fatigue schematic Weibull plot

From Equations (102) and (109), the static and dynamic Weibull parameters are related by

my = (n+ 1)my

(114)
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Then comparing Equations (103) and (110), the static and dynamic Weibull parameters are
related by

n+1

ot = (n+NWo,0o; 1o (115)

This is analogous to the relation of static and dynamic plot intercepts given by Equation (54).

10.6 Weibull after prooftesting

Here it is shown how the "inert" strength d|str|but|ons of 10 2 are modified by the prooftest
procedgre—Fatighe—testing—probes—fibre—su prebabi byv—breakirg—ranry—samples of
limited|gauge length. On the other hand, prooftestlng is applied to the whole fibxe lendgth with
the intgnt of breaking only those cracks with strengths below some sp 5C ied-minimum| value.

As disqussed below, this enhances the survival probability of the remaining usable fibre
As a function of final strength S after prooftestrng, the enkfanced\ suxvival p Qbabijlity P,
equals g, divided by
the sur prooftes{ stress
(116)
Now W i i i - bimodal Equation (91) usually
applied. i i flaw region around the prooftegt level,
the firs i
(117)
For simplification evseveral variables implicit in P_, and will use InPL to
P
eliming
The rig Qf S equation is always non-negative, and zero for certain survival Pp =
1. If tH 8 - P, < 103, which is generally the region of pfactical
interes ,‘ may be replaced by F, to within an accuracy of 0,5 % or better

The minimum initial strength at the prooftest stress level is related to the number of failures
per unit length (breakrate) during prooftesting, obtained by Equations (84) and (85)

N, :(Sm_m] 1 (118)

Then Equation (117) becomes

1 s Y
In Pp(Sp):Nle:(Smin] LO} (119)
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(This form is equivalent to Equation (19) of Reference [8].) Taking the mean with respect to
length shows that N, is the mean breakrate, ideally a small number. It is convenient to define
the mean survival length after prooftesting

1 So )"
Lp=N—=( ° ] Lo (120)

using Equation (118), ideally a large number.

For the_above equations, Equation (63) relates strength before prooftesting to strength after
prooftesting; it also relates their minimum values as

-2 2 9
SZmin = Sein ~ (121)
where |the minimum strength for cracks just surviving<the [ : en by
Equatiins i (121),
Equatipns
(122)
(Equatfon (122) is equiva onless

positivé new term is defined
<> __pmin_ (123)
r'p

(This term is €QqQuiva to ation (20) of Reference [8].) For fast unloading this is

B
2
o n+1
c=2» when 1, < (n-2)—- (124)
ty o5
and for slow unloading this is
1
2 n+l |3
3 n-2\"°| B B
= > when ¢, 2(n—2)—2 (125)
(n+1), t, o5 o5
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At the fast/slow unloading transition point, one has the transitional value

B t B
Co=—0 o3 M ypeny, = (n-2)2% (126)
n+1 ooty (n+N(n=2)1, oy

By is the transitional B-value of Equation (79). To obtain the above, Equation (69) for a and
Equation (64) for 1, have been used.

By Equation (123), prooftesting ensures an inert strength exceeding

(127)

(This 4 ) This, aIOng with
Equatipns (121), (118), and (120), gives the prooftesting mean k : d\reciprocdl mean
survivdl length as

(128)
The B-yalue can be obtained
2
- m
opt,(1+C)L, (129)
Alterng ) beshtained from fatigue testing, as in 10.7 and 10.8.

Unlike
Weibul

oh (90) for inert strength without prooftesting, a post-prooftest
om Equation (122) such a plot has the slope

m

-2 -2 2 |51
slope (S ) = mCS; (CSZ ' SZmin )”—2
pe(s.,) = _ m (130)
-2 -2 |, 5 _
(CSZ + S;n;min )n72 B S;nmin (1+C)n2

The effect of prooftesting is such that as the inert strength increases from the truncated value
of Equation (127), the slope rapidly decreases from infinity to » — 2 and then towards m, the
slope without prooftesting. For bimodal distributions at lower strengths, usually m < n — 2; at
higher strengths, usually m > n — 2, according to Reference [9].

Note that as the prooftest stress and prooftime go to zero, so does the minimum strength. The
probability distribution of Equation (122) reduces to the linear form of Equation (86) before
prooftesting.
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10.7 Weibull static fatigue after prooftesting

The post-prooftest stress strength similar to Equation (57) is given by

2
2 2|, Galy
Sy =04 [HTPJ (131)

Substituting this into the survival probability of Equation (122) gives the static Weibull
distribution after prooftesting

1 B
In = tgp +— o8 +t,0% (132)
/4 a T'p®p
Pp(’ﬁv) [{ 03}
From Hquations (104) and (129),
p"s =B"SI'L = (133)

In Equation (132) the numerator is z
ensurep a static failure time

1, so that prooftesting

(134)
(This [result c@o With
Equation (124) forfagst s
(135)
and wif
1
3 (o, 2 n-2 B e B B
)4 n-
P -— when ¢, 2(n-2)— 136
Jfpmin n+1(o'aJ (tu] {GgJ 2 u o2 (136)

Unlike the situation of Equation (106) for static fatigue without prooftesting, a post-prooftest
Weibull plot is not linear. The effect of prooftesting is such that, as the static failure time
increases from the truncated value of Equation (134), the slope rapidly decreases from infinity
to unity and then towards m, (the slope without prooftesting). For bimodal distributions at
lower failure times, usually m < I; at higher failure times, usually m > I. As the prooftest
stress and prooftimes go to zero, so does the minimum failure time. The probability
distribution of Equation (132) reduces to the linear form of Equation (106) before prooftesting.

With C << 1, the result of Equation (132) and a less exact Equation (131) would be
approximately equivalent to a result [B] given in Reference [19].
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10.8 Weibull dynamic fatigue after prooftesting

The post-prooftest stress strength similar to Equation (58) is given by

3
o
Sn—2 _ Gn—2 14 Jp
P v (n+1)Bo,

(137)

Substituting this into the survival probability of Equation (122) gives the dynamic Weibull

distribution after prooftesting

mgq
o1 n+1
n 1 = Jp +BO'J”,_2 +6;tp
Pp(O'fp) (n+1)0'a P

From Hquations (111) and (129),

In Equation (138) the numerator is i = 1, so that proof
ensure i

If the 1
solutio

1

. n+1
G pomin = (n+No,0,t,C]

With Eguation (140) and Equation (124) for fast unloading this becomes

1

B n+1 B
O fpmin ¥ 10,0 (n+1)—-—1, when ¢, < (n-2)—-
O'p O'p

and with Equation (125) for slow unloading this becomes

(138)

(139)

testing

(140)

Ximate

(141)

(142)
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l n+1

(-2 "% ol ® B
O fpmin ~{ 30, — B when ¢, > (n-2)—-

2
u Op

011(E)

(143)

Unlike the situation of Equation (113) for dynamic fatigue without prooftesting, a post-
prooftest Weibull plot is not linear. The effect of prooftesting is such that as the failure stress
increases from the truncated value of Equation (141), the slope rapidly decreases from infinity
to n + 1 and then towards m, (the slope without prooftesting). For bimodal distributions at

lower f.

that as
The pr
proofte

With (
approx

11 Reliability prediction

111

The th
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stress [level, flaw conditions. Careful
enginepring judgement is<teq

In-servjice lifetime angd ate can be calculated for various fibre
historigs as foll an arbitrary stress history to failure, the
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fatigue
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nge with time, although crack

rack strengths are statistically distributed along th
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The preceding static fatigue probabilities explicitly contain failure time, so that lifetime may be
extracted. As an alternative to lifetime, one may calculate the failure rate per unit length and
per unit time. The instantaneous value, derived from Equation (8) of Reference [20] and
Equation (20) of Reference [21], is given by

J’F -70°P
P&, Pa

/Ii(tf) =

S S

(144)
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