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Chapter 1
Introduction
1.1 OPTICAL FIBERS
In the past decade telecommunications by wire bas been developed from transmission of electrical signals through copper conductors to optical signals through
glass fibers. Because of their small size and weight, their high potential bandwidth (up to 105 GHz) and their low attenuation (down to 0.2 dB/km at a wavelength of the transmitted light of 1.55 µm), optical fibers offer the best solution for most telecommunication applications [1]. There bas already been huge
investment in optical fiber in the tronk network, and this is set to increase
dramatically as fiber is introduced into access networks. Optical fibers also
penetrate into cable television networks. Not only copper fears competition from
optica! fibers, also intercontinental satellite links loose a part of their market to optical submarine cables now.
Optical fibers are made from fused silica glass. Due to a higher refractive
index ia the inner (core) glass than in the surrounding (cladding) glass, light
rays that hit the core/cladding interface under a sufficient small angle are
kept within the region of the core. In telecommunications both single mode (rays
under only one angle can be transmitted, the fundamental mode) and multi mode
fibers are used. In the Jatter case the refractive index in the core usually has
a special profile, called graded index, to minimize dispersion [1].
Optical fibers for use in telecommunications are produced in two steps.
First a preform of high purity material is made. The core is made by chemical
vapor deposition, for which several techniques exist [l]. Prefabricated fused
silica tubes (synthetic or natura!) can be sleeved around the core (a prefabricated tube is also necessary to start most deposition processes). The second
step is to draw the actual fiber from the preform. For this the preform is
heated in a furnace to about 2000°C. To prevent mechanica! damage at the fiber
surface during handling, a primary coating is applied on the cooled fiber before
the fiber is wound on a spool. This coating usually consists of 2 layers of uvcured acrylate, one soft buffer layer (to prevent micro bending which can cause
attenuation increase [1]) and one hard outer layer (to protect against external
mechanical damage).
1.2 MECHANICAL BEHAVIOR
In order to protect the huge investment in optica! fiber it is important that
any possible failure mechanisms of the fiber are understood. These mechanisms
1

can be of optical nature, e.g. attenuation increase, or of mechanica) nature. In
the latter case a distinction can be made between handleability problems and
spontaneous fracture. The handleability is of importance because it must be possible to handle and splice optical fibers also a long time after installation,
e.g. to connect a new customer or for reparation purposes. Handleability problems due to coating aging are weakening of this protective coating, colour
changes (identification) and bad stripping performance (splicing). This thesis
focuses upon handleability problems due to aging of the fused silica and upon
spontaneous fiber fracture.
Optical fibers behave differently from most other materials. They are brittle, but are not weak. Optical fibers with a diameter of only 125 micrometers
are able to withstand a tensile force of 60 Newtons for a short time, which make
them comparable to the strongest steel. A problem is, however, their lower
strength in the case of prolonged load due to stress enhanced crack growth
(stress corrosion). Moisture, which is always present in air, influences this
stress corrosion significantly. Another mechanism that can weaken the fiber,
mainly occurring in the presence of water, is zero stress aging. This phenomenon
is treated in Chapter 4.
1.2.1 Strength

Optical fibers are made from fused silica glass surrounded by a protective coating, usually a double layer of uv-acrylate. The strength is almost entirely determined by the strength of the glass. lt is not easy to estimate the theoretical maximum strength. In this section some ways to roughly calculate the
strength are given. The strength is constructed from equalization of the work
done to fracture bonds and to create new surfaces. Calculation with sine, Morse
or nonlinear elastic stress-strain relations already gives large differences.
Because the surface energy and crack tip radii are not exactly known, a description with stress intensity, assuming constant crack-tip radius, is very popular.

Figure 1.1 Ring structure of Si-0 tetrahedra in fused silica.
2

Fused silica consists of ring structures of Si-0 tetrahedra [2] (Figure
1.1). A rough estimate of the mechanica! strength of the Si-0 bonds in the glass
structure was proposed by Orowan [3]. He argued that the tensile stress cr between two neighboring atomie layers in a perfect solid, with distance <lo when no
stress is applied, as a function of strain e can be approximated with a sine
(Figure 1.2). Fracture occurs at the maximum value of the sine, at crrn and Em.
The ratio between crm and Em follows from the measured Young's modulus E0 , the
slope in the origin. The surface under the sine, when plotted as a function of x
= a 0(1 +E), represents the work done for fracture (per unit of area). Because at
fracture two surfaces have to be created, this work shall at least equal 2 times
the surface energy y:

2y

(1.1)

Substituting the ratio between crm and Em, expressed in E0 , an estimate for the
mechanica! bond strength crm follows:
(1.2)

Griffith [4] obtained an estimate for the surface energy y of fused silica of
0.56 J/m2 by extrapolating the measured value around the "melting point" to room
temperature. With values E0 = 72 GPa and a 0
0.25 nm (now radius of ring in
silica) [5] (see Appendix G) the mechanica! strength of the Si-0 bonds in the
glass structure results in a maximum stress of 13 GPa. Note that fracture surfaces differ from equilibrium surfaces, which makes the estimate questionnable.
It shall be bome in mind that the sine in the above estimate is only an
approximation. The Morse function gives a better description of the stress between atoms with a covalent bond [6] (Figure 1.2):

(1.3)

Analogously now exactly half the maximum strength compared to the one from the
sine approximation is found. Note that the Morse function has to be integrated
to infinity. On the other hand measurements of the stress-strain relation show
an increasing slope at higher stresses [7] (Appendix A), just the opposite of
the behavior of the sine and Morse function. This anomalous behavior is explained by the fact that, when fused silica is stretched, the ring structure
deforms, rather that stretching of the bonds [8]. For these reasons the theoretica! maximum strength of 13 GPa shall be considered only as a rough estimate.
This value is close to the measured values of optica! fiber inert strength in
3

liquid nitrogen [8] and in vacuum [9]. The value measured with a high speed
technique [10] is a factor of 2 lower. In Appendix B the optica! fiber's inert
strength is discussed in more detail.
(f

Figure 1.2 Stress a between atomie layers as a function of strain E. The Morse
function [6] gives a good description of covalent honds. Orowan [3] uses a sine
approximation to obtain an expression for mechanica[ strength.
The strength of an optica! fiber reduces due to stress concentration, when
cracks are present at its surface. Inglis [11] described the stress distribution
around an elliptical hole in a stressed matrix. A half-elliptical hole acts as a
model for a crack with depth a and tip radius p (Figure 1.3). The local stress
at the tip cr1 is related to the applied stress a via:

(1.4)

For large cracks with a > > p it follows for fracture, when a reaches the value S
(inert strength) where cr1 equals crm, with (1.2) and approximating p with a0 :

_ 1JYE0,
S -2---a

(1.5)

4

p

---

1

a

Figure 1.3 Stress concentration around an elliptical hole, as described by
lnglis [11]. The stress u 1 at the tip depends on the applied stress Ua and on
the tip radius p and half axis a.
Tuis model is good to describe cleaving of perfect crystals. To describe
fracturing of amorphous materials Griffith [4] developed another model. He also
used (1.4) with a > > p for the stress concentration, but treated a crack as an
equilibrium system. Fracture occurs when the energy supply from the tensile
stress becomes equal to the energy needed to create new surfaces. Tuis leads to:

(1.6)

Another description is Irwin's characterization [12] of the stress concentration at the crack tip by the widely used stress intensity factor K1:
{1.7)

The geometrical factor Y depends on the shape of the crack and the initial loading conditions [13] and has a value of 1.24 for an elliptical crack under tensile loading. The value of K 1 can be determined from experiments where the crack
depth can be measured. lt is not necessary to know p (assumed to be constant
here) and y with this discription. Catastrophic failure occurs when K 1 reaches
the critical value K1c, which is a material constant with a value of 8 · 105
N/m3 12 for fused sihca [14]. Hence a unique relationship exists between the
inert strength S, the value of u where catastrophic failure occurs, and the
crack-depth a (Figure 1.4):

s

(1.8)

5

O,Q1

1

0.1

10
a(µm>-

Figure 1.4 Relationship between inen strength S and crack depth a.
1.2.2 Stress Corrosion
In practice the observed strengths (about 5 GPa or 60 N for dynamic and 3 GPa or
40 N for statie loading) are lower than one would expect from relationship
(1.8). Tuis is due to the time dependence of the strength of optical fibers,
which is explained by crack growth due to stress-enhanced chemical reaction
(stress corrosion) which breaks the honds. This crack growth is affected by the
environrnental conditions, especially humid conditions, that the fiber is subjected to. In this section the relation between crack velocity and stress intensity at the crack tip will be discussed and solved for statie and dynamic fatigue.
Stress corrosion, with crack growth da/dt, in optical fibers can be described by a phenomenological exponential Arrhenius type of law, based on chemica! reaction kinetics [15,28]:
da
at

=

voexp

[-E. +bK
RT

1]

(1.9)

in which v0 a scale constant, R the gas constant (8.31 J/K), T the temperature,

E. the zero stress activation energy and b a constant [16].

An easier approximate description, which is widely used, is modeling the
stress corrosion using a power law so that crack growth is given by [17]:
da -- AK"
at
1

(1.10)
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with A a scale factor for the crack velocity and n the corrosion susceptibility
factor. The Jatter represents the dependence of crack velocity on stress, like b
in (1.9). The power law is nothing more than a straight-line fit function for
the double-logarithmic plot of da/dt against K 1• But this law gives, unlike the
exponential law, analytica! solutions for both statie and dynamic fatigue. When
the spread in measuring times (or stress rates) is not too large, the exponential fit and power law fit do not differ very much. When extrapolation is made
to times far from the measured, a large error can be made when using the power
law. When extrapolating laboratory measurements to failure in service, however,
the error is not large (Appendix C) (18]. Therefore the power law can be used in
lifetime models without problems, which offers the advantage of much easier calculus.
With the inert strength S from (1.8) the power law (1.10) can be rewritten
as:
dS

at

(l.11)

B(n-2)S'.3

with B

2/(Afl(n-2)K1cn-2 ). This can be integrated to:
(1.12)

with S1 the initial inert strength at t=O. Note that inert strength means the
strength when measured without fatigue. Often the word inert is omitted. In this
thesis strength always means inert strength and is always written with the symbol S.
Statie Fatigue When a constant stress O'a is applied, the condition for fracture
at t., when S drops to the value of O'a, follows with (l.12):
sn-2

(1.13)

1

The right hand term O',n-2 can usually be neglected (for values from Chapter 3,
e.g. n
20, cr. = 3 GPa and SI = 16 GPa its value is 10-13 smaller than S1n-2):
sn-2

(l.13a)

I

In Figure 1.5 the relation between t. and cr. is given for typical values of n,
and B. The slope of the double logarithmic plot is the n-value.

SI

7

t

3

2

5

4

0'5 !GPa>-

Figure 1.5 Time to fracture t3 as a function of statie stress cra according to
(l.13a) with typical values of the corrosion susceptibility n of 20, initial
inert strength S1 of 16 and B-value of 2xl0-8 GPa2s [19/.

t

20

S1=16GPa

(ij

a..

I.!)

be
10

S1=7GPa

5 ....._....__ __....__ ___.._ _ _,___ __..____,
1

103

10 6

109

1012

dO'/dt(GPa/sl-

Figure 1.6 Dynamic failure stress ad as a function of stress rate daldt
according to (1.14) with typical values of the corrosion susceptibility n of 20
and initia! inert strength S1 of 16 GPa (B-value of 2xl0-8 GPa2s) [19]. A line
/or S1=7 GPa (B=0.06 GPa2s) is also drawn [JO].
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Dynamic Fatigue Por dynamic fatigue experiments with cr
stress rate dcr/dt is constant, (1.12) gives:

dcr/dtxt, where the

n+I

(j

d

(1.14)

with ad the dynamic failure stress, the value of er when cr and S become equal and
catastrophic failure occurs. In Figure 1.6 the relation between crd and dcr/dt is
given for typical values of n, S1 and B. When not to close to the inert strength
S1, the right-hand term crl-2 can, just as in (1.13), be neglected:

S n-2
1

cr

n+ l

d

-

(l.14a)

B~(~n~+~l~)d~cr~/d~t

Note that in many papers the dynamic failure stress is called dynamic strength.
This leads to confusion with the definition for strength in this thesis which
means failure stress measured without fatigue. To make the difference clear the
dynamic failure stress is written with the symbol cr, not S.
When measurements can be fitted by a straight line (Figure 1.6), which is
usually the case, the n-value is found with (l.14a) from the slope, which is
ll(n+ 1). Note that the sloped straight line is only dependent on the product
BSt·2 , as can be seen from the same straight line for two combinations of S1
and B. This means that the B-values cannot be obtained separately, i.e. slowly
growing large cracks and fast growing small cracks cannot be distinguished. The
leveling of the lines, which occurs at extremely high stress rates, indicates
that the stress level which corresponds to the initia) strength is reached,
where crack growth is not fast enough to influence strength (Appendix B). In
statie experiments, where the applied stress is always below 5 GPa (higher loads
means statie tests shorter than 1 second), the level of initial strength is
never reached.
It is possible to transform dynamic fatigue data to effective statie fatigue
data using the power law (Appendix E) [20]. This is proved experimentally in a
COST-218 study where different measuring techniques have beencompared (Appendix
C) [21].

1.3 FLAW DISTRIBUTION
The relations in the previous section have been determined for single flaws.
Because many flaws may be present on an optica! fiber, a statistical distribution must be applied. In this section a discription using a Weibull distribution
will be given. Tuis is illustrated for statie and dynamic fatigue. It is also
discussed that two distributions, the intrinsic and extrinsic, exist for optical
fibers for short and long lengths, respectively.
According to the weakest-link principle the probability of failure F on
length L can be found from the average number of flaws N (per unit of length)
with strength below the value S [22]:

9

(1.15)

with L 0 a scale factor. The initial strength distribution is assumed to be a
Weibull distribution, which is commonly used in the fracture mechanics of ceramic materials [20]:

(l.16)

with S0 a scale factor and m the Weibull parameter. The m-value represents the
sharpness of the distribution. This distribution is nothing more than a
straight-line fit function for a double-logarithmic plot of ln(l-F) against S1
and can be plotted on a Weibull scale (Figure 1.7). In Appendix F is shown how
the failure probability F on the Weibull scale is obtained from measurements.
When longer samples are tested these lines shift upwards, as follows with (1.15)
and (1.16). Hence the probability of failure increases or, for constant failure,
the strength decreases for longer test lengths.

Statie Fatigue With S1 from (l.13a), substituted in (1.16) with (l.15), the
distribution for statie fatigue is found. A dimensionless form in o/S0 and in
t/t0 is obtained with t0 =B/S02 :
(1.17)

ln(l-F)

Plotting on a Weibull scale, i.e. log[-ln(l-F)] against log(ta) for a given
statie stress aa (less practical is plotting against log(oa) for given t3 ), a
slope ml(n-2) follows. Tuis means that the Weibull parameter m can only be obtained from a Weibull plot after the corrosion susceptibility n is known. Usually first the n-value is obtained from median fracture times ta for sets of
data with different stresses aa.

Dynamic Fatigue Analogously, now with (l.14a), the distribution for dynamic
fatigue is found. Also here a dimensionless form is obtained, in criS0 and in
(dcr/dt)/(dcr/dt)0 , with (dcr/dt)0 =S03/[B(n+ 1}]:

[ l

L (dcr/dt)0
ln(l-F) = - L.Jo
r- da/di

m/(n-2)[

]m(n+l)/(n-2)

crd
-S:.o

(l.18)

Plotting on a Weibull scale, against log(dcr/dt), a slope m(n + 1)/(n-2) follows.
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The m-value is not found directly but, for usual values of n around 20 or more,
the slope is a reasonable approximation. Of course also here the n-value may
first be obtained, from median values of dynamic failure stresses crd for different stress rates dcr/dt.
Knowing the distribution of flaws and their stress corrosion behavior, which
can be obtained by measurements, it is possible to extrapolate length and stress
(time) toa lifetime estimate in the field, using e.g. (1.17). lt is also possible to extrapolate dynamic fatigue data to (statie) lifetimes, using (1.18) with
the transformation to equivalent statie test times of Appendix E [20]. When long
lengths of fiber are used, however, which is the case in most practical applications, the previously mentioned extrapolations cannot be carried out because the
distribution of flaws is not unimodal. In Figure 1. 7 a typical distribution is
shown for kilometer lengths of optica! fiber [23]. Region A is the intrinsic
distribution or high strength mode. This distribution is very sharp (m-value
typical 50-100), appears also on short lengths, and can easily be measured in
laboratory. lt is believed that the intrinsic flaws are caused by the preparation of the preform and the drawing process of the fiber [24] or by diameter
fluctuations [25]. Another possibility is a pristine fiber where statistics
mies discrete bond rupture (Appendix G) [26].
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Figure 1. 7 Weibull plot of dynamic failure stresses crd for proof tested fiber
[23). Region A is the intrinsic (high strength mode) and region B is the extrinsic (weak spot) distribution. Region C is the effect of proof test truncation.
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Region B is the extnns1c distribution. Due to the manufacturing process
weak spots can appear, e.g. due to contamination with dust particles or due to
the fiber coating process [24] . The distribution is much broader than the intrinsic distribution (m-value typical 2-4). Today less than one weak spot per
kilometer occurs but they can still not be avoided, not even with the most recent manufacturing processes. Weak spots determine spontaneous field failure in
most installed trajectories. Because of the low occurrence long length of fiber
needs to be destructively tested.
To guarantee a minimum strength optical fibers are proof tested over their
whole length at a stress level a for a time tP to remove all cracks with a
breaking stress below this level. This proof test causes the truncated region C
in Figure 1.7. In Section 1.2.2 it was mentioned that the B-value cannot be obtained separately. Therefore a lifetime estimate cannot be made by simply substituting S1 in (l .13a) by crP.. A minimum life approach with B-value is only possible with additional initial (inert) strength measurements (Appendix B) [19].
Today more complicated lifetime models, based upon measured weak spot statistics, are commonly used (Chapter 5 and 6) [27].
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Chapter 2
Fatigue Tests
In order to obtain infonnation about fiber fatigue, and to follow aging, numerous test methods have been developed. They differ in the way the load is applied
and in the load history. In this chapter an overview of these test methods is
given. Furthennore long length test methods, used to obtain information about
the statistics of weak spots, are discussed.

2.1 LOADING METHODS
Mechanical loads can be applied in several ways. lt is useful to distinguish
between tensile and bending loads. These techniques can in principle be used for
both statie and dynamic fatigue testing. Some bending techniques can, however,
only be used in statie tests.

2.1.1

Axial Tensile Pulling

Clamped A common way to pull optical fibers is clamping them on both sides between plates (Figure 2.1 a). To reduce slipping hard rubber sheets are used and

~

...

Sidewall pressure

a)

~

(

Rubber
-Fiber

"

Sidewall pressure

Clamp

b)

~

Figure 2.1 An optical fiber pulled with plate clamps a). Special clamps with
low sidewall pressure where the fibers leave the clamps can be used b).
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a high sidewall pressure is applied. Special clamps in which this sidewall pressure increases from a low value at the test side of the clamp to a higher value
further in the clamp (Figure 2.1 b) have been developed to avoid fracturing of
the fibers at the clamp [1] .

Capstan Currently many laboratories use the convenient "clamping" technique to
wind the fibre around capstans (Figure 2.2 a). Many commercially available machineries use this technique. The tension in the fiber causes the necessary
sidewall pressure via the "capstan effect" [2]. Because this sidewall pressure
is highest where the fiber leaves the capstan, sometimes capstans are used where
the fiber curvature decreases towards the ends of the clamps (Figure 2.2 b).

t

Capstan

t
-Fiber

Fiber

a)

Rotating
capstan

Capstan

b)

Fiber

cl

Figure 2.2 An optical fiber pulled using conventional a), special shaped b) and
rotating capstans.

Expandable drum
with rubber

Figure 2.3

The expander technique.
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Rotating Capstan While in most equipment the capstans are rotationally fixed to
the pulling machinery, the rotating capstan pulls the fiber by rotating one of
the capstans (Figure 2.2 c).
Expander A special technique to pull the fiber is the expander technique ·
(Figure 2.3) [3]. First a number of turns of the fiber is wound around an expandable drum with a large diameter (negligible bending) and with a rubber top
layer. Next an outer "tire" is placed around this drum, which is inflated and
fixes the ftbre by friction. Then the drum can be expanded and the ftbre fractures in many pieces. This continues until the fibre pieces get to short to be
clamped properly between the rubbers, which can be recognized in the experiment.

2.1.2 Bending
Mandrel Bending One of the oldest and most widely used techniques to test optical fibers by bending is wrapping a number of tums around a mandrel (Figure 2.4
a)). Because unwrapping of the whole mandrel occurs upon fracture, many mandrels
are needed for a set of data points.

Clamp rad

al

cl

b)

Figure 2.4 Applying bending tension to the fiber using a single mandrel a) and
a double mandrel with ftxation by glue b) and clamping c)
Double Mand.rel Bending With the double mandrel technique every turn is a data
point because the fibers are fixed by gluing (Figure 2.4 b)) [4] or clamping
(Figure 2.4 c)) [5] them along the length of the mandrel (see Chapter 3). To
avoid fracturing at this place the fixation is done on a bolder rod with larger
diameter than the test rod.
2-Point Bending between Plates At present 2-point bending between plates is a
very popular technique. This technique is very easy to use, also with multiple
samples in one run [6] (see Chapter 3), and can be performed in statie and dynamic fatigue. A fiber is bent between two plates in a "D-shape". The fibre is
held in position by grooves [6] (Figure 2.5 a)) or ftxation plates [7] (Figure
17

2.5 b)). The maximum stress on the fiber appears at the outside of the apex of
the bend, where the curvature is a maximum. The fibre is not touched at its
stressed part, which makes this test method suitable for uncoated fibers.

bl

a)

Figure 2.5 Applying bending tension to the fiber using 2-point bending between
plates with a) grooves or b) fixation plates.
2-Point Bending in Holes A very simple way to bend fibers is 2-point bending in
well defined holes [8]. Por this test-tubes (Figure 2.6 a)), or bores with different diameters, drilled in a plate (Figure 2.6 b)) can be used. Only statie
fatigue tests can be performed. It is possible to place more than one fibre in a
single hole [8]. Fracturing fibers do not influence the other fibers in the hole
because they hit the fibre at the inside of the bend, while the maximum stress
is at the outside, as mentioned previously.

b)

al

Figure 2.6 2-point bending in holes, e.g. a) test-tubes or b) drilled bores.
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4-Point Bending Transversal Unlike 2-point bending, the section between the
forward moving inner pins of a 4-point bender (Figure 2. 7 a)) possesses approximately a circular shape [9]. Like with 2-point bending the fibre is not touched
at places under tensile bending stress, only at places under compressive or no
stress at all. Again uncoated fibers can be tested, but handling should be done
with care, e.g. no rotation or longitudinal sliding of the fiber when inserting
[10]. Both statie and dynamic fatigue can be measured. Por high strength fibers
extremely small equipment is needed in order to stay in the regime of the circular shape. Therefore practical use of 4-point bending is limited to weak fibers
or bulk silica.

Circle section

No curvature

b)

al

Figure 2. 7 Fiber in a 4-point bender with a) translating pins and b) rotating
pins.
4-Point Bending Rotational To increase the range of stress a rotational 4-point
bender (Figure 2.7 b)) has been developed [10]. The pins rotate such that the
fiber is bent, while the distance between the inner pins decreases to keep a
circular section as long as possible (see Appendix H). The rest is the same as
for the transversal 4-point bender.
2.2

LOAD HISTORY

The history of the applied load is another important difference between fatigue
tests. Two groups can be distinguished, statie and dynamic testing. In the first
group a constant mechanical stress is applied to the fiber and the time to fracture is monitored. In the second group the stress increases with time and the
stress at fracturing is monitored. While it is intended to have a constant
stress rate, necessary for correct description of dynamic fatigue by (1.14),
some techniques show a slightly deviating behavior.
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2.2.1

Statie Tests

A constant stress is applied to the fiber and the time to fracture is monitored.
When the test is carried out properly, this situation is well defined. Plotting
fracture time against stress on a double logarithmic scale, the corrosion susceptibility follows directly from the slope according to (l.13a). When strain or
another quantity (e.g. mandrel diameter or 2-point bending plate distance) is
measured instead of stress, conversion to stress shall be made first, taking
into account nonlinear elastic effects (see Table 2.1 and Appendix A) [11, 12].

2.2.2 Dynamic Tests
Dynamic fatigue tests are performed at constant stress rate while monitoring the
value of the stress at fracture. Plotting dynamic failure stress against stress
rate on a double logarithmic scale, the corrosion susceptibility is obtained
from the slope, which is equal to l/(n+l) according to (l.14a). Generally the
stress rate is not constant. With axial tensile pulling usually the strain rate
is kept constant. Due to nonlinear elastic behavior [11] (see Appendix A), the
stress rate will increase during loading. With rotating capstans (constant
speed) even the strain rate will not be constant, because the sample length decreases during loading [13]. lt is possible, in principle, to correct for these
effects [11,13]. Due to slipping of the fiber in the clamps, however, the stress
does not increase according to the calculations but follows a non-predictable
path, sometimes with discontinuities (Figure 2.8). Slipping effects are largest
for short sample lengths. The slipping problem can be avoided by taking the
stress rate dcr/dt from the last portion (e.g. 20% from fracture) of the measured
stress versus time plot, with usually a rather constant stress rate [14,15]. The
proof that this way of operating results in a good approximation of the n-value
is given in Appendix 1 [14]. For the same reasons it is allowed to pre-load the

Figure 2.8 Calculated stress increase for a) constant stress rate, b) constant
strain rate, c) constantly rotating capstan. Due to slipping another path d)
wilt be followed, sometimes with discontinuiries e).
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fiber at a level close to fracture at dynamic tests. In this way a lot of time
can be saved, which is beneficial for the lowest stress rates.
With 2-point bending the stress rate is also not constant, when the plate
speed is constant. For this a simple correction can be made, now without slipping problems. The slope of the double logarithmical plot of dynamic failure
stress against plate speed is l/(n-1) instead of l/(n+l) now (see Appendix A)
[11,12]. Sometimes the plate speed is controlled by a computer to get a constant
strain rate [16] or stress rate [17].

2.2.3 Overview
Different tecbniques to test the fibers' statie and dynamic fatigue were discussed. Table 2.1 is an overview. The choice of test method is free. Some methods have advantages like longer test lengths or ease of use. Formulas are given
for effective test length, strain, stress and n-value, parameters used in lifetime models (Chapter 5, 6). Calculation of the latter three values is done in
Appendix A [11,18]. Derivations of effective test lengths are given in [7]. This
is necessary for bending where only the outward facing part of the bent fiber is
under the maximum stress. For 2-point bending also a correction is needed for
the non-constant curvature of the fiber, with a maximum at the apex of the bend.
The function 'lf, which appears in the mentioned corrections, is given by [7]:
'lt/2

'Il(x) =

. xn. dn.
J sm 't' 't'

_
-

.f1t r(x/2+ 1/2)
T

(2.1)

l'(x/2+ 1)

0

Here r is the gamma function [19]. For double mandrel the testlength that was
under bending is obtained by measuring the variation in length of the fiber
pieces fractured in the test [16].
Some parameters in Table 2.1 were not yet defined: Test length l, force F,
mandrel diameter D, fiber diameter uncoated dr = 2rr and coated de, plate distance d (do at start), plate speed v, Young's modulus E0 (at zero stress), nonlinear elasticity constants a (=6), a' (=3a/4) and a" (=3a./4-l/4) [11], fiber
bending radius Rb and Slope SY x· The latter slope is defined on a double-logarithmic plot of y against x.
'
Special mention is made about the expander technique. Here the failure number is found for one sample (several tums) instead of the fraction of fibre
samples that is fractured. A straight line is obtained by plotting the failure
number logarithmically. This does not result in statistically anomalous points
that occur at 100% failure when plotting the fraction of failed samples on a
Weibull scale (see Appendix F) [20]. The value at which half the number of fractures occurred, compared to the number where slipping of the fibre ends the experiment, can be used as median value [3].
In Table 2.1 the intercepts from the double-logarithmic plots are not given.
They are needed as input for lifetime modeling for harsh environment (Section
6.1). For statie fatigue the intercept follows from (1.13a): log(BSt-2). For
dynamic fatigue the intercept follows from (l.14a): log[(n+l)BSJ°-2]/(n+l). Only
for 2-point bending with constant v, plotted against logv, the intercept has
another value of log[0.417(n-l)BS1n-2/(E0rr)]/(n-1) [12].
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Table 2.1

Overview of fatigue test methods

Test Method

Load Applying/History

clamp pulling

tensile/static

Effective Length

Strain

n-value

Stress o
F

5 a,,t,

2

1trf

clamp pulling

tensite/dynamic

rotating capstan

tensile/static

(J

àt

1

Scrd,Ó' -

F

/(1-e)

2

Sas,ts

7trf

/(1-e)

Ó't 1

rotating capstan

tensile/dynamic

expander

tensile/static

l,2,3

expander

tensile/dynamîc

1,2,3

(double) mandrel

bending/static

l1J1(m)/7t 4

2-point bending

bending/static

0
2E
7tOsrr1Jf ~rn) 1Jf ~rn/2-112 )

2-point bending

bend i ng/dynamic
constant v

2-point bending

bending/dynamic
constant ó

" in holes

bending/static

4-point bending

4-point bending

O"

.___
l_ - 1
Scrd,Ó'
Scrs.ts

Scrd,Ó' -

df

Scrs,ts

Scrs,fs

2Eorf
7tcrct 1Jf ~m) 1Jf ~rn/2-112 )

E0e(l +a' 'e/2) _1_
Sad,v

0
2E
7tO"ctrf1Jf ~rn) 1Jf ~m/2-112)

2
::.fwrJw(m12-v2)

E0e(I +a' e/2)

cr = èrt

+

1

~-

crct,cr

l.2dr

E0e(1 +a' 'e/2)

Sa,,t,

bending/static

E0e(l +a' e/2)

Scr,,t,

bending/dynamic

E0e(l +a' e/2)

_l_ - l
:Scrct,Ó

Slipping problems are overcome by taking stress rate dcr/dt (ó) from last part (20% from
fracture) of measured stress versus time plot (Section 2.2.2).
2 Stress is not measured directly but found by calibration of equipment.
3 Failure number is plotted logarithmically instead of Weibull scale for failure probability.
4 Testlength l is obtained by measuring variation in length of fiber pieces fractured in test [16].
5 sx,y is the slope on a double-logarithmic plot of y against x.
1

22

2.3

LONG LENGTH TEST METHODS

The test methods, previously discussed in this chapter, are used to measure the
fatigue parameters of the optical fiber. The most important parameter is the
corrosion susceptibility n, but also the product BS,"-2 can be of importance
(see Section 6.1). The measurements are usually performed on sample lengths of
less than 1 m. In this section long length test methods, necessary to obtain
information about weak spots, are discussed. The weak spot distribution is of
utmost importance for lifetime modeling (Chapters 5 and 6). Because a lot of
fibre must be destructively tested and the distribution of strengths of weak
spots is broad, fatigue measurements are not practical for this distribution.
Usually the fatigue behavior for weak spots is assumed the same as for the high
strength mode, measured on short lengths, in lifetime modeling [21]. Some researchers approximate the weak spot fatigue behavior by measuring on artificially abraded fibers [22,23].
2.3.1

Proof Test

The lifetime of optical fibers, especially when long lengths are considered, is
determined by weak spots. These spots, with an occurrence of usually less than
one per kilometer, have been described in Section 1.3. To guarantee a minimum
strength, the optica! fiber is proof tested over its whole length at a stress
level a for a time tP' to remove all cracks with a breaking stress below this
level. A schematic representation of an optica! fiber proof tester, by tension,
is shown in Figure 2.9 [24]. The fiber is led through this machinery and is subjected to an adjustable tensile force between the capstans. The proof test time
depends on the distance between the capstans and the speed at which the fiber is
led through. For practical reasons, the fiber is tested separately from the
drawing process. In that case the drawing process is not interrupted when fracture occurs. Some companies, however, use on-line proof testing.

Proef Test Machine

Figure 2.9

Schematic representation of fiber proof testing by tension.
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Fibre

Ver tic al
Fibre
Horizontal

Figure 2.10 Schematic representation of fiber proof testing by bending.
Instead of proof testing by tension, an optical fiber can also be proof
tested by bending [25]. Because with bending not the entire fiber surface is
under the same stress, bending proof test must be performed under different angles (Figure 2.10).

2.3.2 Long Length Dynamic Testing
An optical fiber may be proof tested, but still weak spots are present, determining the fiber's lifetime. For this reason knowledge of the statistics of
these spots is necessary in most lifetime models [21] (Chapter 5 and 6). When
the failure rate obtained from proof testing is monitored this can serve as an
input for the lifetime models. But this "proof test point" alone is not enough,
an estimate for the width of the weak spot distribution is also necessary [21].
Such an estimate can only be obtained by long length destructive testing. The
most common way to test long lengths of fiber is dynamic testing of samples of
10 to 20 m. An example of a Weibull plot for such an experiment is given in
Chapter 1 (Figure 1.7). In Chapters 5 and 6 it is explained how to fit the weak
spot data and how to use them in lifetime models.
A less destructive and more operator friendly machinery is the continuous
fiber strength-test apparatus [26]. Here a conventional proof tester is modified
(Figure 2.11). Fiber is threaded partially through the machine, around a pulley
approximately 10 m away, and back to the machine. A 20-m length of fiber is advanced into the gauge length region and the proof tester is brought to a stop.
Then the load is increased at a predetermined rate, until a preset maximum level
is reached, after which immediate unloading takes place. If the fiber passes the
24

load pulse, another 20-m length is advanced and the operation is repeated. With
this technique, using a proper maximum stress level, only weak spots will cause
fracture. The Weibull plot will look the same as the one obtained with conventional dynamic testing, except that it misses the high strength mode (Region A
in Figure 1. 7).

Tension Stand
With Laad CeLL

Figure 2.11

Schematic of continuous fiber-strength test apparatus.

•

t
(J)

z_J

01

0
_,

Log<O's>-

Figure 2.12 Example of measured weak spot distribution by by variable screen
testing.
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2.3.3 Variable Screen Testing
Long-length dynamic fatigue testing is not the only way to bring the weak spot
distribution into picture. It is also possible to repeatedly screen test long
lengths of optica! fiber, over their whole length, at different levels ers (a new
fiber for every test) for a time ts, and measuring the corresponding failure
numbers Ns (Figure 2.12) [27]. When screen testing is done with the same fiber
repeatedly, the failure number should be taken cumulatively. With this technique
the weak spot distribution is obtained more quickly, and with less fracture,
than with dynamic fatigue testing of separate samples. The advantages of variable screen testing are the same as for the continuous fiber strength-test apparatus, described in the previous section, but with discrete points instead of a
continuously measured distribution. In Chapters 5 and 6 it is explained how to
fit the weak spot data and how to use them in lifetime models.
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Chapter 3
Stress Corrosion Measurements
Several techniques to rneasure the mechanica} parameters of optica! fibers have
been described in Chapter 2. In this chapter measurements of stress corrosion
are presented. Three techniques have been used: double-rnandrel, multiple 2-point
bending and axial pulling. The fiber's initia! (inert) strength has also been
rneasured, in vacuurn and at high stress rates. The results can be used as input
for the lifetime rnodels that are presented in Chapters 5 and 6.

3.1 DOUBLE MANDREL
One of the oldest and most widely used techniques, to test optica! fibers mechanically, is wrapping a number of turns around a rnandrel and record fracture.
Because unwrapping of the whole mandrel occurs upon fracture, a lot of different
mandrels are needed for a set of data points. Bouten en Wagemans [1] found an
elegant way to reduce the number of mandrels, and developed the double-mandrel
technique. The double mandrel consists of a test rod, where fracture occurs, and
a holder rod where the fiber is fixed by glue (Figure 3.1) or mechanica! clamping (Figure 3.3) [2]. Because of the larger diameter of the holder rod, fracture
at the place of fixation bas a low probability.

Holder rad

rad

Figure 3.1 Double mandrel.
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The double mandrel used consists of a high precision test rod of fused silica, and a larger V-grooved bolder rod of brass (Figure 3.1). The fiber is wound
with constant force and pitch around these two rods, using a specially developed
apparatus. The small tensile force of 0.25 N must be applied during winding, to
guarantee that the fiber contacts the test rod over some minimum length. The
largest strain occurs at these contacts. The stress is calculated using Table
2.1. The test length is obtained after the experiment, by measuring the variation in length of the fiber pieces fractured in the test. Per double mandrel 140
fractures can be obtained. Fractures are recorded when the broken fibers hit a
detection rod, on which a piezo element is glued (Figure 3.1).

3.1.1 Double Mandrel with Coating Cut
In the first measurements it was found that the fiber often fractures earlier
than the primary coating. Fiber fracture is detected only after coating failure.
In that case the time to fracture is not measured correctly. Fortunately the
winding on top of the detection rod lifts up about 100 µm when the fiber is
fractured. This effect is used advantageously by moving a knife just above the
windings (see Figure 3.2) [3]. Tuis knife cuts the coating of a winding in which
the fiber is broken, and detection takes place. The knife moves twice per minute, so the error in measuring time is less than 30 seconds.

Figure 3.2 Double mandrel with coating cut.
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3.1.2 Double Mandrel with Mechanical Clamping
When double mandrels are placed in (warm) water, the glue that holds the windings degrades and may loosen. Therefore experiments in water are additionally
glued with a 2-component glue. Tuis takes some extra time, which makes short
running measurements inaccurate. Sometimes fiber fractures occur near the glue.
Also slipping of the fiber through the glue rnay take place. All these problems
can be avoided by proper mechanical clamping of the fiber at the bolder rod,
instead of gluing [2].

Figure 3.3 Double mandrel with mechanical clamping.
For mechanica! clamping it is necessary that all windings are pressed. With
rubber plates a distribution of the clamping force over the different windings
is possible. But rubber plates in (warm) water may have a large effect on the
test environment and influence the measurements. Therefore clamping between the
surfaces of the bolder rod and the
e of the clamp rod (anodized DUR-aluminum), is done (see Figure 3.3).
the rods are pressed at two points they
will bend a little, and not all fibers will be clamped, not even for rather
large dimensions of the rods. Therefore the rods are pressed in a special way.
The bolder rod is pressed at its ends, white the clamping rod is pressed in the
middle (see Figure 3.3). In this way both rods will bend in the same direction.
When the diameter of the clamping rod is taken slightly smaller than that of the
bolder rod, a good matching of curvature is achieved, sufficient to be able to
clamp all fibers (see Appendix K).
3.1.3 Experiments

The double mandrel technique has been used in this section to perform statie
fatigue measurements on fibers at different humidities and temperatures (exper31
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Figure 3.4 Weibull plot of times to fracture ta for double mandrel tests on
fiber Al in an environment of 20° C and 70% RH, for different mandrel diameters,
indicated in mm.
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Figure 3.5 Median values of time to fracture t. as a junction of stress a., in
double mandrel tests on fiber Al at 20°C and RH's of 50% (circles), 70%
(squares), 90% (triangles), 96% (rhombs) and in water (fUZed circles). Tests at
40° C and 70% RH (triangles with top down) are also shown.
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iments with coating cut) and at lower stresses in water (experiments with visual
counting). Also fiber ribbons have been tested at low stresses in water
(experiments with mechanical clamping). The experiments at low stresses in water
showed knees in the fatigue behavior.
Experiments with Coating Cut Double mandrel tests have been performed on a single-mode fiber Al, which has a double coating of uv-acrylate. An example of a
Weibull plot for mandrel diameters from 3.1 to 3.5 mm, obtained in an environment of 20 °C and relative humidity (RH) of 70%, is shown in Figure 3.4. The
fitted median values of time to failure ta as a function of stress cr., calculated using Table 2.1 and corrected for winding force, are given in Figure 3.5.
Here also the results are shown for the same temperature and RH's of 50, 90 and
96%, and even in (tap) water ("let go" experiment). Furthermore tests at 40 °C
and 70% RH are shown.
The m-values, n-values and intercepts (log(t.) at 1 GPa) for the double mandrel experiments with coating cut are given in Table 3 .1. Por increasing humidity the time to fracture and n-value decrease first, but above 70% RH the time
to fracture stabilizes a bit. The n-value continues to decrease. Because of that
the intercepts, found by extrapolation to cr. = 1 GPa, also continue to decrease.
The data for 70, 90 and 96% RH, however, show only a slight difference. For increasing temperature the n-value, intercept, and also time to fracture decrease.
In water the behavior is unexpected. There the time to fracture, n-value and
intercept are higher than for 96% RH. A possible explanation is the pH-value of
the (tap) water (pH < 7). When the pH-value is low, stress corrosion decreases
[4]. The lowest n-value and intercept were found for the 40 °C experiments.

Table 3.1 m-value, n-value and intercept for double mandrel experiments on
fiber Al in different environments.
m-value n-value Intercept
Environment
20
20
20
20
20
40

°C,
°C,
°C,
°C,
°C,
°C,

50% RH 96
70% RH 105
90% RH 98
96% RH 80
water
88
70% RH 106

31
29
27
26
27
25

19.7
18.0
17.0
16.7
17.7
15.7

Experiments with Visual Counting Double mandrel static-fatigue measurements
have been performed on fiber Al, in deionized water of 30, 40 and 50 °C and a
starting pH-value around 7 ("let-go" experiment) [5]. In these experiments
counting was performed visually. Not all fractures could be counted individually. A Weibull plot of times to fracture t" for fibers immersed in water of 30
°C, is shown in Figure 3.6 as an example. The median times to fracture ta are
given as a function of mandrel diameter dm in Figure 3. 7, together with the data
for 40 and 50 °C. Fatigue knees, at which the corrosion susceptibility seems to
drop from a value above 20 down to 6-8, can be clearly recognized. These fatigue
·
·
knees will be treated in Chapter 4.
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Figure 3.6 Weibull plot of times to fracture t. for double mandrel tests on
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Median times to fracture ta as a fanction of mandrel diameter dm for
double mandrel experiments in water of 30, 40 and 50° C on fiber Al.
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Figure 3.8 Weibull plot of times to fracture ta for double mandrel tests on
ribbons with fiber BI, in water of 50°C. The numbers indicate the mandrel diameter in mm.
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Figure 3.9 Median times to fracture ta as a fanction of mandrel diameter dm for
double mandrel experiments in water of 50° C on ribbons with fiber BI.
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Experiments with Mechanica[ Clamping Thedoublemandrel withmechanicalclamping was tested with experiments on ribbons, with fibers BI, in deionized water
of 50°C (pH around 7) [2]. A Weibull plot of times to fracture ta is shown in
Figure 3.8 for one of the fibers in the ribbon. In Figure 3.9 the median times
to fracture ta are shown as a function of mandrel diameter dm, also for the
other fibers of the ribbon. Fractures were recorded visually, and the different
fibers in the ribbon could be distinguished. A clear difference exists between
the different colored fibers. The white fibers always fractured first. Later
tests on other ribbons from the same manufacturer showed, however, that any
color can fracture first. Clearly there is a large difference in behavior of
fibers from one manufacturer. Fatigue knees, at which the n-value seems to drop
from a value above 22 - 26 down to 4 5, are present again (see Chapter 4).
3.2

MULTIPLE 2-POINT BENDING

The technique of 2-point bending is very popular, because of its simplicity. A
fiber is bent between two plates in a "D-shape", the "D" in a plane perpendicular to the plates (see Figure 2.5 a)). The maximum bending stress is a factor of
1.2 higher than for circular shapes [6] (see Table 2.1). No rubber clamps are
needed, which makes the technique of 2-point bending suitable for measurements
of initia! (inert) strength, e.g. in liquid nitrogen. In this section a multiple
2-point bending apparatus, in which in one run 5 sets of 10 fibers can be fractured at 5 different speeds, is described (Figure 3 .10) [7]. The apparatus makes
testing less time consuming. This is especially true for initia! strength measurements in vacuum, where a lot of data are gathered in only one pumping run.

3.2.1 Apparatus
The experimental setup for the multiple 2-point bending apparatus is shown in
Figure 3 .10. Five moving plates, each with ten fiber fixing grooves, can move
towards five grooved statie plates. The fibers are placed between the plates in
ten parallel "D-shapes". The moving plates are pushed by three driving bars,
which are connected to a slide with special hearings, driven by an "in-vacuum"
stepper motor [8]. Just before a set of plates touch, and after the fibers between those plates have fractured, the moving plate is disconnected from the
three driving bars, by means of unlocking pins. With this construction it is
possible to close the different plates at different times. The construction is
such that tuming over of the moving plates is avoided when fibers are breaking
asymmetrically (at one side of the plate first).
With the apparatus described, it is possible to fracture five sets of ten
fibers, each with different speed, in a single experimental run. The fracturing
of the fibers is detected by means of individual piezo's. A special tool is developed, to insert the fibers between the plates at a fixed position. This is
necessary to assure correct detection of fracturing fibers with the piezo's. The
piezo's are connected to a control unit. After detecting the fracturing of all
the fibers between a set of plates, this unit immediately changes the speed of
the driving bars to the next preset value. The apparatus is constructed in such
a way that, when a set of plates is closed, the distance between the next set of
plates is 4 mm. This means that at the time that the fibers between the first
set of plates have fractured at a distance x and the speed of the driving bars
36

Fibre grooves
Piezo' s

Fibre insertion tool

Figure 3.10 2-point bending apparatus. Five moving plates, each with ten fiber
jixing grooves, can move towards jive grooved statie plates. The plates can
close at different times, using an unlocking pin mechanism. This allows different speeds at which the fibers between the plates fracture.
is changed, the distance between the next set of plates will be x + 4 mm. Since
x is always less than 3 mm in the described experiments, the crack growth of the
fibers between a set of plates (with x + 4 = 7 mm) before the speed of the driving bars is changed, can be neglected with respect to the crack growth at the
next speed (until x = 3 mm), as can be understood by comparing the lifetimes,
using (1.13 a).
In order to calibrate the apparatus several experiments, with all the moving
plates at the same speed, have been performed. The information is used to correct the values of the counter of the stepper motor at which the plates are
closed. A reproducibility of median values of the plate distance of 5 µm is
achieved. This is less than the "natural" spread of 10 µm (corresponding to a
Weibull parameter m of the order of 100 [6]) of the optical fibers. The individual fracturing of the fibers can be studied with the described apparatus. Fracturing neighbors are not found to influence each other. Indeed "chain-fracturing
at one side", which would occur when the plate turns over when fibers at one
side of the plate fracture first, is not observed.
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3.2.2 Experiments
The 2-point bending technique has been used in this section to perform dynamic
fatigue measurements on fibers in ambient environment and in vacuum. After 5
days of pumping the measured failure stress does not depend anymore on stress
rate, an indication for inert behavior. Such a behavior has also been found for
fibers with a hermetic carbon coating which does not allow water to reach the
silica surface.
Ambient environment In Figure 3 .11 a typical Weibull plot of fracture (maximum)

strains Emax• obtained with the 2-point bending apparatus, is shown. The fiber
Al which is measured, is a commercial double-coated uv-acrylate single mode
fiber, taken from a 20°C and 75% RH environment. A set of measurements with five
different plate speeds, in this case ranging from 2xl0-6 to 2xl0-3 rn/s, is carried out in only one hour, including the time to insert the fibers between the
plates. Weibull parameters m ranging from 50 to 70 have been measured, which
agree well with experiments performed in other laboratories [6].
In Figure 3.12 the median fracture strains of the same fiber Al are plotted
as a function of the plate speed. Frorn the slope a corrosion susceptibility n of
20 is deduced. Measurements on another commercial double-coated uv-acrylate single mode fiber Bl (stored at unknown environmental condition) show somewhat
higher fracture strains and a higher corrosion susceptibility n of 30.
Carbon-coated fibers In Figure 3 .12 also the results of measurements on two
types of carbon-coated fibers, Cl and E2, are shown. Within the accuracy of the
measurements a n-value > 200 (absolute) is found, which means that no stress corrosion is observed. This agrees well with dynamic pulling fatigue experiments on
those kind of fibers [9]. Bending fatigue experiments, performed in another laboratory [10] show, however, lower n-values for carbon coated fibers, ranging
from 45 to 65. Our measurements show a lower initia! (inert) strength (at low
speeds) compared to fibers without carbon coating, which is also observed in
dynamic pulling measurements [9]. The 2-point bending fracture strains of these
fibers are, however, larger than those measured with dynamic pulling experiments
of the suppliers [11]. Surprisingly high bending fracture strains are also found
in another laboratory [10]. lt is possible that the deposition process of the
carbon coating creates flaws which are not measured by the 2-point bending technique, due to its short measuring length. More detailed investigation to the
length dependence of fracture strain of carbon coated fibers is recommended.
Note that also carbon coated fibers with fracture strains comparable (at commonly used stress rates) with those of standard coated fibers are produced [12].
Vacuum environment In Figure 3 .13 the median fracture strains of fiber Al, obtained with 2-point bending, as a function of the speed at which the plates approach, are shown for different pumping times. A vacuum of 5xl0-5, 10-s, 5x10·6
and 3x10-6 mbar is reached after pumping during 2 hours, 15 hours, 2 days and 5
days. respectively. Before pumping, at every experiment the fiber is taken from
a 20°C, 75%RH environment. Only after pumping for five days, the fracture
strains saturate at a speed independent level of 17 %. This value is close to the
value which is obtained by 2-point bending in liquid nitrogen [13].
Reported initia! (inert) strengths, measured with pulling at -40°C bone-dry-
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Figure 3.11 Weibull plot of fracture strains obtained with 2-point bending dynamic fatigue measurements on standard fiber Al taken from a 20°C and 75% RH
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Figure 3.13 Median fracture strains obtained with 2-point bending dynamic fatigue measurements on standard fiber Al as a function of plate speed, for different pumping times.
grade C02 environment [14] and with high speed pulling [15] are a factor of two
lower than obtained in this work. Not known is, however, how long the fibers of
the first mentioned reference were stored in the inert environment which, according to our measurements, is very important. The reported high speed pulling
initial strengths were not reached in Ref.[15), but were obtained from extrapolation of the deviations from the linear relation between log{failure stress)
and log(speed) at the highest speeds [15]. Note that in our 2-point bending measurements maximum stress rates of 70 GPa/s are reached, differing only one order
of magnitude from the value reached in the high speed pulling experiment [15],
while the initial strength is far from reached in our experiment at standard
environment. In Appendix B the initial strength is further discussed.
The value of B, for fiber Al, can be computed from Figure 3.13. First the
intercept and n-value, which is 20 here, are obtained from the line without pumping (Table 2.1 is used to compute the stress from the strain, and to find the
n-value). The failure stress for 5 days of pumping gives the inert strength,
which is 16 GPa. Now, with the expression for the intercept for 2-point bending
(Section 2.2.3), a B-value of 4x10·8 GPa2 s follows.

3.3 AXIAL DYNAMIC PULLING
Axial dynamic pulling experiments on as-received fibers A2, as a contribution
for a COST-218 round robin, have been performed on an Instron tensile tester, in
the laboratories of Ericsson Cables AB, Hudiksvall, Sweden, as a part of an exchange project with PTT Research. The reproducibility is checked by a repeated
measurement. A proof is given that quick pre-loading (to save time), up to 90%
of the fracture stress, does not influence the results.
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3.3.1

Apparatus

Dynamic fätigue testing was performed on an lnstron tensile tester, situated in
a conditioned room (20°C, 50% RH) at Ericsson Cables AB, Hudiksvall, Sweden.
Before measuring the fibers were stored in this room for more than a week. The
fiber samples were clamped with capstans (see Figure 2.2 a). The sample lengths
were 50 cm. They were fractured with pulling speeds of 0.05, 0.5, 5, 50 and 500
mm/min.

3.3.2 Experiments
Axial dynamic pulling experiments on as-received fibers A2, as a contribution to
a COST-218 round robin, were performed in an environment of 20°C, 50% RH. The
results are shown as a Weibull plot in Figure 3.14. The samples were taken randomly from a length of 140 m. At the lowest speeds, the fibers were first prestressed (solid symbols in Figure 3.14), at 90% of their fracture stresses at
these speeds, to save time. The pre-stressing time was always below 1 minute.
The measurements, in which a few full runs (open symbols in Figure 3.14) were
performed at the lowest speeds, show that the pre-stressing error falls withîn
the experimental error. This conclusîon also follows from the theory of stress
corrosion (Appendix 1). Three "weak spots" were observed on the effective total
testing length of 30 m (see Figure 3.14).
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Figure 3.14 Weibull plot of failure probability F against dynamic fracture
stress ad, for gage lengths of 50 cm an.d pulling speeds from 0. 05 to 500 mm/min.
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From Figure 3 .14 the median values of the dynamic failure stresses crd follow. They are plotted in Figure 3 .15 as a function of pulling speed v (Figure
3.15). The straight line fit results in an n-value of 20 ± 1, using (l.14 a). No
deviation from a straight line can be seen in this region, within experimental
accuracy. Now the n-value is known, the Weibull parameters m follow from Figure
3.14 with (1.18), resulting in the values of Table 3.2. Note the unusual high
m-value of 350, due to the digital read-out of the equipment. The results from
Figure 3.15 can be translated to equivalent statie fatigue data [16]. This is
done in Appendix C and E, where also the other results from the COST-218 round
robin are shown [17].
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Table 3.2 Measured dynamic fatigue parameters
v(mm/min) median criGPa) m In
0.05
0.5
5
50
500
50

3.42
3.79
4.30
4.79
5.31
4.84

85
350
79
79
93
90
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notes

20 90% pre-stressed
20 90% pre-stressed
20 + 2 weak flaws
20 + 1 weak flaw
20
20 repeated test
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Figure 3.16 Weibull plot comparison of a measurement with pulling speed of 50
mm/min, and a repeated test a few days later.
To check the reproducibility, a measurement at 50 mm/min was repeated
(Figure 3.16) after the measurements, a few days later. A slight increase in
failure stress appears, but the measured n-value stays within the specified error. Two months later, another experiment was done, to study the higher n-values
of the COST-218 round robin for long measuring times. The conclusion was that in
the environment of the conditioned room, no changes, large enough to give the
higher n-values, occur under stress free conditions.

3.4

HIGH-SPEED TECHNIQUES

In Section 3.2.2, the initia! (inert) strength of the optica! fiber was measured
in vacuum. Another technique to measure the initia! strength is dynamic fatigue
at very high stress rates. Data, obtained with two techniques to fracture the
fiber at these high stress rates are given, high-speed pulling, and a newly developed 2-point bending guillotine. Measurements with the first mentioned technique have been performed at the laboratories of Telia Research AB at Haninge,
Sweden, as a part of a joint project with PTT Research. The initia! strength is
further discussed in Appendix B.

3.4.1

2-Point Bending Guillotine

A special fiber tester,· the 2-point bending guillotine, has been developed and
is shown in Figure 3.17. A sample fiber is positioned in a vertical "D-shape" in
a slot, using a groove in the anvil and another groove in a movable bender. The
bender has a low weight, sufficient to bend the fiber, but low enough to avoid
fracture, and even crack growth. A falling axe can be placed at an adjustable
43

elevation. A weight can be mounted on this axe. When the axe is released, it
falls down, and reaches a speed vaxe when arriving at the bender, depending on
the elevation h:
(3.1)

with g the acceleration of gravity. The maximum stress cr, at the apex of a fiber
in 2-point bending, is given in Table 2.1. From this it follows, with d
do-Vaxef:
dcr/dt

Figure 3.17

(3.2)

The 2-point bending guillotine.
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Figure 3.18 Example of high speed recording of a fracturing fiber in the 2point bending guillotine, at a speed of 1 mis. The frame rate of the video is
12000 s- 1•
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Note that the terms for non-linear elasticity cancel. For the maximum elevation
h of 20 cm, the speed vaxe is 2 mis, resulting in a stress rate of l.6x104
GPa/s.
Fracture of the fiber in the 2-point bending guillotine is detected by means
of a high-speed video. This video is capable to make 12000 exposures per second.
An example of 6 subsequent exposures is shown in Figure 3.18. In the 4th exposure the separation of the broken fiber is obvious, but in the 3th exposure it
can be seen that the fiber was fractured also during a part of the shutter time
(which is just 1112000 s).
The equipment was calibrated first with the help of spacers of 0.6 and 1 mm.
The measurements were analyzed by plotting the plate distances for 6 subsequent
recordings. Then a line was drawn through these points, giving information about
the speed of the axe. At the highest speed of 2 mis, the difference of the plate
distance between two exposures is 1/6 mm. The resolution is improved by a factor
of 4, interpolating the fracture between exposures, by estimating the part that
bas fractured during the last recording where the fiber was in its "D-shape"
(see Figure 3.18). The resolution in time, together with the screen resolution,
result in an accuracy of 3% for the highest speed (plate distance around 1.5
mm). The resolution is better for lower speeds. Also the median value from 10
points has a higher accuracy.
Measurements were made under ambient (23°C, 50-70%RH), but non-controlled,
conditions. The tests have been done on the same fiber Bl, as in a Section
3.2.2. The results are shown in the Weibull plot of Figure 3.19, for speeds vaxe
of 0.33, 0.5, 0.89 and 1.95 mis. The lowest speed was obtained for low weight
and elevation, where the reaction force of the fiber is able to decrease the
speed a little below the value of (3 .1). Due to the limitations of the high
speed recording the spread in results (Weibull parameter m from 20 to 40) is
higher than the natura! spread of this fiber (m values from 50 to 100). The me-
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Figure 3.20 Median dynamic failure stress, obtained from Figure 3.19, as a
junction of speed. The symbols correspond to the ones in Figure 3.19.
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dian values from Figure 3.19 are plotted as a function of speed vaxe in Figure
3.20. They are also given as a function of stress rate in Figure 3.23, where a
comparison is made with results from other techniques.
Although inaccurate, the estimate of the n-value of 32 from Figure 3.20
agrees well with the measured value of 30 from Ref. [2] for the same fiber. The
fact that the failure stress of the fiber continued to increase (up to 9.33
GPa), at stress rates well above those of high-speed pulling, is more clear
[15]. A calibration with tin-coated fibers [18], which are expected to show a
speed-independent failure stress, has also been performed. When these fibers
fracture in 2-point bending, usually the tin layer remains intact. Because of
this, the increase in resolution by estimating the part that has fractured in
one exposure, cannot be made. Detection of fracture is, however, still possible.
The failure stresses, found in 2-point bending (10 fibers per speed), are 12.3 ±
0.5 and 12.2 ± 1.5 GPa (better accuracy for median) for speeds of 0.33 and 1.95
mis, respectively. No dependency of failure stress on speed is found, as expected, within accuracy. This accuracy is, however, low.

3.4.2

High-Speed Pulling

The fiber, which was measured with the guillotine equipment, has also been
tested with the high-speed pulling technique, described in Ref. [15]. For each
stress rate (0.010, 14, 140 and 1400 GPa/s), 30 fiber specimens (gage length of
50 cm) were randomly taken from the reel. The measurements were performed in a
conditioned room at 23°C and 50%RH. The fracture data are shown in Figure 3.21.

O"dCGPa>-

Figure 3.21 Weibull plot of dynamic failure stress from high-speed pulling
(gage length of 50 cm), for stress rates of 0.010, 14, 140 and 1400 GPa/s (/rom
left to right).
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Figure 3.22 Median dynamic failure stress, obtained from Figure 3.21, as a
function of stress rate. A fit like in Ref. [15] is drawn, using (1.14) in it's
full form.
The Weibull parameter m varies from 61 to 85, with an average around 70. From
Figure 3.21 the median values have been determined, which are given as a function of stress rate in Figure 3.22. In this Figure also a fit like in Ref. [15)
is drawn, using (l.14) in it's full form. Here the n-value is around 26, the
initia! strength S1 is 7.1 GPa and the B-value is 0.016 GPa2 s.

3.4.3 Comparison
In order to compare high-speed pulling experiments (gage length 50 cm) with 2point bending (effective test length around 10 µm, for an m-value of 70), a correction for the test length must be performed [6]. It was shown in earlier work
of Breuls [17), that the techniques of 2-point bending and tensile testing
match, when such a correction is done. In Figure 3.23 the results of both techniques are plotted on a 2-point bending scale, using an m-value of 70 for the
length correction of the tensile pulling data. The 2-point bending data from
Figure 3.12 on the same fiber BI are also plotted for comparison. The fit is the
same as the straight part of Figure 3.22. The n-value of 26 differs from the
values of 30 and 32 for 2-point bending, but the mismatch in Figure 3.23 is
small, especially when considering the large error for the 2-point bending guillotine. A clear effect, however, is that the guillotine experiments show a further increase in failure stress, well beyond the region where leveling occurs in
48

the high-speed pulling experiments. Tuis cannot be explained by inertia effects
(calculated from experiments). An attempt was made to check the equipment with a
tin-coated fiber [18], which is expected to show a speed independent failure
stress. Unfortunately, the strength variations between the specimens, for the
gage lengths used with high-speed pulling were too large for a reliable check
(Later it became clear that the fiber sample contains artificially produced weak
spots).

t

10

ro

9

0..

!::!

d' 8
7

6

Ö'CGPa/slFigure 3.23 Median dynamic failure stress as a function of stress rate. The 2point bending guillotine measurements appear in the upper part (open symbols).
In the lower part, 2-point bending data from Figure 3.12 on the same fiber Bl
are shown (solid squares). The results of high-speed pulling experiments from
this work, corrected for the different test length [6], are also pasted in this
figure (solid circles).
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Chapter 4
Zero Stress Aging
4.1 INTRODUCTION
Recently the rate at which metal free optical cables are being installed increased dramatically, to save costs and also to exploit fully the benefits of
the dielectric fiber. The absence of metal parts makes the cable insensitive to
lightning and avoids excess attenuation due to generation of hydrogen [1]. Because plastic cable materials alone cannot provide sufficient protection against
water permeation, the optical fibers in metal free cables are surrounded by water. In the increasing number of splice cabinets and pedestals, c ·
with the
introduction of optical fiber into access networks, the environment o the fiber
is often much harsher than in the cable [2]. In ambient environment the failure
mechanism for optical fibers is stress corrosion, as was treated in the previous
chapter. In water [3,4] or in extremely harsh environment [2] other effects occur, such as zero stress aging and fatigue knees. These anomalous effects are
probably caused by the same mechanism [5]. Measurements of fatigue knees are
discussed in Section 4.2 and measurements of zero stress aging are presented in
Section 4.3. Zero stress aging weakens the fiber but can also be recognized by
pits in the surface of the silica. In Section 4.4 "nanoscopic" photographs of
these pits are shown.
The afore mentioned anomalous effects are not included in the conventional
lifetime models, of which an overview is given in Chapter 5 [6]. Some attempts
to model these effects together with stress corrosion are presented in Section
4.5. The blunt pit model [6] and the Haslev/Jensen model [7] are most successful. In Chapter 6 lifetime models based on the latter two models are presented
[8]. It should be home in mind that the lifetime models are worst case. Moreover, zero stress aging data measured in typical service environment
(accelerated) are needed as input for the models for every new cable/fiber concept or every new application. Tuis is because the measurements of zero stress
aging show (Section 4.3) that this behavior is often not predictable.

4.2 FATIGUE KNEES
The fatigue knees [9], found in static-fatigue behavior of optical fibers when
in contact with water, are a reason to doubt the relevance of lifetime models
which are only based on stress corrosion (Chapter 5). Especially the observation
that the fatigue knees do not become less dramatic at lower temperatures [10],
made clear that these knees need thorough investigation. A study has been performed with the double-mandrel technique (Chapter 2) [11) on a commercial dou51

ble-coated uv-acrylate fiber Al (Section 3 .1.3) [5]. During the tests the fibers
were immersed in deionized water of 30, 40 and 50 °C and a pH-value of about 7.
The plot from Figure 3. 7 clearly shows the fatigue knees. The n-values after the
knees seem to drop down to 6, giving unrealistic conservative lifetime estimates, when treated as pure stress corrosion. Bending the fiber with a radius of
1 m (stranding in a cable is more severe), would already result in premature
fracture during service [6]. In order to check if only stress corrosion determines the behavior after the knee, stress and time were separated using zerostress aging experiments.

4.3 ZERO STRESS AGING
In this section different zero stress aging measurements are presented. First
the failure stress of the untreated fiber is measured. Then the fiber is aged
(warm water) under stress free conditions. At different times fibers are taken
out of the aging environment and their failure stress is measured again. The
failure stress is measured by dynamic fatigue, after the fiber is "dried" in the
room where the measurements are performed. Both 2-point bending and tensile
testing have been used for these measurements. The first measurements were done
on fibers in relatively large stainless steel water containers. Here also the
initia! (inert) strength was measured before and after aging. Later many different fibers were aged in better defined environments (COST-218 conditions). Finally also aging in water-soaked metal-free cables was performed. lt is concluded that the environment of the fiber is very important but often not predictable for the effect of aging. Therefore it is recommended to specify aging
tests as close as possible to the conditions that are faced during service.

Aging in Water Containers The same commercial fiber Al as measured in Section
4.2 was studied in zero-stress conditions [4]. To follow the failure stress of
the fiber after aging, dynamic 2-point bending tests [12] were performed. The
fibers were loosely wound on 20-cm spools and immersed in containers, filled
with deionized water with a pH-value of about 7. The fibers were tested at ambient conditions, within half an hour after taking them out of the water. The
tests were done with fresh fibers, stored at ambient conditions, and with fibers
aged for 7 months in water of 50 °C. In Figure 4.1 an example is given of a
Weibull plot of 2-point bending failure stresses for different plate speeds. Not
only the failure stress decreases by a factor of 2.5 after aging in water, the
Weibull parameter m also drops from 75 to 25.
In Figure 4.2 the median failure stresses, derived from the Weibull plots,
are given as a function of plate speed, for fibers that were stored at ambient
environment and in water of 60 °C for 1 to 7 months. While the failure stresses
of the fibers decrease dramatically, the n-values (slopes) remain almost constant. In Figure 4.3 the median failure stresses at a plate speed of 10-5 mis
are given as a function of aging time in water of 20 to 60 °C. The curves show a
continuous decrease in failure stress with time.
To eliminate the effect of change in corrosion behavior of the optica! fiber
on its measured failure stress, also initial (inert) strengths were measured
before and after aging. This was performed with 2-point bending on fibers stored
and tested in vacuum for 1 week [12]. The results are shown in Figure 4.4. Vacuum failure stresses are inert values because the measured failure stresses are
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during 7 months.
independent of plate speed. The accuracy of these measurements decreases with
the value of the failure stress, since the m-values decrease (down to 20 at 60
0
C) and the number of detected fractures decreases (down to 3 per set of plates
at 60 °C). A decrease in vacuum strengths is clearly present. Hence it is con54

cluded that the fiber surface has changed, e.g. pits have been fonned. This is
also supported by the fact that the m-values decreased, which is also seen at
measurements at ambient condition (see Figure 4.1). This indicates that the initial flaw distribution may be changed.
From Figures 4.3 and 4.4 it follows, with (1.14), that the n-value is 20 and
the B-values are 10-<>, 10·5 and 10·4 GPa2s, for fibers aged in water of 40, 50
and 60 °C, respectively. According to the theory of stress corrosion, a constant
n-value should also give a constant B-value, i.e. a value of 4x10·8 GPa2s for
the same fiber Al (see Section 3.2.2). Tuis behavior might be caused by a shape
of the pits that deviates from a Griffith (sharp) flaw (see Section 4.4).
After pulling the fiber from the prefonn, a thennally- (difference in expansion coefficient) or mechanically- (difference in viscosity; effect depends on
pulling force) induced stress can be expected at the surface of the fiber.
Therefore, in order to check if the fibers were really under zero stress during
aging in water, the stress profile of the fibers Al were measured. The stress
profiles of the fibers have been measured photo-elastically [13]. In Figure 4.5
the measured axial and radial stresses of the unaged fiber are shown as a function of the distance to the core. Aging of the fibers did not affect the stress
profile. It is clear that at the surface of the fiber, a residual axial tensile
stress, of about 22 MPa, is present (extrapolated, since the measuring accuracy
drops close to the surface). This stress is even lower than the surface
(bending) stress of 45 MPa, due to the loosely winding of the fibers on the
spools. The total tensile stress at the surface at the surface of 67 MPa is much
lower than the stress of roughly 5 GPa, at which the fibers are fractured.
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Figure 4.5 Residual axial and radial stress a(r) of the unaged fiber as a function of the distance r to the core. A similar profile is observed after aging.
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Aging in COST-218 Conditions Later more fibers were investigated in water, as a
part of a COST-218 round robin, now under better defined conditions. In the preceding experiments, the fibers were placed directly in the (large) water containers of the temperature baths. In these experiments the fibers were placed in
water filled poly-ethylene (PE) containers. For each 100 m of optical fiber one
liter of deionized water was used. In the "let-go" experiments, the pH-value now
dropped to a value between 5 and 7. The speeds of the 2-point bender were also
changed, to match with those from other laboratories, unfortunately resulting in
lower accuracy of the measured n-value. Commercial fibers A2, Bl, Dl and El were
aged under zero stress in water of 40 and 60 °C. The results are shown in Figure
4.6. At 40 °C only fiber Dl dropped continuously in failure stress. Fibers A2
and Bl increased in failure stress after an initial dip, and fiber El increased
continuously in failure stress. Also at 60 °C, fiber El increased continuously
in failure stress. The failure stress of fiber D 1, but now also of fiber B1 ,
dropped continuously. The failure stress of fiber A2 did not change noticeable.
Visually nothing happened to fiber El, while the other fibers changed in color,
showed shiners (refraction due to parts with loosening of the coating), or even
showed complete coating delamination.
Under the same environmental conditions as for the COST-218 round robin,
also some special fibers were tested (see Figure 4.7). Fiber A3 has an experimental coating. This fiber had a good mechanical behavior, but it's coating
showed strong delamination. The small decrease in failure stress at 40 °C, which
did not occur at 60 °C, is probably due to a measuring error. Fiber A4 is an
experimental multimode fiber, with zero residual stress at its surface. This
test was done to check whether the small residual stress was responsible for the
aging under conditions that were assumed to be stress free [4] . lt tumed out
that this fiber also showed significant zero-stress aging. Fiber E2 is a commercial carbon-coated fiber. This fiber is expected to show inert behavior. Indeed
no weakening has been observed. Fiber C2 is an experimental titanium-doped
fiber. This fiber has a compressive residual stress at its surface. Zero stress
aging, however, still did occur, but stabilizes after a certain time. Such a
behavior has also been found for fiber A4. No clear differences in behavior have
been found for different temperatures. The effects were, of course, larger at
60 °C. Note that (inert) strength measurements were not done for these fibers.
Also photographs of pits were not made here. This means that surface roughening
cannot be distinguished from change in chemical environment (coating) by the dynamic fatigue measurements. The initial drop in failure stress followed by stabilization, such as with fibers C2 and A4, can hence also be caused by a coating
effect alone.
For comparison fiber Al was also tested under the COST-218 conditions. Aging
is now a factor of 2 less than under the old test conditions, probably caused by
the lower pH-values in the COST-218 conditions. In the COST-218 tests, again, no
changes in n-value were found within the measuring accuracy. Sometimes a weaker
fiber was found, but with failure stress considerably higher than for weak spots
[6] . The probability to find such weak fibers is, however, so low that they are
not expected to occur in the tests according to extrapolations of the Weibull
plots (with m-values down to 10). Testing of longer samples is therefore recommended to investigate this effect. In the following tests longer samples have
been measured and indeed zero-stress aging (uncabled samples) results in lower
failure stresss than expected from Weibull extrapolations.
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Figure 4.6 Median stress at fracture crd using 2-point bending with 1()-S mis as
a junction of immersion time in water at a) 40 and b) 60 ° C. The commercial
available fibers A2 (circles), Bl (squares), Dl (triangles, top up) and El
(triangles, top down) were measured fora COST-218 round robin.
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Figure 4.7 Median stress at fracture crd using 2-point bending with 10-5 mis as
a fanction of immersion time in water at a) 40 and b) 60 ° C. The fibers A3
(circles), A4 (squares), E2 (triangles, top up) and C2 (triangles, top down)
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Aging in Cables Not only water but also e.g. the filling gel is important for
zero-stress aging. Because the fibers themselves also intluence their environment, the geometrical confinement of the fibers is also important. Tests have
been performed on fibers in (metal-free) cables submerged in water [14]. These
cables were, together with their reference fibers, immersed in large stainless
steel milk containers, filled with water with temperatures of 60 and 80 °C. In
these "let-go" experiments, again with a large volume of water, the pH-value
remained around 7. Two cable types were tested, both of a slotted-core type. One
cable is filled with (experimental) fiber ribbons and with gel. The other
(indoor) cable is filled with tight-coated fibers (additional <j> 400 µm silicone
uv-acrylate and <j> 900 µm poly-amide coating), but not with gel. The latter cable
was difficult to saturate with water [14]. Therefore the cable in 60 °C water
was artificially filled (tlowed through) with water after 3 months. For the ribbon cable, it was estimated that water saturation occurs after one day [14]. A
third cable type, a gel-filled loose-tube cable with colored fibers, was not
available with its reference fibers at the moment of starting the tests. Therefore the loose tubes were immersed in water as a dummy for the whole cable. In
all cables the commercial fibers Bl were used.
The measurements were done on 0.5 m samples using an Instron tensile tester.
This tester was situated in a climate room (20 °C, 50% RH) in which the fibers
were stored for one week previous to the tests. The ribbons were first fractured
as a whole, giving infonnation about the weakest fiber in the ribbon. Later the
ribbons were peeled, and the fibers measured separately. It turned out that the
ribbon indeed fractured when the weakest fiber fractured. The data can be found
in Figure 4.8. The commercial fiber showed large zero-stress aging in water. At
80 °C the failure stress even dropped to 0.8 GPa showing a large spread (m-value
of 5, i.e. values down to 0.4 GPa were observed), while the aging is still going
on. With longer test lengths even lower failure stresses are expected. Hence one
should be careful not to draw wrong conclusions from the observations of abraded
fibers, with failure stress levels of about the proof-test level, which showed
an increase in failure stress after immersion in water [15,16]. In the cable the
aging in water was much less. Remarkable is the recovery in failure stress after
2 months of the 80 °C sample. After this time the failure stresses at both temperatures remain constant at a level of about 4.2 GPa.
The ribbons, and especially the tight-coated fibers (the latter fibers seem
about 1 GPa stronger, because of the contribution of the tight coating to the
measured force), clearly weakened less than the bare (primary-coated) commercial
fibers. For the samples which were not protected by the cable, also a constant
stress level was reached. For the tight-coated fiber this level is the same for
both temperatures. The ribbons show a remarkable behavior. The only extra protection is the matrix material, which consists of just another layer of uv-acrylate, with properties close to those of the outer layer of the primary coating
of its fibers. 1t will be shown later, that changes from spool to spool in the
properties of the as-received commercial fiber, can be a reason for the apparent
protection: the bare samples were from another spool than the fibers in the ribbon. The ribbons aged in the cable showed hardly any effect. The tight-coated
fibers even increased in failure stress, after aging in the water-immersed cable. Filling of the latter cable, the one from the 60 °C container, with water,
did not result in any measurable change in the aging behavior.
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Tab Ie 4.1 Dynamic failure stress using a tensile test at 0. 5 m gage lengths at
5x10-5 mis of fibers from (experimental) ribbons and their separate fibers, be-

fore, and after aging in water for 1 month.
Ribbon 1
Environment
Red
Blue
White
Green

bare samples • from ribbon
ref 60°C 80°C ref
60°C 80°C
5.00 2.32 2.14 4.79 2.93 2.55
4.74 3.002 2.312 4.88 2.301 2.381
4.83
4.85 2.78 2.41
5.00 3.29 2.99 5.02 3.75 3.64

Ribbon 2
Environment
Red
Blue
White
Green

bare samples
ref 60°C 80°C
4.84 3.75 3.40
4.91 3.40 2.72
4.95 3.46 3.30
4.95 3.67 3.44

from ri bbon
60°C 80°C
ref
4.68 4.04 3.00
4.81 4.273 3.943
4.76 4.04 3.18
4.76 4.10 3.25

1

Difficult to peel (hard ribbon residues)

2

One fiber was 1 GPa stronger than the rest
Color removed by peeling

In order to check the protective working of the ribbon material, ribbons
with their reference fibers from the same spool were aged in water. In ribbon 1
the commercial fiber Bl is used, and in ribbon 2 a fiber with experimental coating B2. The failure stress decrease of ribbon 1 after aging (see Table 4.1) was
more now than in the same type of ribbons (note that both ribbons were still
experimental) from the previous tests in water. The different fibers in the ribbon showed a different aging behavior (another experimental ribbon, with the
same fibers B 1, also showed different fatigue knees; see Section 3 .1. 3, Figure
3.9). This is not solely caused by the ribbon manufacturing process: the untreated reference fibers also showed different aging behavior. Sometimes the
fibers in the ribbon were even weaker than their reference fiber. This can, however, be caused by hard rib bon residues that influenced the results from the
peeled ribbon. The results from ribbon 2 differ a little, e.g. the spread in
failure stresses is less. But a predictable behavior is still not present.

4.4 PITS
The surface of the aged and unaged fibers was studied with the help of Scanning
Tunneling Microscopy (STM). "Nanoscopic" photographs were made of the silica
surface with a commercial STM-nanoscoop [17]. In Figure 4.9 a), b) and c) the
surfaces are shown of an unaged fiber Al from the previous section and of the
same fiber aged in water of 40 and 60 °C during 7 months, respectively. It is
clear that the surface roughness has increased due to zero-stress aging. This
behavior is first found by Robinson and Yuce [3]. The large particles in Figure
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4.5 b) are probably due to the gold plating or dust particles. From linear scans
over 1 µm, maximum flaw sizes on a nanoscopic scale are estimated. Large scale
undulations are not considered, since they do not contribute significantly to
stress concentrations. In this way effective pit depths of 2, 3 and 6 nm are
found for the surfaces of Figure 4.9 a), b) and c), respectively. This corresponds, using (1.8) for sharp flaws, to a maximum fiber stress of 15, 12 and 8
GPa, respectively. These values show the same decrease as the corresponding initia! (inert) strengths. The measured initial strengths are, however, lower,
since the effective test length in 2-point bending is larger than 1 µm [18].
Moreover, in the experiments a 2-dimensional surface is stressed, while the
crack depths are obtained from a 1-dimensional scan.
From (inert) strength measurements and STM photography it is concluded that
cracks have grown or pits have been formed. The question is: what is the mechanism for this phenomenon? For a fiber surface onder statie tension oa the cracks
should grow according to a power law fora stress corrosion mechanism (see Chapter 1):
n

O'a

t.

l

1/(n-2}

(4. 1)

Bsn·2
I

In this equation t. is the "aging" time and Sra the strength after this "aging".
Since the n-values are usually high (20-40) the strength S1a remains almost constant during a certain time, and then drops suddenly when cr.0 ta approaches
BS1n-2 . Consider the following example: when S1 after 7 months aging has dropped
with a factor of 2, the fiber will fracture after additional "aging" of only 1
minute for an n-value of 20, according to (4.1). Such a behavior is not shown by
the experiments. Moreover, comparable crack growth for e.g. the 40 °C, 5 mm mandrel experiments (see Figure 4.4), where an applied stress of 1.8 GPa was used
(compare with "zero-stress" condition of 67 MPa), would result in a fracture
time of only 1 second. This bas also not been observed. This comparison is based
on an equal product cr.nt., which is a measure for "aging". The double mandrel
results of Figure 3.6 show much larger fracturing times. Hence it is concluded
that pit formation is not caused by stress corrosion (power law).
Differential etching of the surface under zero-stress (by water?) is a possible mechanism for pit formation and may be affected by inhomogeneities in and/
or (partial) delamination of the primary coating. The magnitude of this effect
and how it depends on environmental conditions is not yet clear. Note that for
"pure random" etching as cause for the roughness in Figure 4.9 a considerable
amount (measurable?) of silica must be removed. Another possibility is crack
nucleation on a pristine silica surface [19]. Tuis is energetically favorable
only when a stress is present on the surface and when material is removed by a
corrosive agent, e.g. water. Final stable surface distortions of the order of 1
nm were calculated for an example where a stress of 4 GPa was applied [19]. In
this case with a stress of only 67 MPa the same calculation leads to final
stable surface distortions of the order of 1 µm. In the following section attempts are made to describe zero-stress aging, pit formation and fatigue knees.
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Figure 4.9 STM photographs of the fiber’s suiface, a) unaged, and after aging
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4.5 PHYSICAL MODEL
The mechanical aging behavior of optical fibers is often not predictable. Jt
depends on the environment, e.g. the temperature, the presence of water, the pHvalue and on how the fiber is cabled. Also the fiber itself is an important factor, especially its primary coating. lt is extremely difficult to predict aging
in water, based upon the afore mentioned parameters. Of course, a detailed
knowledge about the chemistry of the optical fiber helps the manufacturers to
optimize their products with respect to aging. For telecom operators, however,
it is sufficient to have specifications for measuring methods, which can be used
for reliable lifetime estimates of their fibers in harsh environments like water. For this a physically sound model is necessary which explains anomalous
behavior, such as zero-stress aging and fatigue knees. In this section some attempts will be presented. Only the Hasl0v/Jensen and blunt-pit models give a
good description of the observed effects. They wil! be tested with measurements
of fatigue knees (Figure 3.7), zero-stress aging (Figure 4.3 and 4.4) and pits
(Figure 4.9).

4.5.1 Time Dependent B-value
A possible cause for the strength (or failure stress) decrease after aging in
water, is the presence of a stress-independent, but time-dependent effect. An
example is the delamination of the "chemically near" primary coating, causing a
change in "direct" chemical environment of the silica surface. This is also observed. Sometimes the primary coating slides of when gently handling the fibers.
Also changes in the environment of the fibers, and even the filling of the
cracks with water, can be responsible for a stress-independent time effect.
In an attempt to relate the fatigue knees (double-mandrel measurements of
Figure 3. 7) with zero-stress aging (2-point bending measurements of Figure 4.3),
a model is introduced, in which n has a fixed value, and B is a function of time
[4]. The failure stress decrease of the 2-point bending measurements can be fitted with a functionj{t), e.g. f(t) = [l+(t/t0)11]- 1 . With (A.11) it follows:
B(t)

B(O)·f(tt· 1

(4.2)

In order to find the behavior for double-mandrel experiments, i.e. under permanent stress, it is necessary to solve (1.12), but now with B(t) as a factor in
the integrand. The time to fracture is found numerically, the bending stresses
from the mandrel diameters calculated using Table 2.1. Also a correction for the
difference between the test length of 2-point bending and double mandrel must be
made (Table 2.1, [18]). This is done for a Weibull parameter of 100, resulting
in the plots of Figure 4.10 [4] (in this reference the fit was performed on the
measured dynamic fracture strain instead of dynamic fracture stress). Fatigue
knees, like in Figure 3.7, are clearly present, although they do not completely
match.
The presented description only takes into account that the crack growth of
an aged fiber is higher due to a change in chemica! environment. However, also
pit formation occurs under zero-stress conditions, which is not explained by the
previous model. Consequently a time dependent B-value cannot describe the experiments.
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Figure 4.10 Calculated median time to fracture tf as a function of mandrel diameter dm, derived with a time-dependent B-value, from 2-point bending experiments after aging in water.
4.5.2 Exponential Model on Pristine Fibers
The exponential crack growth law (1.9) is not only a physically more sound description of stress corrosion than the power law (1.10), it also has a zerostress term Ea. It will be investigated now, whether this zero-stress term can
be large enough to explain zero-stress aging and fatigue knees. The stress free
term has the largest effect when the fiber surface is pristine (without cracks).
A pristine surface is not in conflict with the high values of initial (inert)
strengths, with the narrow distribution, which are close to the theoretica!
limit [12,20,21] (see also Appendix B and G). Therefore analysis is made with
the assumption that the initial flaw size is zero. The same analysis was made
earlier by Bouten [19] (to explain the n-values of around 20 for optical fibers,
much lower than the reported values of around 40 for bulk silica, with larger
flaws). In this section it is checked whether fatigue knees can also be explained. For an initial flaw size of zero the sharp-crack assumption of Griffith
[22] is no longer valid. The calculated stress concentration around a crack is
described now by (1.4) in its full form [23]. Using the notation with a stressintensity factor K 1 [24] from (1.7), it follows [5]:
(4.3)

Here CP is a constant which becomes important only for pristine fibers. In fact
CP is a fit number which can be used when Y, y and/or p (Chapter 1) are not ex65

actly known. It follows from measurements of the initial strength, under the assumption that the initial flaw size is zero. Under this assumption the effect of
the fatigue knee is maximal. The expression (1.8) for the initial (inert)
strength S1, when K1 equals Kic, must also be modified:

(4.4)
With K1c
0.8 MPam 112 and S1 = 16 GPa [25] for pristine fibers (a1 = 0), a
value of 5xl0-5 mll2 follows for CP. For constant stress cr., the exponential law
can be solved analytically for this case. The solution for zero-stress condition
is simply:
(4.5)

a

For the fracture condition under stress, a simpte solution is obtained by approximating fracture at infinite crack size (same as neglecting right-hand term
in e.g. (1.13)) [5]:
log(t) + 2log(cra)

(4.6)

with:

c,

~ log[;,]

+

2log[~]

+ %rog(e)

In the above equations log is defined as IOlog. This equation differs from the
one as given by Abe et al. [26], where bYaJä;t(RD is assumed to be much larger
than 1, while a 1 is assumed zero in this section.
When the data obey (4.6), this should result in straight lines, when plotted
as log(t) + 2log(crJ against log(cra). The data from Figure 3.7 are plotted in
this way in Figure 4.11. The knees are, indeed, less sharp now. But they are
still present. The fits do also not match with the (inert) strength data of aged
fibers (Figure 4.4), when using (4.4) and (4.5). Even when additionally a timedependent B-value is used to fit the curves, like in Section 4.5.1, flaw depths
(pits) much smaller than one bond rupture (for a physical meaning, see Appendix
G) are found, for zero-stress aging of 7 months in water. Therefore the use of
the exponential crack growth law cannot explain zero-stress aging experiments
(Figure 4.3) and pit formation (Figure 4.9).
The following also shows that a single flaw description does not explain
zero stress aging. Call alt from (4.5) the zero stress pit velocity v,8 • Frorn
Figure 4.4 follows v0 = 9.lxl05 mis and Ea
131.5 kJ. Hence, v, 8 = 3xl0·18 mis
at 20 °C. The crack velocity under stress v is obtained by rewriting (1.9): v =
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Figure 4.11 Data from double-mand.rel statie fatigue tests in water (Figure
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vzsexp[bK1/(RnJ. With b = 2.43x108 JGPa-tm-1 12 , a typical value for
rosion equivalent to n = 20 (Appendix B.3), it follows that at cr = 3
with K1/K1c = 3/16 for S1 = 16 GPa) the crack velocity starts with
This is much higher than the value 5x10-15 mis that is calculated
corrosion. For S1 = 7 GPa the difference becomes even larger.

stress corGPa (start
10- 11 mis.
for stress

4.5.3 Haslov/Jensen Model
The first model to describe the combined effect of aging and stress corrosion
was published by France et al. [27], and is recently used to explain fatigue
knees [28). Here aging rules the first half of the lifetîme and stress corrosion
the second half, to keep mathematics simpte. In the Hasl0v/Jensen model [7],
aging and stress corrosion occur synchronously and calculation is done numerically. The models of [7] and [27) give ahnost equal fits, which can be explained
by the fact that in practice aging is indeed the significant effect in the beginning, and stress corrosion at the end. Above mentioned models, in which the
effects of stress corrosion and aging are simply added, give good fits of the
fatigue knees. In this section the Hasl0v/Jensen model will be solved analytically for a special, but practical situation [8].
The rate at which cracks grow under stress corrosion is given by the power
law (1.10). Consider aging onder zero stress as a process, in which material is
removed at a constant rate, i.e. constant speed vzs at which pits grow. In the
Haslmr/Jensen model the effects of aging and stress corrosion are simply added:
da

(4.7)

ut

This can be expressed, like (1.11), in the rate at which the strength S de67

creases. For constant applied stress cr. it follows:
dS

-cran

Of = B(n-2)S1-3

+

fctsj

lot

with

(4.8)

zs

For zero-stress aging alone the strength S follows as a function of time:

(4.9)

This relation is a special but realistic case of the strength-decay fit function, described by Haslev/Jensen [7]. Equation (4.8) can be solved analytically
for n/2 an integer. For n/2 even, the solution is, neglecting cr.n-2 with respect
to sln-2 [8]:

(4.10)
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Figure 4.12 Fatigue knees /rom Figure 3. 7 jitted with zero-stress aging data
/rom Figure 4.3 using the HaslliWIJensen model [7].
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The dynamic failure stress decrease due to zero-stress aging as given in
Figure 4.3 can be fitted with an exponential law (1.9) for K 1 = 0, to map the
temperature dependency. Note that the exponential law here is only an Arrheniustype of fit, and does not result in the same parameters as for stress corrosion.
A value Ea of 131.5 kJ and a value v0 of 9.lx105 m/s are found from the fit of
zero-stress aging data, resulting in v, 5-values of 2x10- 17 , 10-16 and 5x1Q-16
mis, for temperatures of 30, 40 and 50 °C, respectively [8]. With an n-value of
24, and B-values of respectively 2.4xl0- 11 , 9x10- 12 and 6x10- 12 GPa2s, excellent
fits (see Figure 4.12) are obtained of the fatigue knees from Figure 3.7. Note
that the B-values differ from the ones in Appendix B, due to the different value
of n, on which B depends strongly.

4.5.4 Blunt Pit Model
The models treated in Sections 4.5.1 and 4.5.2 failed in describing all anomalous effects in water. The Hasl0v/Jensen model from Section 4.5.3 gives a perfect fit, but misses a physical basis. In fact, the effects in water and stress
corrosion cannot occur on the same single, sharp, flaw (see further). In this
section the possible shapes of the cracks are studied. The blunt-pit assumption
will be used to explain zero-stress aging, fatigue knees and pit formation.

vu
Cal

(b)

Cel

(d)

Cel

Figure 4.13 Different crack shapes: a) sharp, b) blunt, c) blunt pit with sharp
crack, d) sharp with small aggressor and e) blunt with large aggressor.
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In the description of stress corrosion of optical fibers it is assumed that
the cracks are sharp. Such a crack is shown schematically in Figure 4.13 a).
With stress corrosion bond ruptures always occur at the crack tip. The crack
growth is hence 1-dimensional (not necessarily a straight path). The radius of
the crack tip remains the same as that of the ring in the structure of fused
silica [29]. When the crack growth rate is low, blunting may occur as is illustrated in Figure 4.13 b). A blunt pit may also grow in pristine fibers under
zero stress conditions due to etching (random or nucleation, see Section 4.4) of
the environment, a process called zero-stress aging. When stress corrosion occurs in such a blunt pit (and becomes dominant), the crack shape will be as
sketched in Figure 4.13 c), due to the 1-dimensional character of stress corrosion. For stress corrosion, blunting and aging, aggressors are needed to rupture
honds in the fused silica. Small aggressors like water fit easily in sharp
cracks, like in Figure 4.13 d), and are a major cause for stress corrosion [29].
When cracks are blunt also larger aggressors, like in Figure 4.13 e), may participate. Crack blunting, important when analyzing measurements, is treated in
Ref. [30]. For worst case lifetime estimates, crack blunting needs not be regarded. This section will focus upon the combination of stress corrosion and
zero stress aging, which is important when fibers are in wet condition during
service.
The physics of bond rupture, assisted by aggressors from the environment,
should be the same for stress corrosion, blunting and aging. The effect of
stress is nothing more than lowering of the potential well of the bound state of
a ring connection in the fused silica. This means that all effects should be
described by the same law. From Section 4.5.2, it became clear that zero stress
aging and fatigue knees cannot be related using the exponential crack growth law
(1.9) on a single sharp flaw. Hence it was concluded that the anomalous effects
in water cannot be described by crack growth on a simple sharp crack geometry
with an aggressor that reaches all corners of the crack, as in Figure 4.13 d). A
blunt pit with a sharp crack was suggested in Ref.[5], like in Figure 4.13 c).
Here large (and small) aggressors may etch the pit, while only small aggressors
(like water), may participate to the stress corrosion in the sharp crack.
Note that in the blunt bit description also something else than different
kind of aggressors may cause differing velocities of aging pits and sharp
cracks. lt is also possible that a systematic difference in concentration of
e.g. OH-ions exists between blunt pit bottoms and sharp crack tips. One of the
possible explanations for this could be surface tension effects. This is not
further worked out in this thesis. lt is not important for the blunt pit model
because the only assumption there is that different velocities of pits and
cracks may exist. They are obtained from fits of measurements and do not rely on
the exact chemistry or physics.
In the blunt pit model it is assumed that the etching and stress-corrosion
processes act independently of each other because of the differing dominant aggressors. The effects of the different (in principle unknown) aggressors can be
fitted separately by stress corrosion and zero-stress aging measurements (see
further). The etching causes roughening of the surface, without the occurrence
of sharp cracks. This is consistent with the aged fiber surface morphology as
observed by STM [4]). In the bottom of the pits sharp cracks may nucleate and
propagate, caused by stress corrosion. 1t is assumed that the sharp crack is
much smaller than the pit (for stress-induced corrosion especially the first
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bond ruptures are important for the time at which the crack causes fracture) and
"sees" a uniform stress crpit• which is the concentrated stress at the bottom of
the pit.
Assume that the (non uniform) etching of the fiber surface results in the
formation of pits and that the inert-strength decrease due to this can also be
described with equations as (4.4) and (4.5). In that case it follows [5]:
(4.11)

The quotient fp;c between (inert) strengths at t=O and at

!,"

~ const. x exp [:Zir] ..r, + 1

const.

t=t

is given by [5]:

(4.12)

Note that the pits are not sharp, e.g. as assumed when using (4.4). As a consequence the parameters in (4.11) and (4.12) have a different meaning than those
for stress corrosion. But, the equations are only used to describe the effect of
stress concentration, and hence the shape (not size), of the pits. The actual
value of e.g. CP is not used. The dependency of fpit as a function of time, obtained from fits of zero-stress aging measurements, gives the constant in
(4.12). Only this constant is used further. The use of (4.4), however, implies
the assumption that the tip radius of the pit remains constant. This assumption
is not proved here. If more was known about the exact shape and size of the pit
as a function of time, better fit functions than (4.12) were possible.
Given (inert) strength data after zero stress aging in water of different
temperatures, the unknown parameters in (4.12) can be found. Using the data from
Figure 4.4 results in E. = 131.5 kJ and const.
2.4x107 s- 112 • If fracture occurs when the stress at the bottom of the pit crpit reaches the pristine inert
value at t=O, crpit can be written as fp;i • cr. with cr. the applied stress. This
time dependent value of the stress in the pit is the starting point of the
model. Analytic solution of stress corrosion using the exponential law, is not
possible when the stress crpit depends on time (26]. Therefore an attempt to explain the fatigue knees is done using the power law (1.10) for the stress corrosion. This law results for a stress crpit in:

(4.13)
With (4.12) this equation can be solved analytically [5]:
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()a =

(4.14)

with:
G(t)

Tuis solution looks like the solution (4.10) for the Hasl0v/Jensen model, with
G(ta) instead of H(cr3 ). Because G depends on ta, instead of on O"a, (4.14) is
written as O"a as a function of ta now, in order to be able to find an analytica!
solution of the cr-t-relation.
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Figure 4.14 Calculated fits as obtained from (4.14) of the fatigue knees /rom
Figure 3. 7, using the measured decrea.se in (inert) strength after zero-stress
·
aging in water from Figure 4.4.
Fits with (4.14), for an n-value of 30 and with values of log(BS1n-2) of
288.9, 288.45 and 288.5 (Pa units) are drawn in Figure 4.14, for 30, 40 and
50 °C, respectively. The data from Figure 3.7 have also been plotted. In this
case the theory explains, on a more physical basis, both the fatigue knees, as
well as the formation of pits under zero-stress conditions. The calculated
curves fit less perfect than the fits of the Hasl0V/Jensen model (although this
cannot be understood physically). They are shifted a little bit downwards, when
compared with the measured data. This can, however, be explained by the fact
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that the tested fibers Al were from different spools. Measurements in Section
4.3 show that aging behavior can differ significantly from spool to spool.
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Chapter 5
Lifetime Models Ambient Environment
The mechanica! strength of optical fibers is detennined by cracks at the glass
surface, where a concentration of the applied stress occurs. These cracks also
grow under the influence of stress, a process called stress corrosion (see Section 1.2). This explains why the measured strength of a fiber depends on the
time that a load is applied. In the same way the time to fracture depends on the
applied stress. If the distribution of cracks was unimodal then lifetime estimation for the fiber in service was easy. In that case the lifetime could be obtained from accelerated fatigue tests by extrapolation of measured times to
fracture for different values of the applied stress to the stress that the fiber
is subjected to during its service life. The strength distribution is, however,
not unimodal. Besides the intrinsic high strength mode, measured on short
lengths, also an extrinsic distribution exists, the so-called weak spots (see
Section 1.3). These spots, of which only a few per fiber kilometer exist, cannot
easily be studied in laboratories. Especially their stress corrosion behavior is
hard to determine. Optical fibers are proof tested over their entire length to
eliminate the weakest spots and to guarantee a minimum strength. In this chapter
lifetime models will be discussed. These models are based on measured stress
corrosion parameters (usually obtained from the intrinsic mode) and proof test
information. Also distribution parameters from the weak spots, for which multikilometer lengths of fiber must be destructively tested, can be used as input
for the models.
Measurements of stress corrosion parameters can be performed with techniques
described in Chapter 2. It has been shown that all techniques give comparable
results (Appendix E) [1]. Stress corrosion (fatigue) tests have been presented
in Chapter 3. A modeling of the measured fatigue parameters using a power law
bas been done in order to estimate lifetimes. Twelve lifetime models (for ambient environment), all assuming sharp weak spots, have been found in literature
[2]. They have been studied and condensed to one basic model which uses weak
spot statistics. This model is derived in Section 5 .1.1. Both the truncation
after and the crack growth during the proof test are of importance. Weakening
due to unloading of the proof test is not taken into account. A justification
for this is given in Appendix J. An alternative for on-line proof testing, where
no sub-critical crack growth occurs, is also given (Section 5.1.2). Three testing methods are proposed to measure the weak spot distribution (Section 5.1.3).
Five of the models from literature fit into the framework of basic and alternative model with their three testing methods for the weak spot distribution. In
Section 5 .1. 5 some models which do not fit into this framework are discussed. A
motivation is given why they are not further considered. Another group, the min75

imum life approach models which do not depend on weak spot statistics, are also
presented (Section 5 .1. 6). A drawback of the latter model is that it requires
the B-value, about which no agreement yet exists (Appendix B) [3]. Weak spots
are not necessarily sharp, they may be blunt as well [4]. Therefore lifetime
modeling is also done for blunt flaws (Section 5.2). The results do not differ
much from those of sharp flaws, except for the minimum life approach model.
Lifetime models for harsh environments, where also zero-stress aging occurs (see
Chapter 4) are treated in Chapter 6 [4,5].
5.1 SHARP WEAK SPOTS
The lifetime of optical fibers is determined by weak spots. lt is not clear what
is the nature of a weak spot. In the models found in literature and studied in
the European Group COST-218 [2], these flaws were always assumed to be sharp.
Furthermore stress corrosion was always described by a power law. When weak spot
statistics were used, an ideal Weibull initial distribution was always assumed.
These assumptions were also made for the derivation of the basic and alternative
(for on-line proof testing) models in this section. Three testing methods to
measure the weak spot statistics have been proposed. It is shown which models
fit into the presented framework. Other models are shortly discussed. A special
group of models is based on a minimum life approach and does not use weak spot
statistics but requires the B-value.
5.1.1 Derivation Basic Model
The basic model will be derived with 2 assumptions. First, crack growth of weak
spots will be described by a power law (l.10) with parameters obtained from fatigue measurements, usually on the high strength mode (Section 1.3). A justification for this is given in Appendix C. Second, the initial distribution of weak
spots before proof testing, can be described with a single Weibull distribution
(l.16). This distribution, which is just a straight-line fit function, can be
used without problems when required failure probability in service and proof
test failure probability do not differ over many orders of magnitude. With
(1.15) the failure probability F can be written as:

(5.1)

Proof testing with stress aP during time tP for the entire fiber length is done
to remove all cracks with a breaking stress below crP. However, during proof
testing, growth of the surviving cracks also occurs. If the initial inert
strength before proof testing is S1 this strength will drop to a value SP after
proof testing. The relation between S1 and SP follows from (1.12):
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2
SP] n-2
l] l/(n- )
CJP CJ
+ "C
[[ p

(5.2)

Here C = B/(CJP2tP). The strength drop mainly occurs for those cracks which just
do not fail durmg proof testing. The initial inert strength S1P of a flaw which
just fractures after proof testing, is found with (5.2) by putting SP = CJP:
l/(n-2)

Sip

=

CJP 1 +

[

bJ

(5.2a)

Figure 5 .1 shows the initial inert strength Srdistribution of the weak spots.
Note that it does not cross the "proof test point" (CJP, FP) but instead the
point (S1P, FP). Hence, the line labeled with S1 is the distribution of initial
inert strengths that follows from CJP with observed F , not line a). For proof
testing under inert conditions these lines coincide. The shift is given by the
crack growth of the flaw that just fails in proof testing, given by the factor
between S1P and CJP in (5.2a). The initial inert strength Srdistribution in Figure 5 .1 is apparently shifted by this factor. After proof testing the S1 distribution transforms to the distribution labeled with b), which follows from (5.2).
Figure 5 .1 clearly shows that crack growth only occurs close to the proof test
level. For smaller cracks, i.e. higher strengths, the rate of crack growth drops
rapidly and line b) touches the initial Srdistribution. The strength distribution after proof testing for cracks that survived the proof test, labeled with
SP in Figure 5 .1, is found after truncation of the distribution.
Write (5.1) for the reference point (S1 , F) with S1 = S1 and F(S1) = FP
and substitute S1P. by the right hand side of (5.2a). Now L 0 and S0 can be eliminated in (5.1) for S1, assuming equal lengths for the S1 distribution and the
reference point, resulting in a relation for the (apparently shifted) S1 distribution. The distribution of inert strengths F(Sp) after proof testing (line b)
is obtained using the relation between all points SP and S1, found with (5.2):
ln[l-F(S )]
p

=

ln(l-F)
p

[ l
1 +C(SP/CJp)
1+c

2

0

m/(n-2)

(5.3)

-

The final distribution of inert strengths SP after proof testing is obtained by
truncation of line b). This is achieved by subtracting the failure number NP
after the proof test from N(SP), using a relation between N and F like in (5.1):
m/(n-2)

ln(l-F ) 1 + C(SP;CJP)n-2
P {[
l+C
]

}

- 1
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Figure 5.1 Plot of Weibull distribution crossing "proof test point" (line a),
the actual initial inert strength Scdistribution, which is apparently shifted
l7y a factor representing crack growth during proof test, the same distribution
ajter proof test (line b) and the .final distribution of inen strength SP ajter
proof test, which is corrected for truncation.
Summarizing: Figure 5.1 shows the inert strength SP-distribution after proof
test with the apparent, B-value dependent, shift due to crack growth and truncation. The proof test level is a guaranteed strength minimum, when weakening during unloading is not taken into account (Appendix J). The majority of the surviving weak spot distribution, however, corresponds to a much higher level,
especially for low B-values.
In service condition with constant oa during the lifetime ta, a crack starting at SP will grow until fracture at S = cra. Using (1.12) and neglecting cr3 n-2
with respect to SPn-2 , we get:
·

(5.5)
Substituting in (5.4), and writing F(cr3 ) = F, gives the "breaking rate" lifetime
model of Mitsunaga et al. [6], without first deriving an expression for NP:

l~~]

1
1/n

(n-2)/m

(l+C) -

(5.6)

}

Note that the B-value almost disappeared (C can be neglected in 1 +C, as discussed later) in above equation. This is because crack growth during service
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balances crack growth during proof testing (the apparent shift). This is true
only if the environment during service is equal to that during proof test or,
worst case, less harsh than during proof test. In Section 6.1 the situation for
service environments more harsh than during proof test is described. In the Mitsunaga model, knowledge about the initial Srdistribution is not necessary since
the failure number during proof test NP supplies the information needed to estimate the lifetime. The Weibull parameter m, however, must be estimated (worst
case).
Other ways to get information from the flaw distribution in order to estimate lifetimes are dynamic fatigue testing [7 ,8] or variable screen testing [9]
of long lengths of fiber (see Section 5.1.3). Before treating this, the basic
model is derived, in which NP is expressed in the original S1 distribution. With
(l.12) and (5.1), it follows:

[l

m/(n-2)

LN

P

=

L

(j

"t

(l + C)mi(n-2)

___E___E._

Lo BSon-2

(5.7)

Substituting in (5.6) finally gives the basic model:

-

~ln(l-F) [BS~n-2] m/(n-2) (n-2)/m- 1
{jp

l/n

(5.8)

tp

In this equation, the approximation of C = 0 is made. Reference [6] states that
the condition C < < 1 is sufficient to justify this approximation. An additional
condition BcrPn-2 < < cra"ta, however, must be fulfilled in order not to make estimates that are too conservative with (5.8). But in any case C = 0 can be used as
the worst case. The parameter B appears again in (5.8), but now in connection
with S0 . The product BS0°-2 can be obtained directly by measuring methods (see
Section 5.1.3) without the need to know B separately. Crack growth during prooftest unloading is not taken into account in this model. This has, however, a
very small influence on the failure probability after proof test (Appendix J).

5.1.2 Alternative for On-line Proof Testing
The basic model uses as input, among others, the stress corrosion that occurred
during proof testing which depends on environmental conditions there. This input
has some effect on the estimated lifetime, especially when the model is based on
failure during proof testing, such as (5.6) [6]. lt was already mentioned that
for worst case estimates with the presented model the proof-test environment may
not be less humid than during service. When the proof test is performed on-line,
however, the environment is not "seen" by the fiber. Two-point bending dynamic
fatigue measurements shortly after drawing [10] illustrate that the fiber needs

79

a few minutes to relax to the ambient fatigue environment (see Figure 5.2). This
can be understood. Drawing from the preform occurs at high temperatures (around
2000 "C). The fiber cools rapidly and remains dry during cooling. The moisture
from the environment and/or coating (which is also dry when applied) needs some
time to diffuse to the surface of the glass. The data in Figure 5.2 show a rapid
increase in dynamic failure stress for decreasing time after drawing, but do not
give enough information to see whether inert conditions apply for on-line proof
testing. The unknown behavior during the proof test can be eliminated by the
worst case assumption that no crack growth occurs during proof testing (limit of
tP to zero). The same worst case assumption can also be made when the proof-test
tune is extremely short. In this case the "dynamic test" [11] model is obtained
from (5.8), in which all effects of the proof test are ignored:

a,

~ {[-~hl(! f)l
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(5.9)
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Figure 5. 2 Fracture strain for dynamic fatigue measurements of a fiber as a
function of time t after drawing /rom the preform.
When the effects of the proof test are ignored in the same way for the estimate (5.6), based on prooftest information, the result will be an allowable service stress of zero. This clearly makes this estimate beyond the worst case.
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5.1.3 Test Methods Weak Spot Distribution
Long-length dynamic testing Dynamic fatigue testing on long lengths of fiber
can be used to detennine the weak-spot distribution. This can be done with conventional techniques or with the special developed technique of Glaesemann and
Walter [12] (see also Section 2.3.2). During dynamic testing a stress dcr/dtxt is
applied to the fiber. A crack, starting at S0 will grow after subsequent proof
CJdo = dcr/dtxtcto· Using
testing and dynamic fatigue testing until fracture at S
( 1.12), to find the equivalent of (l.14), and neglecting crd0n-2 with respect to
S0n-2 it follows:
n+I
dO

(J

BSon-2

(n + l)dcr/dt

n

(5.10)

+ CJP tP

This can be substituted in the basic model (5.8) or alternative model (5.9). The
first choice is used in [7 ,8] written in a different order and using different
symbols. The lifetime formula of [8] is even slightly different (and more complicated), due to the fact that the approximation made in (5.5) is performed
there on dynamic ("service") failure stresses. The values CJdo and m of the weakspot distribution, necessary for this model, can be measured by dynamic fatigue
testing on long lengths of fiber. Starting at SP a crack will grow until fracture at S
crd = dcr/dtxtd. With (l.12) it follows, neglecting crct"-2 with respect
to Spn-2:
(5.11)

Substituting into (5.4):
m/(n-2)

1

ln(l-F) l+cr/+ /[crp\(n+l)dc;/dt]
P

[{

I+c

l

_1

(5.12)

}

The distribution of dynamic failure stresses O'ct is shown in Figure 5.3, together
with the distribution of inert strengths after proof test S.P.. The dynamic failure stresses are given for the same test lengths L as detined with the failure
number FP. The test lengths are, however, usually much shorter (test lengths
between 1 and 20 m while the proof test failure is usually defined on 1 km) and
the curve of dynamic failure stresses shifts downward. Note that the slopes far
away from the proof test level differ slightly and that there is also a probability to find a dynamic failure stress lower than the proof test level. This
does not mean that the inert strength is below the proof-test level and bas
nothing to do with weakening due to proof-test unloading (see Appendix I)! It
means that fatigue occurs during dynamic testing. Region A in Figure 5.3 represents the intrinsic distribution, which is not important for lifetime estimations on long lengths.
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Figure 5.3 Distribution of the dynamic failure stresses crct, tested under fatigue conditions, compared with the distribution of inert strengths SP' immediately ajter proof testing. A length shift occurs when the sample length to measure O"ct is shorter than the length at which the proof test failure NP is defined. Region C is the truncated part of the (single) weak spot distribution B.
Region A is the intrinsic mode. Note that measured failure stresses crct below the
proof test level crP are not caused by weakening during proof test unloading.
The weak-flaw distribution from (5.12) can be rewritten in measurable parameters, after substituting FP with (5.7), using crdo from (5.10) and for C < < 1,
as:

(5.13)

This function includes the truncated part of the distribution. When not to close
to the prooftest level crt>..: the Weibull plot of the dynamic failure stresses crct
becomes linear (region ts in Figure 3). In this case crp%(n+ l)dcr/dt is much
smaller than crctn+i, and (5.13) becomes:
m(n+ l)l(n-2)
ln[l-F(crct)1

L O"ct

= - Lo [O"cto]

(5.14)
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The parameters O'do and m can hence be obtained from the linear part B of the
(extrinsic part of the) Weibull plot of dynamic fatigue measurements. The exponent in (5.14) differs slightly from m, which explains the slightly different
slopes in Figure 5.3.

Variable screen testing Repeated screen testing at different levels cr. during
time t. of long lengths of optical fiber, and measurement of the corresponding
failure numbers LN(cr5 ), is another method to find the weak-spot distribution
(see also Section 2.3.3). The derivation of the screentest-based lifetime model
is analogous to the dynamic testing one. Using (1.12) it follows:
(5.15)
which can also be substituted into (5.8) or (5.9) to obtain the lifetime models.
This model is described in Ref.[9]. The linear part B of the Weibull plot (not
close to the proof-test level; see e.g. Figure 2.11) of log[LN(crJ] against
log(cr5) can be expressed as:

[l

nm/(n-2)

L

as

(5.16)

LN(cr.) = ,- -

Lo (Js0

The parameters O's0 and m can hence be obtained. The exponent in (5.16) differs
from m again, resulting again in a slope in the Weibull plot slightly different
from the initial strength distribution. When screen testing is done with the
same fiber repeatedly, the failure number N(cr.) should be taken cumulatively.
Also here a fit including the truncated part of the distribution (close to the
proof-test level) can be made in principle, but is not performed here.

Proof test The proof test as a testing method (model based on (5.6)) was discussed earlier (see also Section 2.3.1). In that case only one point of the
Weibull plot of the weak-flaw distribution was obtained. The rest of the plot
follows with a worst case estimation of the m-value (slope in the Weibull plot).
The failure rate during proof testing cannot be used as input for the altemative model.
5.1.4 Numerical Example
The sample fiber considered is proof tested with crP.
0.5 GPa during a time tP =
1 s. The extrinsic flaw distribution is characterized with a Weibull parameter
of m
2 (this value is reported often) and a failure number N_p during proof
testing of 0.02 km- 1 [13]. An n-value of 20 and a B-value or 4x10-8 GPa2s
(environment 20°C and 70%RH) is used (in the "standard" numerical examples with
"low B-value") [14). This environment can usually be considered as a worst case
in a duet cable with a water harrier [15]. It is not very difficult to perform
dynamic fatigue testing, variable screen testing and proof testing in roughly
the same environment. In this case all the B-values are understood to be the
same. The B-value during the proof test can, however, differ considerably from
this value when the proof testing performed is on-line. With this information it
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follows that S0
8.43 GPa for L 0 = 1 km (using (5.7); note that this value is
not measured but follows, among others, from the assumption that NP
0.02 km·l)
and that C = l.6xHF, which is much smaller than 1. With dcr/dt = 0.05 GPa/s it
follows that crdo = 2. 77 GPa. These results are different for on-line proof testing (crcto remains almost constant). Failure probabilities F of maximum 1, respectively 10·3 % at a length L of 1 km are required after a service lifetime ta of
30 years.

Table 5.1 Allowable stress in GPa with the basic and altemative model for the
fiber from the numerical example with proof test at 0. 5 GPa.
Failure probability (%/km) 1 •10·3
Basic model
0.21 0.14
Mitsunaga model
0.19 0.13
Alternative model
0.13 0.006
Allowable stress levels during service are given in Table 5 .1. The results
depend on the model, not on the test method, except when failure during proof
testing is used as the input. In the latter case a worst case estimation
(largest value) of the Weibull parameter m must be made. Larger values than m =
4 are not reported for modem fibers. It becomes clear from Table 5.1 that the
alternative model is far too conservative for low failure probabilities. Fibers
do not fracture at such low service stresses, whether proof tested on-line or
not. (Note that proof testing on-line is not bad for the fiber, it is only difficult to specify enough lifetime in some cases.) This means that low failure
probabilities for on-line proof-tested fibers can only be guaranteed with other
models than the basic and alternative ones. In that case a B-value is always
necessary.
Some parameters in the numerical example will change when another B-value is
used [13]. The B-value can be obtained from BS1°·2, measured in the laboratory,
if the initia! (inert) strength distribution of the fibers before fracture is
also known. The B-value used in the numerical example follows from initia!
strengths obtained with liquid nitrogen [16] and vacuum [14] measurements (for
n=20), corrected for nonlinear elasticity [29]. Also higher B-values (called
"high" B-value in some examples) of 0.01-0.05 GPa2s obtained with high strainrate dynamic fatigue techniques are reported [17]. Both B-values are probably
not quite correct since these values are obtained assuming that sharp cracks
already exist at the fiber's surface, also when tested at inert conditions. Optical fibers, however, are considered pristine and a first "pit" is believed to
be formed by another, yet unknown, mechanism than stress corrosion [18].
Two-point bending measurements, in ambient condition and in vacuum, on
fibers aged in water, which certainly contain flaws or "pits", result in
B-values of roughly 10·6, 10·5 and 104 GPa2s for fibers aged for 6 months in
water of 40, 50 and 60°C, respectively [19] (see Chapter 4). Hence, the conclusion is that reliable B-values do not yet exist for optical fibers (see also
Appendix B). The different models are compared using the parameters of the preceding numerical example with the low B-value. Differences between the models
will be smaller when B-values are higher [13].
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5.1.5 Other Models based on Weak Spot Statistics
A short presentation is given of other models from literature which are based
upon weak spot statistics. Different lifetime models can be best compared in
terms of allowable stress levels during service. This is preferable over unpractical information such as extremely low failure probabilities or extremely high
lifetimes [2]. When the parameters from the previously mentioned example are
used, allowable service stresses cr. as in Table 5 .1 are found with the basic and
altemative model. Models found in the literature (see Table 5.2) that fit into
the framework of basic and altemative models, in combination with the presented
test methods, are given in Table 5.3. The allowable stresses during service are
found in Table 5.1 for these cases. A summary of the models that do not fit into
the presented frame work will be given next, including a discussion of how they
are related to the basic model and the on-line alternative, and a short motivation for the reason why they are not considered (yet). A more extensive treatment of these and the proposed models is given in Ref. [2].

Table 5.2 Summary of studied models.
Model
Data-base 1
Data-base 2
Dynamic-test
Breaking-rate
Variable-screentest
Inert-strength
Short-prooftest
Shifting
Safe-stress
Minimum-life
Safe-stress minimum-life
Minimum-life with unloading

Used by
Optica! Fibres
British Telecom
Bellcore, CCITT
NTT, many
Nokia
Telia
PTT Netherlands
NKT, AT&T
Coming
Many
Coming
Coming

Ref.
7
8
11
6
9
20
13
21
22
23
22
24

Table 5.3 Models that fit directly into the presented framework.

Test method\Model Basic
Dynamic testing
Variable screening
Proof testîng

Altemative

Data-base 1 and 2 Dynamic testing
Variable-screentest
Breaking-rate

lnert-strength model This model [20] is the basic model with long-length dynamic testing as input (Data-base model) for the limit of tP to zero:
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(n-2)/m

l/n

(5.17)

Here the C-value is not neglected. This takes away the disadvantage of the Dynamic testing model, which can go beyond worst case, especially for low failure
probabilities. This is illustrated by the allowable service stress of 0.15 and
0.08 GPa (compare with Table 5.1) for the numerical example with failure rates
of 1 and 10·3 %, respectively, for the "low B-value", and 0.20 and 0.16 GPa for
the "high B-value". Because this model contains the unknown B-value it is not
considered further (see also Appendix B).
Short-prooftest model This model [13] is the same as the lnert-strength model,
except it has proof-test failure as input. The allowable service stress for 1
and lQ-3% failure probability is now 0.08 GPa in both cases for the "low"
B-value, and 0.18 and 0.16 GPa respectively for the "high" B-value. This is more
conservative than the Inert-strength model, especially for low B and high failure probability. In fact, not much is gained with the additional proof-test information when compared with the Minimum-life model (see Section 5.1.6). Because
of the need to know the B-value this model is also not regarded further.
Shifting model This model [22] is based on horizontal shifting of the line
through measured statie fatigue data on short samples, plotted as log(t) against
log(cr). Shifting is done until this line coincides with the "prooftest point",
with t and crP. In this technique also the part after the "fatigue knees" [25]
(see afso Chapter 4) is shifted. This may not be correct because the behavior
after the "fatigue knee" is not described by stress corrosion of the silica
alone. In Chapter 6 modeling with mentioned phenomena after the "fatigue knee"
is performed. The shifting model, however, can also be used for curves without a
knee. In this case the graphical shifting can also be represented by a simpte
formula [2,26]:

(5.18)
This lifetime model is generally not very far from the basic model (it gives an
allowable stress of 0.18 GPa for the numerical example, not depending on B-value
or required failure probability), but cannot be derived from (1.12) and (5.1)
and is not worst case.
Safe-stress model This model is an extra safe form of the Dynamic-test model
[22]. A safe stress is specified, such that crack growth will not cause the
fiber to weaken by more than 0.5 % instead of causing fracture. The safe-stress
model looks safer than it is. Relatively soon after reaching 0.5% crack growth
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the fiber will fracture (see [2] for a more detailed analysis). The allowable
stress during service of 0.12 and 0.005 GPa for a failure rate of 1 and lQ-3 %,
respectively, is only slightly lower than for the Dynamic-test model (see Table
5 .1). We prefer to use safe fatigue parameters by choosing them worst case,
rather than to use the arbitrary safety margin of allowing only 0.5% weakening
during the lifetime.

5.1.6 Minimum Life Approach Models
Another group of models, based on a minimum life approach, is not covered in the
previous section. These models, which are also listed in Table 5.2, do not require weak spot statistics but need the B-value, gained from initia! (inert)
strength measurements (Appendix B). Because of ungoing discussions about this
B-value, the minimum-life approach models are not regarded further (Appendix B).

Minimum-life model This model assumes that a crack always exists, which corresponds to the prooftest level, no matter what the considered service length is
[23). A (simple) formula for this model can be directly obtained from (l.13a),
but is also a special case of the basic model (5.8) for m = oo (and S0 = crp):
(5.19)

In this model it is necessary to know the B-value. Ongoing discussions about the
B-value, however, are the reason that this model is not further regarded (see
Appendix B). The allowable stresses are 0.08 and 0.16 GPa for the numerical examples with "low" and "high" B-values, respectively, not depending on the failure probability in service. Another problem of this lifetime model is the fact
that a crack may grow to a size larger than that corresponding to the proof-test
level, during unloading (treated in the Minimum-life with unloading model). Appendix J shows that the probability of this is very low.

Safe-stress minimum-life model In Ref. [22) a "minimum-stress design variant"
of the Safe-stress model is also treated. This model is, just as the Minimumlife model, an altemative to the Safe-stress model when not enough statistica!
information about the weak spots is available. More precisely, the model is the
Minimum-life model with a safe-stress condition instead of fracture. The value B
is bidden in the assumption that the fiber "strength" is degraded by a maximum
of 30% during testing after proof test) [2]. The Minimum-life model is preferred
for the same reasons as given for the Safe-stress model in the previous section.
Minimum-life-with-unloading model A minimum life model is suggested [24) that
takes into account weakening of the fiber during proof-test unloading. The probability of such weakening might be low, as is shown in Appendix J, but for a
real minimum life guarantee this weakening should be taken into account. For the
"high" B-value it can be derived by means of Appendix J and Ref. [2] that the
allowable stress during service is 0.16 GPa for unloading times shorter than 1
s, just as in the Minimum-life model without unloading. For the "low" B-value,
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the allowable stress strongly depends on unloading time, 0.08, 0.01 and 0.00 GPa
for unloading times of 1 µs, 1 ms and ls, respectively. Only for the shortest
unloading time is the result the same as for the Minimum-life model.

5.1.7 Discussion
Framework of models The twelve ex1stmg lifetime models for optica! fibers
which have been studied and compared are listed in Table 5.2. A framework of
models, based on weak spot statistics, is proposed: combinations of one basic
model and one alternative model with three different test methods. The basic
model takes into account the effects of proof testing (apparent shift of initial
flaw-distribution and truncation). Here the allowable service-stress is 0.21 GPa
in the treated numerical example. The alternative model, which needs to be used
when proof testing is performed on-line, is a worst case limit (service stress
0.13 GPa in the numerical example) of the basic model, not depending on prooftest parameters anymore. This model results in unrealistic low allowable stress
levels during service when very low failure probability is required. The three
test methods, to obtain information about the weak-spot distribution, are dynamic fatigue and variable-screen testing of long lengths and using the failure
number during proof testing. In the latter case a worst case estimation of the
Weibull parameter m is needed; this testing method can only be used in the first
model. With m=4 the allowable service-stress is 0.19 GPa in the numerical example.
Remaining models The remaining models are not always worst case, result in unrealistic requirements or do not improve the models of the framework of of the
preceding paragraph. Also some models contain the B-value, on which no agreement
yet exists in literature. These models are therefore not considered (see Appendix B).
All of the studied models originate from the same theory, based on a power
law to describe the crack growth, with the corrosion susceptibility n obtained
from statie or dynamic fatigue experiments on the high strength mode (see Chapter 3). A corrosion susceptibility of typically 20 to 30 is found for most optica! fibers, the highest value for the longest measuring time [1]. The weak
spots, which cause failure in service for most applications, are not the same as
the cracks examined in short-length laboratory measurements. The stress corrosion is assumed to be the same for both situations in all models. Some
experiments on abraded fibers justify this [27 ,28), some not [36). It is also
shown that the speed of crack growth of a weak spot under service conditions is
comparable to that of an intrinsic flaw in laboratory tests [29]. A further
study concerning the value of n for use in the lifetime models is a current
topic within the European COST-246 project.
Power law assumption The lifetime models which were studied are based on the
already mentioned power law, and asswne a constant n-value. The limitations of
this law were discussed [30), but it was concluded that the power law can still
be used in many cases. Another model to describe stress corrosion, based on
chemical reaction kinetics, is the exponential law [3 l]. This law gives more
conservative lifetime estimates when extrapolation to longer times is done. It
is shown, however, that lifetime estimates do not simply extrapolate laboratory
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measuring times to the longer service times [29] (Appendix C). The stress intensity and speed of crack growth, and not the applied stress or time, are physically relevant because it is the crack tip where the corrosion occurs. The
stress intensity and speed of crack growth for a weak spot, giving failure after
service, are comparable to those of a fiber (intrinsic mode) tested in a laboratory, and hence no extrapolation of the observed parameters is needed [29]. Also
even better fits are often obtained with the power law than with the exponential
law, and the Jatter requires numerical calculation. All together the power law
is a good choice.
Deviation from the power law after a certain speed of crack growth
(diffusion-limited: Region II, instead of reaction limited: Region 1, described
by the power law) [32] does not influence the lifetime models, not even when
based on crack growth during a short (proof test) time (see Appendix D). Phenomena that decrease crack growth, such as crack blunting [17], which may occur
after a long time and which are not yet well understood, are not considered in
the treated "worst case" lifetime models. The occurrence of "fatigue knees" [25]
in the fatigue behavior of optica! fibers in water is also not included in the
treated lifetime models. This will be treated in Chapter 6, where also the situation with a service environment, more humid than the test environment, is
treated. It is also shown that weakening of the fiber during unloading bas a
minor effect on the presented models (Appendix J).
Short fiber lengths Lifetime models which are based upon failure of weak spots
are commonly used for long length fibers, e.g. to estimate lifetimes for trunk
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Figure 5.4 Allowable stress during service as a function of fiber length /or 1
and J()-3 % failure probability. The calculation is made /or extrinsic (weak:) and
intrinsic flaws.
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cables. It is questioned if the presented models must also be used for short
fiber lengths, such as the fiber loops in splice enclosures or loops of active
fiber in optical amplifiers. lt is often assumed that on such short lengths the
probability to find a weak spot is such low that they need not be taken into
account. In order to investigate this two estimates will be compared, based upon
intrinsic and extrinsic flaw distributions.
The proof test effect on intrinsic flaws can be neglected. Hence (5.9) can
be used to extrapolate laboratory fiber fatigue measurements directly to service
conditions. In this case the value of BSi0n-2 for the high-strength mode must be
used instead of the term with S0 , for weak spots. This product is measured, e.g.
with the double-mandrel experiments in Section 3.1, in 70% RH and 20°C (test
length L 0 of 1 mm), listed in Table 3.1. For the extrinsic (weak) flaws the
proof test has an effect and (5.8) must be used, with S0 for weak spots again,
to estimate the lifetime. The parameters from the numerical example of Section
5.1.4 are used, but now calculated again with the higher n-value from Table 3.1
for correct comparison.
In Figure 5.4 the allowable stress at service is calculated for failure from
intrinsic and extrinsic flaws, for 1 % and 10·3% failure probability. The curves
for the intrinsic flaws have small slopes because of the high m-value of 100.
Surprisingly the weak spots are the main cause for failure for lengths larger
than 8 m in the case of 1 % failure probability. In the case of 10·3 % failure
probability the weak spots give earlier fracture even when the length is only 1
m or lower. Hence it is concluded that lifetime models based upon weak spots
shall be used in many short length applications. The same kind of conclusions
appear in Ref. 's [5,33,34].
5.2 BLUNT WEAK SPOTS
The assumption that weak spots are sharp is rather arbitrary. Not much is known
about how a weak spot really looks like. It is even suggested that weak spots
with their very broad strength distribution can be caused by different mechanisms and will therefore have different shapes [35]. Therefore a blunt weak spot
variant of the previous sharp weak spot models is given in this section for comparison. It will be shown that the results do not differ significantly from the
models with sharp flaw assumption.
5.2.1 Derivation Basic Model
The basic model will be derived for blunt weak spots, analogously to the derivation for sharp weak spots in Section 5. 5 .1. Crack growth will be described by
the same power law and the distribution of strengths will also be assumed to
obey Weibull statistics. The stress concentration around the flaw is, however,
different because of the different shape. A blunt weak spot, like in Figure
4.13 c) (Section 4.5.4), will be considered. It is assumed that its bottom behaves like the surface of a "high-strength mode" fiber. The local initial
(inert) strength at the bottom, Sn,, will therefore have the same value as the
initial strength S1 of a high strength fiber, about 16 GPa [14]. A higher stress
than .. applied is relevant, since the stress is amplified by the factor fflaw due
to stress concentration around the blunt flaw. It is assumed that the weak spot
is much larger than the sharp crack that will grow at its bottom due to stress
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corrosion and that therefore !naw remains constant. Note that /naw describes
stress concentration at the bottom of a weak flaw and acts the same as /pit for
aging pits, like in Section 4.5.4.
When a sharp crack exists at the bottom of a blunt flaw (here the stress is
maximal and hence stress corrosion most likely to occur), a higher stress
fflaw · cr than the applied stress a is experienced. The strengths at the bottom of
the flaw will be indicated with an index b. Now a relation like (l.12), analogously to (4.13) can be written for the bottom of the flaw:
t

Sbn-2

=

S

lb

n-2

1 J(t: )nd
B lflaw·(J f

(5.20)

0

The distribution of measured initia! strengths S1 of the weak spots follows from
the constant value s,b (in principle there is also a spread in the high-strength
mode, but much narrower than for the weak spots) via a distribution of the parameter fttaw with the relation S1 = Slb/fttaw· Since zero stress aging (Chapter
4) is not treated in this chapter fflaw is, unlike /pit• constant resulting in:

(5.21)

The initia! inert strength S1P of a flaw, which just fractures after proof test
at level crP. during time tP, is found by putting S=crp and S1 =S1P' analogously to
the derivation of (5.2a):

(5.22)

Note that crPn-2 is neglected with respect to S1P. n-2 , an assumption equivalent to
the assumption C = B/(cr 2t) < < 1 usually made in a later step in the derivation
(e.g. derivation of (5.8)) Î6J. The factor between S1P and O"P represents again
an apparent shift in the distribution of the weak spots.
Assume the same Weibull distribution for the initial inert-strength S1 distribution as for sharp weak spots, given by (5.1). Line b) is obtained analogously to the derivation of (5.3). Write (5.1) for the reference point Sru• FTJ.
with S1
S1 and F(SP) = FP and substitute S1P with the right hand siae or
(5.22). Now 'l0 and S0 can be eliminated in (5.1) for S1, assuming equal lengths
for the S1 distribution and the reference point, resulting in an expression for
the apparently shifted S1 distribution. The transformation to an expression with
S , as is done in (5.3), is made separately now. First the expression with S1
Jm be given, already corrected for truncation like (5.4):
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(5.23)

The distribution of (inert) strengths F(SP) after proof test is obtained using
the relation between all points SP and S1, found with (5.21):
(5.24)

An analytica! solution for the SP distribution (Figure 5.5) can be found by
first obtaining S1 from (5.23) and substitute this in (5.24) to find SP as a
function of F(S1), now transformed to F(SP) and written as F. For comparison
also the shifted S1 and SP distributions for sharp weak spots (Section 5 .1.1)
are drawn as dotted lines in Figure 5.5.

t

Log<1p

log

s-

Plot of Weibull distribution crossing point of proof test (line a),
the actual initial inert strength distribution S1 of blunt weak spots, which is
shifted by a factor representing crack growth during proof test, the same distribution after proof test (line b) and the final distribution of inert strength
SP after proof test, which is corrected /or truncation. The dotted lines represent the situation for sharp weak spots (Section 5.1.1).

Figure 5.5
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In service condition with constant stress 0'3 during the lifetime r.. the
failure condition follows for a crack with initia) strength S1, that dropped to
a strength SP after proof test according to (5.21) and grows until fracture occurs at S = a•. Neglecting cr. 0 •2 with respect to SPn-2 it follows:

(5.25)

Substituting (5.25) in (5.24) leads to an analytical solution for S1:
un
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a a

+
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(5.26)

B

J

F and -ln(l-FP) = LNP, directly a
Substitution in (5.23) gives, writing F(0'3 )
lifetime model like that of Mitsunaga et al. [6] for blunt weak spots, without
first deriving an expression for NP:
Un

In&;] 1
nlm

(5.27)

}

In this model the parameters B (just as in Mitsunaga' s model) and Slb do not
appear. The allowable stress for this "blunt" Mitsunaga model is almost the same
(slightly higher) as for the original "sharp" Mitsunaga model (see Table 5.4).
Other ways to get information from the flaw distribution in order to estimate lifetimes are, again, dynamic-fatigue testing [7,8] or variable screen
testing [9] of long lengths of fiber. First the basic model, in which NP is expressed in the original S1 distribution, is derived. Using (5.1) for tlie point
NP, S1P gives, with (5.22):

s2

min

LN - L
Ih
"t
r - L;, [ BSo" crP P
]

(5.28)

Substituting in (5.16) gives an expression for the "blunt" basic model, which
differs only slightly from the "sharp" basic model in Section 5.1.1:
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(J

5.2.2 Alternative for On-line Proof Testing
When proof testing is performed on-line the environment is not "seen" by the
optical fiber (Section 5.1.2). Therefore the proof test time tP is not defined
in the presented basic models. This problem can be overcome by taking the limit
of tP to zero as a worst case. The basic model with zero stress aging (5.29)
then transforms into an alternative model:
l/m

-
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'" - [- r'nCl
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n

lln

BSo

-FJ]

(5.30)

s"'t,

This model is equivalent to the Dynamic-test model for sharp flaws [11]. When
very low failure probability is required during service the alternative model
for proof testing on-line gives very (too) low allowable surface stress on the
fiber.
5.2.3 Test Methods for Weak Spot Distribution
Long-length dynamic testing Dynamic-fatigue testing on long lengths of fiber
can be used to determine the weak-flaw distribution (see Section 5.1.3). During
this testing a stress daldtxt is applied to the fiber. Analogously to the
derivation of (5.10), but now using (5.21) instead of (1.12), it follows:
(J

n+l

dO

(n + l)da/dt

+

0

n

(5.31)

P tP

The term on the left hand side can be· substituted directly into the "blunt" basic model (5.29) and alternative model (5.30). Remember that in the "sharp" basic model (5.8) the substitution was performed with the term BS0 °·2 , leading to
the same lifetime models as in Ref.' s [7, 8].
The values O'do and m of the weak-spot distribution, necessary for this
model, can be measured by dynamic-fatigue testing on long lengths of fiber.
Analogously to the derivation of (5.11), again using (5.20), it follows:

94

S

(J n+l

n-2

P

d

(5.32)

= B~(~n~+~l~)d~cr~/d~t

Substituting in (5.24) gives an analytical solution for S1:
Un

SIb2

(J n+l

BCJPn

(n + l)dcr/dt

_

S1 -

crP

d

1

SIbp
1
1

(5.33)
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With (5.23) it follows:

ln[l-F(a,)J
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(5.34)
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The distribution of dynamic failure stresses ud is shown in Figure 5.6, together
with the distribution of inert strengths after proof test Sir For comparison
also the distribution for sharp weak spots from Figure 5.3 is p1otted.
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Figure 5.6 Distribution of dynamic failure stresses ad compared with distribution of inert strengths S11, immediately after proof test. This plot is calculated assuming blunt weak spots. The dotted line represents the situation for
sharp weak spots, the dashed line the onset of the intrinsic mode.
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When not to close to the proof test level cr the Weibull plot of the dynamic
failure stresses crd becomes linear (Figure 5.6). Analogously to the derivation
of (5.14), it follows:
m(n+l)ln

ln[l-F(crd)]

crd

L

= - Lo
,- -O'do
[

(5.35)

]

The parameters crdo and m can hence be obtained as the linear part of the
(extrinsic part of the) Weibull plot of dynamic-fatigue measurements. The exponent in (5.35) differs slightly from m (and also from the exponent in (5.14),
which explains the slightly different slopes in Figure 5.6.
Variable screen testing Repeated screen testing at different levels as during
time ts of long lengths of optical fiber, and measuring the corresponding failure numbers LN(cr5), is another method to find the weak-spot distribution. The
derivation of the screen-test-based lifetime model is analogously to the dynamic-testing one. Using (5.21) it follows:

(5.36)

which can also be substituted into (5.29) and (5.30) to obtain the lifetime models for blunt weak spots. The sharp variant of this model is described in Section 5.1.3. The linear part of the Weibull plot (not close to the proof test
level) of log(LN(cr5)) against log(cr5 ) can be expressed as:
(5.37)

The parameters crs0 and m can hence be obtained. The exponent in (5.37) does not
differ from m now. When screen testing is done with the same fiber repeatedly,
the failure number N( CJ5 ) should be taken cumulatively.
Proof test The proof test as a testing method is discussed earlier. In that
case only one point of the Weibull plot of the weak-spot distribution is obtained. The rest of the plot follows with a (worst case) estimation of the
m-value (slope in the Weibull plot).

5.2.4 Numerical example
The lifetime models will be illustrated with a numerical example like that in
Section 5.1.4. In that example, for sharp weak spots, the value of S0 was calculated at 8.43 GPa. For blunt weak spots the value of S0 becomes 10.9 GPa (using
(5.28)). The allowable stresses cr. during service that follow for the different
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models are given in Table 5.4. lt is clear that the sharp weak spot assumption
from Section 5 .1 was not critical.

Table 5.4 Allowable stress cra in GPa for required failure probability F of 1 % /
J0-3%.
Flaws Basic Model Mitsunaga Model Altemative Model
sharp 0.213 I 0.136 0.193 I 0.131
0.130 I 0.006
blunt 0.218 I 0.137 0.196 I 0.132
0.126 I 0.004

5.2.5 Minimum Life Approach Models
Minimum life approach models for sharp weak spots are given in Section 5.1.6.
For blunt weak spots only the commonly used Minimum-life model will be considered. This model assumes that always a crack exists, which corresponds to the
proof-test level. With (5.21) it follows:

(5.38)

Tuis equation can be compared with (5.19). The allowable stresses are 0.06 and
0.12 GPa for the numerical examples with "low" and "high" B-values, respectively, and with S1b = 16 GPa, not depending on the failure probability in service. Note that these stresses are lower than for sharp weak spots, contrary to
the situation for lifetime model based upon weak spot statistics (Table 5.4).

References
[1]

[2]
[3]
[4]
[5]

[6]
[7]
[8]

A.H. Breuls, "A COST 218 comparison of n-values obtained with different
techniques", Proc. 2nd OFMC (1993) 9.
W. Griffioen, T. Breuls, G. Cocito, S. Dodd, G. Ferri, P. Haslev, L. Oksanen, D. Stockton, T. Svensson, "COST 218 evaluation of optical fibre lifetime models", Proc. SPIE, Vol. 1791 (1992) 190.
W. Griffioen, T. Svensson, B. Friderich, "Optical fiber inert strength and
B-value", Proc 43rd IWCS (1994) 750.
W. Griffioen, "Mechanica} lifetime model for optical fibers in water",
Proc. SPIE, Vol. 2074 (1993) 2.
W. Griffioen, "Mechanical lifetime model for optical fibers in harsh environments", Proc. SPIE, Vol. 1973 (1993) 150.
Y. Mitsunaga, Y. Katsuyama, Y. lshida, "Reliability assurance for longlength optical fibre based on prooftesting", Electron. Lett., Vol. 7, No.
16 (1981) 567.
"Strength of optical fibres", Document DOOl, Optica/ Fibres Deeside (June
1989).
P.W. France, W .J. Duncan, "Proof testing of optical glass fibers", Physics
of Fiber Opties, B. Bendow, S.S. Mitra, Eds" Vol. 2 of Advances in Ceram97

ics, American Ceramic Society, Columbus, Ohio (1981) 149.
J. Kurki, L. Stormbom, L. Oksanen, T. Räsänen, E. Leino, "Reliability and
environmental performance of cabled single-mode optica! fibers", Proc.
38th IWCS (1989) 380.
[10] A.H.E. Breuls, "Two-point bending measurements on fibres immediately ajter
drawing", Technical document of COST 218, WP 1, Eindhoven (NL), 1991.
[11] F.P. Kapron, "Theory of stressed fiber Iifetime calculations", Proc. SPIE,
Vol. 1366 (1990) 136.
[12] G.S. Glaesemann, D.J. Walter, "Method for obtaining long-length strength
distribution for reliability prediction", Opt. Eng., Vol. 30, No. 6 (1991)
746.
[13] W. Griffioen, "An evaluation of optical fibre lifetime mode Is II", Technica! document of COST 218, WP 1, Turin (IT), 1991.
[14] W. Griffioen, G. Segers, E. van Loenen, "Two-point bending apparatus,
fracturing optica! fibres at different speeds in one run; measurements in
standard and vacuum environment", Proc. 39th IWCS (1990) 368.
[15] W. Griffioen, "Water and hydrogen equilibrium for different cable constructions", Electron. Lelt., Vol. 26, No. 15 (1990) 1122.
[16] W.J. Duncan, P.W. France, K.J. Beales, "Effect of service environment on
prooftesting of optica! fibres", Proc. 7th ECOC (1981) 4.5.
[17] J. Björkman, T. Svensson, "Quick-access to fracture statistics at ultrawide range tensile test of optical fibres", Proc. 39th IWCS (1990) 373.
[18] R.S. Robinson, H.H. Yuce, "Scanning tunneling microscopy of optica( fiber
corrosion: surface roughness contribution to zero stress aging", J. Am.
Ceram. Soc., 74 [4] (1991) 814.
[19] W. Griffioen, W. Ahn, A.T. De Boer, G. Segers, "Stress-induced and stressfree ageing of optica! fibres in water", Proc 40th IWCS (1991) 673.
[20] T. Svensson, "Failure probability of screen tested fibre. Choice of formulas and evaluation of parameters", Televerket (Sweden) Rapport no. Pim 86
233 1-4 (4), 1986.
[21] P. Hasloev, "Optical cables without metal elements", contribution of NKT
(Denmark) to COST 218, temporary document 218TD(89)029, 1989.
[22) G. S. Glaesemann, S.T. Gulati, "Design methodology for the mechanica! reliability of optica! fiber", Opt. Eng., Vol. 30, No. 6 (1991) 709.
[23] A.G. Evans, S.M. Wiederhorn, "Proof testing of ceramic materials- an analytical basis for failure prediction", Int. J. Fract. 10 (1974) 379.
[24] T.A. Hanson, Private communication (Sep. 1992).
[25] C.R. Kurkjian, J.T. Krause, M.J. Matthewson, "Strength and fatigue of silica optical fibers", J. Lightwave Techno!., Vol. 7, No. 9 (1989) 1360.
[26] T. Svensson, "Comparison between two worst case models for estimating the
lifetime of optica! fibres", Televerket Report Nkk 017/91 (1991).
[27] S.P. Craig, W.J. Duncan, P.W. France, J.E. Snodgrass, "The strength and
fatigue of large flaws in silica optica! fibre", Proc. Bth ECOC (1982)
205.
[28] G.S. Glaesemann, M.G. Estep, J.D. Helfinstine, J.J. Carr, "Examining the
mechanica) behavior of intrinsic and extrinsic flaws in optical glass
fiber", 94th annual meeting of the American Ceramic Society, 4-JXVI-92,
Minneapolis, April 1992.
[29) W. Griffioen, "Effects influencing measurement of optica! fibre corrosion
susceptibility", Proc. 2nd OFMC (1993) 13.

[9]

98

[30]
[31]

[32]
[33]
[34]
[35]

[36]

D.R. Roberts, E. Cuellar, M.T. Kennedy, "Calculation of statie fatigue
lifetime of optical fiber", Opt. Eng., Vol. 30, No. 6 (1991) 716.
K. Abe, G.S. Glaesemann, S.T. Gulati, T.A. Hanson, "Application of a phenomenological fatigue model to optical fibers", Opt. Eng., Vol. 30, No. 6
(1991) 728.
A.G. Evans, E.R. Fuller, "Proof testing- the effect of slow crack growth",
Mater. Sci. Eng., 19 (1975) 69.
G.S. Glaesemann, "The mechanical behaviour of large flaws in optical fiber
and their role in reliability predictions", Proc. 4lth IWCS (1992) 698.
K. Abe, L Stormbom, "Permanent stress allowable in field installed
fibers", Proc. SPIE, Vol. 1791 (1992) 88.
C.R. Kurkjian, "Conceming the mechanical character of lightguide surfaces", Proc. SPIE, Vol. 1973 (1993) 120.
M.J. Matthewson, "Optical fiber reliability models", Proc. SPIE, Vol. CR50
(1993) 3.

99

100

Chapter 6
Lifetime Models Harsh Environment
Lifetime models for optical fibers in ambient environment, where stress corrosion is the failure mechanism, have been described in Chapter 5. There are no
large differences in fatigue behavior, when this behavior is detennined by
stress corrosion only and when the environment is the same (Chapter 2, Appendix
C, E) [1]. Stress corrosion in harsh environments may, however, differ from that
in ambient environment [2]. Zero stress aging, not taken into account in Chapter
5, depends strongly on the fiber and the environment (Chapter 4) [3,4,5]. Detailed understanding of these processes is necessary for manufacturers of optical fibers and cables to optimize their products. Telecom operators are interested more in the extent to which stress corrosion and zero stress aging may
occur in their (in future) installed fibers without causing premature fracture.
In this chapter a modeling of the measured fatigue parameters is done in order
to estimate lifetimes. Stress corrosion is modeled with a power law [6], just as
in Chapter 5, and zero stress aging data are fitted by an Arrhenius kind of law
[7]. Application of a more harsh environment than during proof testing is
treated in Section 6 .1 [2]. Modeling in water, including zero stress aging, is
done in Section 6.2 [8].
6.1 MORE HARSH ENVIRONMENT THAN DURING PROOF TEST
In the models treated in Chapter 5 [9, 10] the environment during service and
during testing of the weak spots was assumed equal to that of the proof test. In
the case that the environment in service is less harsh than during the proof
test, this means that the models in Chapter 5 include an additional worst case
assumption. When the environment in service is more harsh, however, the models
in Chapter 5 are not reliable anymore. In this section the models from Section
5 .1 will be adapted, taking into account that the stress corrosion parameters (B
and n) depend on the environment. An index s is added to indicate service environment and an index p is added for proof test environment. To keep mathematics
tractable, the environment during testing of the weak spots is taken equal to
that of the proof test. This is easy to achieve in practice, if it is not already the case. Zero stress aging is treated in Section 6.2.
6.1.1 Derivation Basic Model
The distribution of weak spots is, starting from an ideal Weibull distribution,
apparently shifted and truncated by the proof test. An expression for this is
given by (5.4). Only now n must be replaced by nP in this formula and C must be
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written as B/(altr) with nP and BP defined in the proof test environment [2]:

ln[l-F(S )]
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(6.1)

]

In service condition, with constant aa during the lifetime t., an expression
like (5.5) follows with na and Ba defined in service environment:

(6.2)

Substitution of SP in (6.1) and writing F(aa) = F gives a more general form of
the "breaking rate" lifetime model of Mitsunaga et al. [11]:
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(6.3)

(1 +q - 1

in which f = (na-2)/(np-2). The term C can be neglected again (worst case). The
parameters Ba and BP still appear in this equation, but in a form that can be
eliminated with tests in service and proof test environments (see Section 6.1.4)
[2]. The effect of environment was also taken into account in an earlier paper
by Bogatyrjov et al. [12].
In order to derive the basic model, which can be used for different testing
methods for the weak spots (see Section 6.1.3), NP is expressed in the original
S1 distribution like in (5.7):

(6.4)

Substituting in (6.3) gives the basic model:

[ [l
L
BS "r1 - rln(l-F) ~p~tp
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(6.5)

In ~his equation, the approximation of C == 0 is made. The parameter B appears
agam in (6.5) but not detached from S0 • The product BS0»-2 can be obtained directly by measuring methods (see Section 6.1.3) without the need to know B separately.
6.1.2 Alternative for On-line Proof Testing
When the proof test is on-line or extremely short, the environment is not "seen"
by the fiber (see Section 5.1.2). The fatigue of the fiber, if any, during such
a proof test is unknown. This problem is solved by taking the worst case limit
of (6.5) for tP to zero:

(6.6)

This model is a variant of the Dynamic-test model [13]. The model is beyond
worst case for very low failure probabilities. The fatigue parameters during
proof test appear in this equation, while the fatigue there is ignored. This is
because the test methods for the weak spots (not the proof test in this case),
which can be substituted into (6.6), are performed in the same environment.
6.1.3 Test Methods Weak Spot Distribution
Tests to obtain information about the weak spot stat1st1cs can be performed in
an environment that differs from that during service and proof testing. In principle it is possible to derive a model for this. More practical is to perform
the tests on weak spots in the same fatigue environment as that of the proof
test [2].
Long-length dynamic testing Dynamic fatigue testing on long lengths of fiber
can be used to determine the weak-spot distribution. During this testing a
stress dcrldtxt is applied to the fiber. An expression like (5.10) follows, now
with fatigue parameters nP and BP:

(6.7)
This can be substituted in the basic model (6.5) or alternative model (6.6). The
values O'do and m of the weak-spot distribution, that are required for this
model, can be obtained from the linear part B (see Figure 5.3) of the (extrinsic
part of the) Weibull plot of the dynamic fatigue measurements. For the fit the
following formula is derived analogously to the derivation of (5.14):
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(6.8)

Variable screen testing Repeated screen testing at different levels crs
time ts of long lengths of optical fiber and measuring the corresponding
numbers LN(crs) is another method to find the weak-spot distribution. The
tion of the screen-test-based lifetime model is analogous to the dynamic
one, which gives:
S nP-2
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(6.9)
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which can also be substituted into (6.5) or (6.6) to obtain the lifetime models.
The linear fit of part B of the Weibull plot (not close to the proof-test level;
see e.g. Figure 2.11) of log[LN(CJ5)] against log(cr5) gives the parameters CJ50
and m:

(6.10)

When screen testing is done with the same fiber repeatedly, the failure number
N(cr5) should be taken cumulatively.
Proof test The proof test as a testing method (model based on (6.3)) was discussed earlier. In that case only one point of the Weibull plot of the weak-spot
distribution was obtained. The rest of the plot follows with a worst case estimation of the m-value (slope in the Weibull plot). The failure rate during proof
test cannot be used as input for the alternative model.

6.1.4 Test Methods High Strength Mode
The environment of the optica! fiber during service may differ from that during
(proof) testing, e.g. in aerial cables, in splice enclosures, in filling compound, or even in water. In order to estimate lifetimes in such environments,
the presented formulae must be used including the different B-values. In this
section measurements, to be performed in proof test and service environment, are
proposed in order to obtain information about the relation between the different
B-values. The measurements need not be performed on the weak spot distribution.
In fact it is proposed to measure the intrinsic distribution, because also
n-values must be measured. The tests may be performed in a statie and dynamic
way. First the unknown term with B-values in the previous formulae can be eliminated by writing [2, 12]:
BS
n,.-2
a 10

(6.11)

(BpS10fip-2)t
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with Sio the Weibull scale-constant for the initial inert intrinsic-strength
distribution. The left and right hand side are exactly the same in this equation
(at the right hand side the nominator and denominator have been multiplied by
Si0na-2). The n-values and the products BSi0 n-2, in both environments, can be
found with standard techniques [2] (see also Chapters 1 and 2).

6.1.5 Numerical Example
The lifetime models will be illustrated with the same numerical example as in
Section 5.1.4. The effects of temperature and humidity are illustrated in Table
6.1, an example of (double mandrel) statie fatigue measurements (testlength L 0
about 1 mm) in different environments (see Section 3.1.3). The time to fracture
(given is tio for a 3.3 mm mandrel, i.e. 2.76 GPa) decreases with increasing
temperature and humidity, except for 96 % RH, where the time to fracture increases again. The n value, however, continues to decrease. That is why also the
calculated BSio n-2 can decrease continuously with rising temperature and humidity. The measured m values are around 100.
Table 6.1 The parameters BSi0 n-2 and n obtained with double mandrel experiments
fora commercial fiber in different environments (Section 3.1.3).
ti0 (day) at 2.76 GPa n BSi0 n-2(GPans)

Environment
50%
70%
90%
96%
70%

RH,
RH,
RH,
RH,
RH,

20
20
20
20
40

oc
oc
oc
oc
oc

12.5
1.9
1.6
2.1
0.6

31
29
27
26
25

5x1019
lQ18
1017
5xlQ16
5x1015

In Table 6.2 the allowable stress cr0 is given for failure a probability F of
1 % and 10-3 % on 1 km as calculated with the basic model (and Mitsunaga model
when proof test failure NP is the input) and the alternative model. The conditions 50% RH, 20 °C are taken for the proof test environment. For this environment the calculation is the same as in Section 5.1.4 (see Table 5.1). For other
environments the formulae in this section with (6.11) and the parameters from
Table 6.1 can be used. Because the n values are higher in this table than in the
numerical example (with some worst case assumptions), the allowable stresses are
higher [2]. For comparison the allowable stresses found are normalized in Table
6.2, to give the same number as in Table 5.1 in the case of 50% RH, 20 °C.
One expects a large effect of the environment on the allowable stress, because the n values differ: extrapolation of the double mandrel experiments to
lower stress levels like during service results in much lower times to fracture
for higher temperatures and humidities. The effect on the allowable stress in
Table 6.2 is, however, not very large. This can be explained with the knowledge
that weak spots are controlling the allowable stress in Table 6.2, and not the
intrinsic mode as tested in Table 6.1. The mentioned extrapolation is misleading. The difference in times to fracture between mandrel tests and service may
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look large, but is much smaller than in the mentioned extrapolation (see also
Appendix C).
Table 6.2 Allowable stress cra in GPa /or required failure probability F of 1 % /
1&3 %. The 50% RH, 20 °C environment is calculated with parameters from Section
5.1. 4. The allowable stresses for the other environments are obtained using the
same ratios between allowable stresses as in [2].
Environment
Basic model Mitsunaga Alternative
50%
70%
90%
96%
70%

RH,
RH,
RH,
RH,
RH,

20
20
20
20
40

°C
°C
°C
°C
°C

0.21
0.20
0.19
0.19
0.18

I 0.14 0.19 I 0.13 0.13 / 0.006

/ 0.13 0.18 / 0.12 0.12 ! 0.006
I 0.13 0.17 / 0.12 0.12 I 0.006

/ 0.13 0.17 / 0.12 0.12 / 0.006
/ 0.12 0.16 I 0.11 0.11 I 0.005

6.1.6 Minimum Life Approach Models
The Minimum-life model will be considered only, just as in Section 5.2.4. The
test methods to determine the weak spot distribution in Section 6.1.3 were done
in a certain environment. When this environment differs from that during service, a correction was given in the basic model of Section 6.1.1. The starting
point of the Minimum-life model is the assumption that the (inert) strength of
the weakest spot corresponds to the proof test level crP. This strength does not
depend on the proof test environment. Therefore the Minimum-life model does, in
principle, not differ from the one (5.19) in ambient environment (Section
5.4.2). The values Ba and na are now written in the formula:

(6.12)

The effect of B and n value on
Table 6.1 with an initial inert
ment. The allowable stresses drop
for the case that the environment

the allowable stress cr. can be illustrated using
strength Sm that does not depend on environdown to 90% of the value for (50% RH, 20 °C)
changes to (70% RH, 40 °C).

6.2 WATER (INCLUDING ZERO STRESS AGING)
When optical fibers are immersed in water, crack growth cannot be described anymore by stress corrosion alone. Zero stress aging [14] is also present in most
cases. This effect is observed as a weakening of the fiber. Also formation of
surface pits is found [4]. Anomalous behavior in statie fatigue experiments, the
so-called fatigue knees, are explained by a simultaneous occurrence of stress
corrosion and zero stress aging. Theoretica! modeling of these effects has been
done with the Hasl0V/Jensen model [15] and blunt pit model [3], treated in Sec106

tions 4.4.3 and 4.4.4, respectively. These models can be included in the weakspot-based lifetime models.
When using e.g. the blunt pit model fora weak spot, one may ask how such a
spot looks Iike. If a weak spot is sharp, then the large aggressors that cause
zero stress aging (more aggressive than the small aggressors that reach the
crack tip and cause stress corrosion; see Section 4.5.4) will cause rounding of
the crack near the fiber surface rather than reaching the (growing) crack tip
and causing stress corrosion. In that case the stress at the sharp crack tip,
where finally fracture occurs, will not increase: the effect of aging is negligible and "non-wet" lifetime models (Chapter 5) can still be used. Because it is
not known how a weak spot looks like, the worst case size and shape must be assumed in lifetime modeling. Therefore the weak spots are considered blunt in the
"wet" models. In that case the large aggressors can continue their work at the
bottom of the weak spot while the stress concentration remains present at the
bottom when the sharp crack becomes significant and failure occurs: The area
where stress concentration of the weak spot occurs is larger than the sharp
crack so that a double stress concentration occurs, the concentration from the
weak spot multiplied by the concentration of the sharp crack.
The size of a weak spot is also unknown. An assumption like same size and
shape as a pit formed by zero stress aging with corresponding strength would be
arbitrary. Another worst case assumption is made. Consider a weak spot that is
large even when compared with a pit formed by aging. In that case aging and
stress corrosion can be treated as taking place on a fiber which is initially
pristine, but under a stress which is amplified by the weak spot. The effect of
zero stress aging is maximal in this case (three times the stress concentration).
In the previous paragraphs two worst case assumptions have been made for the
weak spot. The weak spot is blunt and it is much larger than a pit formed by
aging. It shall be borne in mind that there is an even more worse case. When
weak spots are caused by particles, e.g. from the furnace of the drawing tower,
these particles may cause a tensile residual stress in the silica due to differences in thermal contraction. This can accelerate stress corrosion and may not
be recognized. In fact such a residual stress causes an apparent decrease of the
corrosion susceptibility n, such as also found in indentation measurements [16].
In Ref. [17], where various kinds of induced weak spots have been produced on
optica! fibers, however, such a behavior bas not been found. It is outside the
scope of this thesis to treat this further. One shall, however, be careful in
the choice of n-value in lifetime modeling.
When the pit remains small compared to the weak spot, the amplification factor of the weak spot does not change and (5.21) remains valid. Only now the
stress O' in the integral and the strengths S are amplified by a time dependent
f),,it from zero stress aging, given by (4.12) from Section 4.5.4. Rewriting
~5.21) gives:
Il'.
Vp1t

S)n-2 = sn-2_
1 [S.lb]
1
B
~

2
Jtfl'. O')ndt

(6.13)

Vp1t

0

S1 is not multiplied by the time dependent /pit because the value of the Iatter
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cr.

is 1 at t
0. Next the effect of statie fatigue in service at stress
during
time t., can be calculated, analogously to the derivation of (5.25). This will
be done for the Haslew/Jensen model (Section 4.4.3) and the blunt-pit model
(Section 4.4.4) in Sections 6.2.1 and 6.2.2, respectively. Calculations will
continue to use (5.23) and (5.24) for the weak spot distribution after proof
test. These equations have been derived without taking into account zero stress
aging. Tuis is allowed because no noticeable zero stress aging is expected during the short proof test time. The parameters that characterize the weak spot
distribution are obtained in the same way as in Section 5.2.3.
6.2.1 Haslov/Jensen Model
In the Hasl0v/Jensen model stress corrosion and zero stress aging occur simultaneously and are simply added together (see Section 4.4.3). In Ref. [15] conclusions were drawn for weak spots in service (at high temperatures), based on the
arbitrary assumption that a weak spot looks like an "aging pit". In this paper
the Haslav/Jensen model will be treated assuming that a weak spot is much larger
than an "aging pit" (worst case). The addition of stress corrosion and zero
stress aging means that the calculation must be performed with real stresses at
the bottom of the weak spot (with the "blunt pit model" multiplication of stress
with stress amplification !pit was possible, making the mathematics simpler).
For derivation of a lifetime model it is necessary to return to (5.20)
(differentiated), which can be written in terms of strength decrease for statie
stress cra• adding the zero stress corrosion (dSb/dt)zs:

_-cr_.n [!.}'
r~.b]n + [u'
r~tblzs

(6.13a)

B(n-2)Sbn-3

with (dSb/dt)zs like in (4.8) with S replaced by Sb. This can be solved analytically, analogously to the derivation of (4.10). The strength of a fibre with
initial strength S1 drops to SP after proof testing according to (5.20) and
fractures after service at statie stress cr. during time t3 (neglecting
n-2
with respect to St-2), This gives:

cr.

BSpn-2

=

cr nt

a a

[Sib]z
Yi H(cr)a

(6.14)

Note that H(cr.) is exactly the same as in (4.10) with also the same x1, i.e.
expressed with S1 and not with Slb. Substitution of (6.14) in (5.24) does not
result in an analytical solution for S1, because S1 also appears in x1. A solution for the allowable stress cra can be obtained by calculating S1 from (5.23),
substitute this in (5.24) with (6.14), and find cra numerically. The alternative
lifetime model for this case must also be calculated numerically by obtaining S1
from (5.1), substitute this in (6.14) with SP = S1 and and find Ua numerically.
The results for the Hasl0v/Jensen model for the treated numerical example are
given in Table 6.4, showing that allowable service stresses obtained with the
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latter model are more strongly dependent on input parameters than those obtained
with the "blunt pit" model.

6.2.2 Blunt Pit Model
When a statie stress cr. is applied during a service time t. on a fiber with initia! strength S1 that dropped to a strength SP after proof test according to
(5.21), it follows (fracture condition) with (4.12), analogously to the derivation of (5.25):
S

p

n-2

[~r

cr."t.

----r

(6.15)

G(I,)

with:
2

G

2
(fpit-1)

rn+2_1
;;p_1tn+l_l]
pit
__
__
n+2
n+ 1

(6.16)

Now substituting in (5.24) results in an analytica! solution for S1. With (5.23)
now follows, analogously to the derivation of (5.27), a lifetime model like that
of Mitsunaga et al. [12] for blunt weak spots including the effect of zero
stress aging:

_

[l
tr

a, - a, V(iJt.

n/m

1/n {

}1/n

ln(l-F)
[1 --ar,;-]
-1

(6.17)

The basic model for zero stress aging follows with (5.28), realizing that zero
stress aging during proof test can be neglected:

n/m
L0

1 - rln(l-F)

[BSo" 1]min
-2 -n

s,b

1/n

(6.18)

crp tp

The parameters that characterize the weak spot distribution are obtained in the
same way as in Section 5. 2. 3.

6.2.3 Alternative for proof testing on-line
When proof testing is performed on-line the environment is not "seen" by the
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optical fiber (Section 5.1.2). Therefore the proof test time tP is not defined
in the presented basic models. This problem can be overcome by taking the limit
of tv to zero as a worst case. The basic model with zero stress aging (6.18)
then transforms into an alternative model:

"· ~ [- r1no-FJ]
L

l/m

[ l

l/n

n

BSo

1

s"'

V{f,Jf,

(6.19)

With G(t3 ) = 1 the alternative model for blunt flaws without zero stress aging
is obtained. These models are equivalent to the Dynamic-test model for sharp
flaws without aging [13]. When very low failure probability is required during
service the alternative models for proof testing on-line give too low (see Table
6.4) allowable surface stress on the fiber.

6.2.4 Numerical Example
The lifetime models will be illustrated with a numerical example like that in
Section 5.1.4, with the blunt weak spot parameters from Section 5.2.4. The aging
parameters are Ea = 131.5 kJ and const. = 2.4x107 s-112 (from data of inert
strength decrease after aging from Section 4.3, using Section 4.5.4; the dynamic
failure stress decrease is shown in Figure 4.3). From the latter parameters the
functions fv.it and G11" follow with (4.12) and (6.16), respectively. They are
given in Table 6.3 for a temperature of 20 °C.

Table 6.3 The junctions fpit and Glln as a junction of
perature of 20 ° C.
t(year) 0 1
2
5 10 20
!pit
1 1.25 1.35 1.56 1. 79 2.11
Glln
1 1.19 1.27 1.45 1.65 1.93

aging time t for a tem30
2.36
2.15

In Table 6.4 the allowable stress levels 0"3 are calculated for a failure
probability F of 1 % and 0.001 %. This is done for sharp flaws (Section 5.1) and
blunt flaws (Section 5.2 and this Section), without and with zero stress aging.
In all cases the results for the basic model, Mitsunaga model [11] (m=4 as worst
case) and the alternative model are given. lt becomes clear that there is not
much difference between the basic and Mitsunaga model. The alternative model
gives lower allowable stresses, especially for low failure probability. There is
only a small difference for sharp and blunt weak spots. When zero stress aging
occurs, however, the allowable stress levels drop by more than a factor of 2 in
this numerical example. The Hasllw/Jensen model [15] is treated in Section
6.2.1. The allowable service stresses obtained with this model depend more
strongly on input parameters than those obtained with the "blunt pit" model. A
physical explanation for this cannot be given because the assumptions in the
model are not based on physics (the reason for the model's success is unknown).
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Table 6.4 Allowable stress O'a in GPa for required failure probability F of 1 %
/ 0.001 %.
Flaws
Basic Model Mitsunaga Model Alternative Model
0.213 I 0.136 0.193 I 0.131
0.130 / 0.006
sharp
blunt
0.218 I 0.137 0.196 / 0.132
0.126 I 0.004
blunt + aging 0.101 I 0.063 0.091 / 0.061
0.058 / 0.002
HaslGV/Jensen 0.149 I 0.011 0.129 / 0.008
0.086 / 0.003
The initial weak spot, giving failure in 30 years under a load of e.g. 0.101
GPa (basic model for 1% failure, blunt weak spot and aging) should have an initial inert strength S1 of 1.89 GPa, according to {5.24) and (6.15). For a sharp
weak spot this would correspond to a flaw size a of 0.12 µm. The flaw was, however, assumed to be blunt and hence the size will be larger, e.g. in the order
of a micrometer. The initial stress amplification of the weak spot is 16/1.89 =
8.5. After 30 years the stress amplification of an "aging pit" at the bottom of
the weak spot is 2.36 (Table 6.3). The effective stress at the bottom of the
"aging pit" is hence 8.5x2.36x0.101 = 2.03 GPa. Under these conditions catastrophic failure occurs when the sharp "stress corrosion flaw" at the bottom of
the "aging pit" reaches a size a of 0.1 µm. lt should be realized that the crack
growth just preceding catastrophic failure increases very rapidly. During most
of the lifetime the dimension of the sharp flaw is much smaller (during the
first 90% of the lifetime its size remains below 2 run). Therefore the model with
sharp flaws at the bottom of "aging pits" of amply 10 run (fits with STM photographs) (see Section 4.3) in blunt weak spots of the order of 1 µm is not in
conflict with reality. An impression of the aged blunt weak spot with pits, containing also stress corrosion (sharp) flaws, is shown in Figure 6.1.

Figure 6.1 Worst case impression of a blunt weak spot with "aging pits" and
sharp jlaws.
6.2.5 Minimum Life Approach Models

The Minimum-life model for blunt weak spots, without aging, is given in Section
5.2.5. Here aging will be considered, and the blunt pit model is taken as an
example. It is assumed that always a crack exists, which corresponds to the
proof-test level. With (6.13) it follows:
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1/n

B
[

(6.20)
]

With Table 6.3 allowable stresses cra of 0.03 and 0.06 GPa follow for the numerical examples with "low" and "high" B-values, respectively.

6.2.6 Summary
The effect of zero stress aging bas been added to the framework of lifetime models which are based on pure stress corrosion (Chapter 5 and Section 6.1). It is
assumed (worst case) that a weak spot is blunt and much larger than an aging
pit. Such a pit may also grow in the bottom of the weak spot where it causes a
second concentration of stress. It is at the bottom of this pit where the stress
is highest and stress corrosion occurs first. Two descriptions are treated for
the combination of zero stress aging and stress corrosion. The Hasl0v/Jensen
model (Section 6.2.1) just adds the two effects without bothering whether this
is physically realistic. This description, however, gives the best fits of fatigue knees (Section 4.5.3). The other description with the blunt pit model
(Section 6.2.2) recognizes that material removal in zero stress aging is much
more than for stress corrosion, when extrapolated to zero or low stress (Section
4.5.4). This bas lead to the introduction of different aggressors with different
sizes. Only the smallest fits into the sharp crack where stress corrosion occurs. All aggressors reach the bottom of the pit which is much blunter. The fit
of fatigue knees is slightly less perfect than for the Hasl0v/Jensen model. But,
the blunt pit model is in agreement with the shape of the pits as observed with
Scanning Tunneling Microscopy.
A numerical example shows that the presence of water causes a drop by factor
of about 2 for the allowable service stress for a required failure probability
of 1 % on 1 km for the considered fiber. Por a required failure probability of
0.001 % on 1 km this drop factor is the sarne for the blunt pit model. Por the
Hasl0v/Jensen model, which depends more strongly on input parameters, this drop
is larger. A physical explanation for this different behavior cannot be given
because the Hasl0v/Jensen addition of zero stress aging and stress corrosion has
no physical background. Por the blunt pit model also the minimum life approach
has been treated in Section 6.2.5. Also here the drop in allowable stress is
about a factor of 2 compared to the non wet case of Section 5.1.6.
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Chapter 7
Handleability
7.1 INTRODUCTION

The lifetime models treated in Chapters 5 and 6 [1] are based on spontaneous
fracture. No statement is made about handleability of the fibers in these models. During its service lifetime it may be necessary to subject the fiber to
some handling, e.g. because of the necessity to reconnect, to repair or to upgrade at equipment interfaces, etc.. The fiber must survive this handling and
splicing may not cause problems. Many effects must be studied for this, e.g.
color changes, strippability and damaging of the coating and mechanical weakening of the fiber itself. This chapter focuses upon weakening. The mechanisms for
strength degradation of an optical fiber are stress corrosion and zero stress
aging [l].
A criterion for weakening does not yet exist. However, some telecom operators specify a handleability minimum dynamic failure stress of 2 GPa (e.g. at
stress rate of 5%/min or 0.07 GPa/s) [2,3). It shall be noted that weak spots
generally do not pass this criterion for weakening, e.g. a weak spot corresponding to a proof test level of 0.72 GPa (1 %) is not strong enough. The probability
of having a weak spot at a repair or connection point is small. Moreover, once
such an event happens and fracture occurs (if that even happens) a new splice
can be made without problems, because a new weak spot is not expected close to
the previous one. Therefore it makes sense to define handleability only for the
high strength mode.
7 .2 STRESS CORROSION

Stress corrosion is usually modeled by means of a power Jaw, where the rate at
which a crack with size a grows is given by (1.10). The time to fracture ta under statie (service) stress O'a is given by (l.13a). Under the statie stress CJa
the (inert) strength of the fiber decreases from the initial value S1 to a value
sh after a time tah• which can be found with (1.12):
(7.1)

This decreased inert strength Sh can be measured as a decreased dynamic failure
stress CJdh which follows from (l.12) analogously to the derivation of (1.14a):
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odh

=

0

[

ll(n+ 1)

2

BSh - (n+l)do/dt

(7.2)

]

Combining (l.13a), (l.14a), (7.1) and (7.2) it follows:

(7.3)
The criterion for handleability is usually a dynamic failure stress of about
2 GPa at a stress rate of 0.07 GPa/s (5%/min) [2,3], while the dynamic failure
stress of an unaged fiber is around 5 GPa for the same stress rate (4.71 GPa for
B = 2x1Q-8 GPa2s, n = 20, S1
16 GPa). From (7.3) it follows that handleability
problems occur not earlier than 10 seconds before spontaneous fracture (after t.
of 30 years when oa
1.78 GPa), when the inert strength has decreased to 5.88
GPa. The decay of the inert strength is shown in Figure 7 .1. lt is concluded
that weak:ening of the fiber is not an issue when only stress corrosion occurs.
The above proves that the nature of stress corrosion is such that either fracture occurs, or no measurable weakening takes place. This can also be understood
from the strong dependency of failure time on applied stress. Consider a stress,
exactly enough to cause fracture after the lifetime. For a slightly lower stress
this would take much more time. Hence a slightly lower stress, applied the same
time, will only have a small effect. Weakening is extremely bad luck!

t
~

Oá=0.24GPa
15

~C1d-4.71GPa

Oá=1.78GPa

!::!
(/)

10

5

20

10

30
teyrl-

Figure 7.1 Decrease of ine11 strength S for a fiber under a stress a. of 1. 78
GPa (failure of high strength mode) and under a stress Oa of 0.?4 ~Pa (failure
of weak spots). The initia/ dynamic failure stress ad and the cntenon for handleability, ad=2GPa, are indicated.
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The statement of the previous paragraph is general, and becomes even
stronger when realizing that in service no failure occurs for the high strength
mode. The applied stress cra in service is specified in relation to weak spots
(these spots cannot be considered for handleability because they are usually
weaker than 2 GPa from the start). Usually one third of the proof test level crP
(often 0.72 GPa = 1 %) is taken as a maximum. The service stress of 1.78 GPa giving fracture for the high strength mode in 30 years (previous general example)
is much higher than the real service stress of 0.24 GPa. For the latter stress
weakening of the high strength mode does not occur at all.
7.3 ZERO STRESS AGING
When only stress corrosion occurs handleability is not an issue, because serious
weakening coincides with spontaneous fracture for weak spots and does not occur
for the high strength mode. When also zero stress aging occurs the situation
becomes different. Now serious weakening can occur over the whole length of
fiber, as is proved in many experiments. Three models exist that treat zero
stress aging in combination with stress corrosion, the France model [4], the
Hasl0v/Jensen [5] model and the blunt pit model [6]. In these models zero stress
aging determines the behavior in the beginning and stress corrosion only causes
significant strength decrease towards the very end, just before fracture. This
is not surprising after the conclusions from the previous section.
It becomes clear that weakening of the fiber is solely ruled by zero stress
aging. It depends on the fiber/environment parameters, prooftest parameters,
weak spot statistics and the applied stress whether the fiber fractures (stress
corrosion plus zero stress aging on weak spots) before the handleability criterion is reached (determined by zero-stress aging alone, on high-strength mode).
Note that for spontaneous failure, the handleability level of 2 GPa has also to
be passed, just before fracture occurs.
Zero stress aging can be fitted with an Arrhenius type of law [6], which was
also done in the mentioned models. The rate at which a pit with size a grows is
given by:
(7.4)

Here v0 is a scale constant, Ea the zero stress activation energy, R the gas
constant and T the temperature. The parameters v0 and Ea can be obtained by fitting measurements at different temperatures. Rewriting (7 .4) expressed in
strength S with (1.8), and carrying out the integration gives:
(7.5)

Next this equation is transformed to a form with measurable dynamic failure
stress, using (l.14a) and a similar expression with S from (7.5) instead of S1:
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Ea and «:: can be obtained by fitting data from zero stress aging measurements at
different temperatures. This kind of fit is also presented by Hasl0v and Jensen
[5]. The time tal\ follows from the handleability criterion crd(t)
crdh by
rewriting (7 .6) agam:

(7.7)

This formula represents a very simpIe lifetime estimation for handleability,
obtained by a simple Arrhenius type of extrapolation. The service stress oa, an
important factor for spontaneous fracture, does not appear in the handleability
model.
7.4 NUMERICAL EXAMPLE AND DISCUSSION
The data from Figure 4.3 [6] will be fitted with (7 .6) as an example. A nice fit
is obtained for values «:: = 5x106 s-1 and E3 = 82 kJ. This differs somewhat from
the fit of measured inert strengths after aging (Figure 4.4) [6]. Note that the
difference consist mainly of the temperature dependence of the aging, which was
not obtained with high accuracy. The time tan after which the failure stress of
the fiber drops below the value of 2 GPa, the handleability criterion, is found
with (7.7). This results in a handleability lifetime of 16.5 years for 20°C.
The handleability criterion can be compared with the condition for spontaneous failure. Mechanica! lifetime models for spontaneous failure, as a result
of a combined effect of zero-stress aging and stress corrosion, are given in
Section 6.2 [6]. When using the Mitsunaga type (6.17) of those "water models",
and using the numbers from the numerical example of Section 6.2 [6] with the
values of «:: and Ea from this chapter, the stress 0 3 at which spontaneous failure
occurs follows. Spontaneous failure (at 200C), with a probability F of 1 % on 1
km after 16.5 year, occurs at a service stress of 0.095 GPa.
In conclusion, the fiber from the example is not handleable anymore after
16.5 years, only depending on zero-stress aging parameters. For service stresses
O'a larger than 0.095 GPa, spontaneous failure with a probability F of 1 % on 1 km
occurs before the handleability criterion is reached (note that the handleability level of 2 GPa was also passed in this case, just before fracture). This
example illustrates that spontaneous failure does not only depend on zero-stress
aging parameters, but also on the stress corrosion parameters, the applied
stress, the prooftest parameters and the weak spot statistics.
The handleability is treated in this chapter without considering the
strength distribution of the aged fiber. Because this distribution becomes much
wider after aging it should, in principle, be taken into account. This bas not
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been perforrned in this thesis. Weak spots (initia!) do not appear in the handleability criterion. Therefore it is rather easy to take statistics of aged
fibers into account. In this thesis this has not been done. When zero-stress
aging is evaluated in lengths comparable to the lengths used in handling, the
handleability estimation without aging statistics is of practical use. Therefore
tensile testing of the aged fibers is to be preferred above 2-point bending.
Note that for the spontaneous failure lifetime models in Section 6.2 [6],
which include both weak spot statistics and zero-stress aging data, the statistics of the Jatter data should, in principle, also be taken into account. This
is an extremely difficult job. Fortunately, the error due to ignoring this is
negligible since the weak spot strength distribution is wider even than the one
caused by zero-stress aging.

7.5 CONCLUSIONS
1 Weak spots are not handleable (criterion 2 GPa), not even from the start.
2 For this reason handleability must be defined for the high strength mode.
3 In genera!: if only stress corrosion occurs the handleability criterion coincides with the criterion for spontaneous fracture, i.e. the lifetime models.
4 The high strength mode flaws are not affected by the low stresses which they
are subjected to, because the service stress is deterrnined by the weak spots.
5 If zero stress aging occurs this solely deterrnines weakening, not stress corrosion.
6 While spontaneous fracture depends on the fiber/environment parameters,
prooftest parameters, weak spot statistics and the applied stress, handleability only depends on the first mentioned. No criterion for service
stress follows for handleability.
7 A simple Arrhenius type of extrapolation, where stress does not appear, can
be used for handleability lifetime estimation.
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Chapter 8
Final Discussion and Conclusions
8.1 INTRODUCTION
In the eighties the optica! fiber evolved from an experimental component to a
commercial product, being installed on an ever larger scale. While some improvements were still made on optica] properties, e.g. dispersion, attenuation and
sensitivity to hydrogen, the mechanica! matters seemed to be solved. The description of the mechanica! failure mechanism, stress corrosion, by a power law
[1] was successful in describing observed phenomena. Based on this law models
existed which were able to estimate guaranteed lifetimes, based on short running
laboratory tests. It turned out, however, that some potential problems were
overlooked. These problems and their solutions will be outlined in this chapter.

8.2 PROBLEMS TO BE SOLVED
Just at the time that many telecom operators started to install metal-free cables, Le. no protection against water, fatigue knees were reported [2] which
were more clear than the room temperature data of Ref. [3]. They also did not
became less clear and seemed to disappear when extrapolating from elevated temperatures to lower (service) temperatures, like in Ref. [4). At the same time
also strength degradation under zero-stress, which should not occur according to
the power law description, and formation of surface pits were reported [5]. lt
became clear that, before installing cables without metal elements, a lot of
research on the mechanica} behavior of optica! fibers was required.
Also some problems existed, concerning the use of the lifetime models. More
than 12 models existed in Iiterature [6]. It was not clear which one to use. All
models have some unknown parameters. The Guaranteed-Minimum-Life models required
the value of the stress corrosion scale-constant B, on which no international
agreement existed, because of the wide spread in measured initia! strengths. The
other group of models required information about the weak spot statistics, via
long-length dynamic testing (destructively) or via the failure number obtained
with proof testing. Because this information was not always available from manufacturers, telecom operators feit the need to standardize the lifetime models.
Furthermore some other problems existed, which all parties involved recognized, but no one knew what to do with it:
a) The reported values of the corrosion susceptibility n varied and seemed to
depend on the measuring method.
b) lt was also questioned whether the n-value is the same for weak spots.
c) Moreover a more conservative lifetime was expected when the physically more
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sound exponential model is used instead of the power law.
When the crack growth velocity becomes high, moisture cannot keep pace anymore. Does this result in wrong interpretation of prooftest crack growth,
and hence in errors in lifetime estimations?
e) During prooftest unloading, the fibers's inert strength may drop below the
proof test level. Can this cause unrecognized failure in service?
j) Finally the whole theory of crack growth is based on a continuous description of crack growth. However, laboratory test are performed on the highstrength mode, where the fiber surface is believed to be pristine. The nucleation of the first bond rupture in the silica bas such a large impact on
the stress intensity, that the discrete nature of stress corrosion cannot be
ignored anymore. Will this cause large errors in lifetime estimations where
weak spots determine failure?
d)

8.3 SOLUTIONS, DISCUSSIONS
The anomalous behavior of optical fibers in water bas been studied by many investigators in the past few years. Also a part of this thesis (Chapter 4) is
devoted to this study. It is known that the primary coating of the fiber is an
important factor [7]. The environment of the fiber, including cable materials,
also plays an important role. Ions participate in etching of the fiber surface
and a high pH-value gives the most harsh environment. It is, however, very difficult to predict the rnechanical behavior of a fiber with a certain coating in a
certain environment. Manufacturers need understanding of mentioned effects to
optimize their products.
In this thesis a black box approach is chosen. The fiber is tested in both
stress corrosion and aging measurements. The results of these tests are used to
predict lifetimes, which is all a telecom operator wants to know. Of course, a
physically sound model, which combines stress corrosion and aging, is needed.
Such a model had to be developed. In this thesis the blunt-pit model is proposed
(Chapter 4) [8]. Here more aggressors may participate to zero-stress aging than
with stress corrosion, because in the Jatter case only small ones fit into the
sharp crack tip. Using this, a lifetime model was constructed, based on weak
spot failure (Chapter 6) [9].
The 12 lifetime models that existed in literature were condensed to one basic model (Chapter 5) [6]. This model is based on weak spot statistics and uses
of one of the following 3 test rnethods to obtain information about these statistics: 1) destructively testing of long fiber lengths by dynamic fatigue or by 2)
variable screen testing, or 3) using the failure rate obtained with proof testing. The latter model is equivalent to the widely used model of Mitsunaga [10].
An alternative model, to be used for on-line proof testing, is also given. After
finding the best of the models from literature, the model bas also been developed for use in environments during service, more harsh than during prooftesting
(Chapter 6) [11]. Finally, the model is adapted to a worst case lifetime model
that can be used if also zero stress aging occurs (Chapter 6) [9]. It should be
noted, however, that even a more worse case exists when particles cause a tensile residual stress around the weak spot. This effect can be corrected for by
choosing a proper (lower) effective corrosion susceptibility.
Note that Guaranteed-Minimum-Life models are not recommended. This is because one of the conclusions of this thesis is that the low value for B, which
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is measured in vacuum, is the only true one (Appendix B) [12]. The B-values from
low temperature or high speed measurements are coupled to bond ruptures in the
neighborhood of humidity, while this humidity cannot keep pace with the crack
tip (Region III) just before fracture. The minimum strength is determined for a
crack that just stops growing before catastrophic failure, when the proof test
is unloaded. As a consequence of using low B-values, unpractical low values of
allowable service stress follow. Moreover, the strength after prooftest can even
drop far below the prooftest level during unloading (Appendix J) [13]. The reason that a Minimum-Life model differs so much from a model based on weak spot
statistics is the fact that the probability to find a crack with inert strength
exactly equal to the prooftest stress, or that weakening below the prooftest
level really occurs, is extremely low (Appendices B and J) [12,13).
The solutions for the "unsolved problems" will be given below:
a) When fatigue measurements are evaluated, by plotting them in a form with
effective statie measuring time [14], it becomes clear that the n-value increases with the latter [15). The measuring equipment and the history of
loading, however, do not have an effect on the measured n-value.
b) Some experiments indicate lower n-values for weak spots, e.g. indentation
measurements from Ref. [16). In genera!, measurements of crack growth velocity as a function of stress intensity on bulk silica still do not completely
agree with the relations obtained for fibers. Experiments using various artificially-produced weak spots, however, show that the n-values are not
lower than for the high-strength mode [17]. The assumption of equal n-value
for weak spots, and hence not too optimistic lifetime estimations, is still
under study.
c) When extrapolating short running fatigue tests to longer service lifetimes
the power law gives more optimistic lifetime estimations than the physical
sounder exponential law. It is proved, however, that in fact no extrapolation in time occurs. The service lifetime is ruled by weak spots which are
much larger than the flaws in a short fiber test sample. In both service
life and short running laboratory tests the stress intensities and crack
velocities, determining stress corrosion, are comparable (Appendix C) [18].
d) Before catastrophic failure occurs, indeed, slow crack growth passes a region (II) where moisture cannot keep pace anymore. The time spent in this
region is, however, so short that this has no noticeable effect on lifetime
estimations. This is proved in Appendix D, using numerical examples (13).
e) Indeed, the strength of the fiber may drop far below the prooftest level, at
unloading. This causes Guaranteed-Minimum-Life models to be "without guarantee", when practical service stresses are applied. Fortunately the probability for such an event is extremely small (Appendix J) [13]. The lifetime
models, based on weak spot statistics, can be applied almost without error.
j) A discrete calculation of bond ruptures, starting at a pristine surface
(maxima! difference between continuous and discrete), has been performed
(Appendix G) [19]. The resulting n-values do not differ very much from the
ones obtained with continuous calculus. At least the n-values from the continuous approach do not give too optimistic lifetime estimates. The very
simple discrete model already indicates that probability of bond rupture can
explain the spread in measured failure stresses, or finite Weibull parameters m, for uniform pristine fibers. lt should be bome in mind that this
study is just a start. Further study can have many important implications.
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8.4 CONCLUSIONS
In this thesis, mechanica! lifetime models are proposed for optica! fibers.
These models are based on a power law for stress corrosion description and on
weak spot statistics. Guaranteed-Minimum-Life models are not recommended, because the (low) B-value results in unpractical low allowable service stresses,
especially when taking into account weakening during prooftest unloading.
Test methods are given to obtain weak-spot statistics. The models can also
be used in harsh environment, even when zero-stress aging occurs. To describe
the latter, the blunt-pit model bas been developed. It is argued that no significant errors are made in the lifetime estimations, e.g. because of power-law
extrapolation, continuous treatment of bond ruptures, or saturation of crack
growth speed (Region JD. At least the lifetime model remains conservative.
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Appendix A
Nonlinear Elasticity
A.1 INTRODUCTION
Stress corrosion of optica! fibers plays an important role in this thesis. Here
crack growth occurs, which is highly dependent on the stress at the fiber surface. The nonlinear elastic behavior of fused silica affects the magnitude of
these stresses significantly. This is particularly true in fatigue testing,
where fibers are strained more than in service. The relation between stress and
strain in silica is already known in the tensile region. However, in fatigue
experiments where the fiber is bent, a large portion of the fiber is also subject to compressive stress. In those cases it is also necessary to know the relation between compressive stress and strain to correct the calculated stresses
on the fiber surface due to nonlinear elastic effects.
Measurements of the compressive stress-strain relation of synthetic and natural fused silica are described in this appendix. The nonlinear stress-strain
relation obtained from these measurements is used to correct for the stresses,
and hence measured failure stresses, of optical fibers in both tension and bending. Corrections will also be carried out for the measured corrosion susceptibilities. Four different well known experimental techniques to obtain fatigue
data of optica! fibers are examined: a) statie tension, b) statie bending
(mandrel and 2-point bending), c) dynamic tension and d) dynamic (2-point) bending. Finally it is calculated how the nonlinear elasticity affects the shape of
a fiber in 2-point bending.
A.2 STRESS-STRAIN RELATION
The stress-strain relation of optical fibers was first examined by Mallinder and
Proctor [1] and later by Glaesemann et al. [2]. They found that the stress cr of
an optical fiber is related nonlinearly to the strain E (where both a and e are
positive in the tensile region), according to:
(A.l)

For most optical fibers a Young' s modulus E0 of 72 GPa and a value for the nonlinearity constant a of 6 can be used [1,2). Measured failure stresses, when
corrected for nonlinear elastic effects, can be 20% and 50% higher for fibers in
ambient (7% strain [3]) and in inert (17% strain [4]) conditions, respectively.
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Effects of transverse strain ("Poisson contraction") are an order of magnitude
smaller [5] and will hence be neglected here.
Following the "stressed-ring" explanation of Mallinder and Proctor [l] for
this nonlinear elastic behavior, the stress-strain curve is expected to continue
on the compressive side, still obeying (A.l), and will hence be asymmetrie with
respect to tension and compression.

A.3 EXPERIMENTS
The asymmetry of the stress-strain relation with respect to tension and compression is verified in an experiment where small test rods of synthetic fused silica (suprasil) and natura! fused silica are compressed in a Zwick 1435 testing
machine. Optical fibers consist of one or both of the above mentioned materials.
The applied force, which bas a maximum of 5 kN, is measured with the gauge of
this testing machine. When test rods with diameters ranging from 0.6 to 1 mm are
used this force produces enough strain to be able to measure nonlinear elastic
effects. The lengths of these rods may not exceed 4 mm for the 1 mm test rods,
in order to avoid buckling [6] during compression. For the 0.6 mm test rods the
maximum length reduces to 2 mm. To measure the compression of these small test
rods accurately, it was necessary to attach additional (Mercer 490) capacitive
displacement transducers (see Figure A. l) with an accuracy of 0.1 µm. The effect
of tilting during compression is minimized by the use of a guide (see Figure
A.l) and can be measured and compensated for by using two separate displacement
sensors. Markers on the samples were not used because of the risk of premature
crushing due to minor surface damage. Hard metal dies, made from sintered tungsten carbîde with 6% cobalt, with a high Young's modulus of 630 GPa, are used to
transmit the high compression forces to the small test rods. This was necessary
to minimize the systematic error in the measured displacements caused by indentation of the experimental setup. The remaining error can be eliminated by using
test rods with different length or diameter.
The compression measurements are performed until the test rods are crushed,
which takes about 10 s. The indentation of the experimental setup is found by
measuring samples with identical diameters, but with differing lengths. The
large sample diameter of 1 mm is chosen since this gives a relatively large indentation compared with the indentation of the smaller-diameter samples, used
after this calibration. It should be mentioned that the estimated indentations
from the samples in the hard metal dies cause a smaller error than the deformations in the rest of the equipment. Because the Jatter deformations depend on
the compressive force, and not on the sample size, the following analyses will
be performed in terms of the applied force. The indentation Al; is related to
the compressive force F via the "spring constant" K (which may be a function of
F) by F
KAl;. The compression Als of the sample is given by F = AEól/ls, in
which A is the cross-sectional area, l5 the length and E the Young's modulus
(which is a function of strain) of the sample. The total displacement Al which
is measured is the sum of Al; and Al,, hence:
(A.2)
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Figure A.1 Experimental setup for measuring the compressive stress-strain relation of silica glass.
When two samples having the same diameter, but with differing lengths /~,
are tested with the same force F, the unknown E can be eliminated when it is
kept constant in both tests. Since A and F are kept constant in both tests, also
the stress cr and hence the strain E are kept constant. This means that E, which
is a function of e only, is kept constant. In Figure A.2 the measured relations
between F and !::.l of synthetic fused-silica samples with a diameter of 1 mm and
with lengths of 2 and 4 mm are shown. Taking the measured displacements !::./
{note: the ordinate axis crosses the abscissas at -10 µm) at different forces F
(intervals of 100 N), a plot of calculated points of 1/K against F is obtained
(see Figure A.3). The accuracy of the points near the origin is low because of
the small displacements with a small load. Since only a first-order nonlinearity
of E is studied, a linear fit is chosen in Figure A.3, resulting in 1/K = 91. 9xF, with 1/K in µm/kN and F in kN. This is used to correct the measurements
on synthetic and natural fused-silica samples with lower diameters of 0.6 and
0.8 mm and lengths of 2 and 3 mm, shown in Figures A.4 a) and b). From these
measurements, in which the indentation has only a minor effect, the compressive
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Figure A.2 Measured force as a function of sensor displacemenJ for synthetic
jused-silica samples with diameter of 1 mm and with length of a) 2mm and b) 4
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stress-strain relations, shown in Figures A.5 a) and b) are found using (A.2).
The postulated asymmetrie continuation of the stress-strain curve is clearly
demonstrated here. A Young's modulus E0 of 73 ± 2 GPa and a value a of 5.5 ± 1
is found for both suprasil and natural quartz. Tuis is, within experimental error, equal to the values of optical fibers under tensile stress, found in the
literature [1,2].
Note that the experiments were performed until the samples crushed. Tuis
moment was difficult to control. The data shown are "the best of" and only luck
determined the moment of crushing.
A.4 STRESSES IN A BENT FIBER
When the fiber is subjected to bending an additional uniform strain eb will be
superposed on the fiber's strain-profile in order to keep zero stress over the
total fiber's cross-sectional area. The strain profile (see Figure A.6) can be
written as e(Ç) = Ç/R+eb in which R is the fiber's bending radius. From the condition J<J(/;)dA = 0, in which the fiber's cross-sectional area A is 1Cr2, it follows using (A.1):

(A.3)

Figure A.6 Schematic view of a bent fiber.
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eb is always negative and hence compressive. Using (A. l) again, and neglecting
higher-order terms in r/R and Ç/R then necessary for linear correction, it is
found that:

(A.4)

The stress is not uniformly distributed over the fiber' s surface when bent and
reaches a maximum crb when Ç r. The strength distribution is very steep (high
Weibull-parameter m) so ah is almost equal to the "effective stress" [7]. For a
fiber bent (buckled axially) between two plates, where the curvature of the
fiber varies with length, the maximum stress O'b, which occurs just at the apex
of the fiber bend, in the middle between the plates, is used with an "equivalent
tensile length" [8].
When a fiber is bent between plates, the force applied by the plates causes
another compressive stress. Following Matthewson et al. [8] it can be found that
1/J?.2
2Fsin(9)/E/, in which e is the angle between the fiber axis and the surface of the plates and / is the second moment of cross-sectional area of the
fiber which is m4/4. Fsin(9) is the component of the force F supplied by the
plates, parallel to the fiber axis. In our approximation E0 can be used instead
of E for this additional compression. The stress integrated over the fiber's
cross-sectional area must be equal to the above mentioned Fsin(9). Analogously
to the derivation of (A.4), it is found that, neglecting higher order terms, at
each part of the bent fiber:

(A.5)

The correction for nonlinear elasticity for measured failure stresses in
uniaxial tension is given by (A.l). For bending a must be replaced by another
value, which follows from (A.4) and (A.5) with Ç = r for normal (mandrel) bending and for 2-point bending between plates, respectively [9] (similar expressions follow from [10, 11)):
Uniaxial stress

(A.6)

Mandrel bending

(A.7)

2-point bending

a.''

(A.8)

--7

Stif!ness of the fiber The stiffness of the fiber follows by integrating a(Ç) · <;
over A and results in nr4E0v'{l-[a.r/(2R)]2}/4. This stiffness differs only in
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second order from the stiffness derived from linear elastics. This means that
deviations from the calculated "elastic line" of the curved fiber, as expected
by Matthewson et al. [8], will be negligible. For a strain of e.g. 7%, which is
a typical value of the failure stress in fatigue experiments in ambient environment [3], the effect of non linear elasticity on the stiffness is about 2 % (this
was 20 % for the maximum stress at the silica surface). Only for very high
strains, such as in measurements of the initial inert strength (17% [4J), the
second order term starts to have some effect. The effect of non linear elasticity on the stiffness in that case is about 14% (this was 50% for the maximum
stress at the fiber).
A.5 CORROSION SUSCEPTIBILITIES
Measured corrosion susceptibilities are also strongly influenced by nonlinear
elastic effects. Calculations are performed using the commonly used power law
(l.10). The n-values can be obtained from pure statie or dynamic measurements
and also from tests with another load history. For statie experiments the
n-value follows from the slope of the log/log plot of the stress cra against the
measured time to failure t., using (l.13a). For dynamic experiments, where the
stress increases linearly with time (in general this increase is not exactly
Iinear with time), the stress crd at failure (often erroneously called dynamic
strength) can be calculated with (l.14a) Now the n-value can be obtained from
the slope of the log/log plot of the measured ad against the stress rate da/dt.
In the following it will be shortly described how to obtain the n-value for different experimental techniques, including nonlinearity and deviating load history. The results have been used in Table 2.1. Calculations of n-values, obtained from plots with parameters directly from the experiments, e.g. as a function of mandrel diameter D instead of the calculated stress O', are given in
Ref.[10].
Statie uniaxial tension The time to fracture is measured for different applied
loads. The stress in the fiber follows simply from the load and (l .13a) can be
used directly.
Statie uniform bending A tensile stress is experienced by the outer surface of
the fiber. Uniform bending can be obtained with (double) mandrels [12]. In order
to obtain correct n-values the bending stress must first be calculated from the
mandrel diameter D. This can be performed with (A.1), (A.7) and the simpte expression for the maximum strain e:
(A.9)

with df and de the diameter of the uncoated and coated fiber respectively. Next
the n-value can be found by plotting the calculated stress against the measured
time to failure double-logarithmically, using (l.13a).
Statie 2-point bending Bending is not uniform over the fiber length. An expression for the maximum strain e (at the apex of the fiber bend) is given in [8]:
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(A.10)
with d the distance between the plates or the diameter of the bore where the
fiber is placed. When the fiber is positioned in grooves, correction is needed.
With (A.1) and (A.8) the stress of the bent fiber can be calculated. The n-value
is obtained by plotting this stress against the measured time to failure on a
log/log scale, using (1.13a).
Dynamic uniaxial tension
In dynamic uniaxial tension experiments the force at
which the fiber fractures is measured directly and the stress <Jd follows immediately. By plotting the measured <Jd against the stress rate dcr/dt on a doublelogarithmic scale, the n-value is obtained from the slope using (l.14a). lt
should be realized, however, that generally the stress rate dcr/dt is not constant, the assumption used to derive (l.14a). Due to nonlinear behavior the
stress rate increases in time and another equation, as was derived in [10], is
needed in principle. When rotating capstans are used the lead history becomes
different again and formulas as in [13] are needed in principle. Slipping of the
fibre, however, also influences the load history significantly. Often the stress
rate even decreases with time. Because the slipping behavior cannot be predicted
exactly, no correction formulas to obtain n-values can be given. The problem is
solved by recording the stress as a function of time and taking do/dt from the
last linear portion before fracture occurs. In Section 3.3.2 and Appendix I it
is shown that this can be done without large errors when dcr/dt is taken from the
last 10% (or more). For such a linear portion the n-value can be obtained by
using (l.14a).
Dynamic 2-point bending The maximum stress <Jd of a fiber in 2-point bending
fellows from the plate distance d with (A. l), (A.8) and (A.10). The stress rate
dcr/dt, which is not influenced by slip now, is not constant for a constant plate
speed v. The dynamic failure stress <Jd follows with (l.12), (A. l) and (A.8),
neglecting higher than linear terms [10]:
ll(n-1)

[

v(n-l)BSt
1.2dfE0

2

(A.11)
]

From the slope of the log/log plot of the measured <Jd against v, the n-value is
obtained. Note that the exponent in (A.11) differs from the one in (l.14a). lt
is also possible to keep dcr/dt constant in a 2-point bending experiment, by controlling v with a computer [14,15]. In that case (l.14a) can be used again.
A.6 CONCLUSIONS
The compressive stress-strain relation of optical fibers is demonstrated to be
an asymmetrie continuation of the already known nonlinear relation in the tensile region. Due to this, bending a fiber exerts a considerable compression
which is superposed on the fiber's strain profile. Formulas are given to calcu136

late stresses of fibers for uniaxial strain and uniform- and 2-point-bending,
including this nonlinear elasticity. It is also treated how to obtain n-values
frorn statie uniform bending and for statie and dynamic uniaxial loading and 2point bending experirnents. Nonlinear elastic effects do not influence the
"elastic line" of a fiber bent between plates of a 2-point bending testing apparatus.
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Appendix B
Initial (Inert) Strength
B.1 INTRODUCTION
Lifetime models based on stress corrosion can be split into two groups. The
first group uses weak spot statistics, obtained from destructive testing of long
lengths of fibers, or frorn proof testing (see Section 5.1.3) [1]. The second
group does not require the hard-to-obtain weak spot statistics. Instead the
proof-test level is used for a minimum strength approach (see Sections 5.1.6 and
5.2.5). The simple-to-use rnodels frorn the second group, however, make use of the
so-called B-value on which no international agreement is yet achieved.
The B-value cannot be obtained separately from stress-corrosion measurements
(see Section 1.2.2) [2]. Therefore it is necessary to measure the optical
fiber's initial 1 strength to obtain the B-value. The initial strengths can be
recognized as a horizontal leveling of the lines in dynamic-fatigue plots, e.g.
Figure 1.6. The shape of this Jeveling is also influenced by so-called Region II
crack growth (see Appendix D) [3]. Three techniques have been used to measure
the initial strength: vacuum [2], low temperature [4] and high-speed [5) dynamic
measurements. The initial strength values from vacuum and liquid nitrogen experirnents are about 16 GPa [2,4). Note that a temperature dependence of initia!
strength is found at low temperatures [6].
The value of about 7 GPa from high speed tension experiments [5,7], where a
leveling of the failure stress appeared just at the highest speed, is a factor
of about 2 lower. Note that in this case Region II crack growth does not occur
because the crack velocity (calculated with power law) remains too low (see Appendix D) [3]. Note that with an exponential calculation Region II crack growth
may occur. The parameters from high speed experiments [5] do not match with the
v against K 1 plot, rneasured on bulk silica [8]. In Section B.3 about the definition of initial strength it is also argued that immediate catastrophic failure
after the first bond rupture can be a cause that Region II crack growth does not
occur. But, when the crack lengths are very short it is questioned whether there
is enough diffusion length to limit crack growth with Region Il behavior at all.
In Section 3.4 results are given, obtained with a new high speed technique,
the 2-point bending "guillotine". The results are comparable, but the failure
stress continues to increase, up to 9.33 GPa, well beyond the region where

l/n literature the initia! (inert) strength is ojten just called inert strength.
Measurements of initial strength are carried out in an environment which is
inert, or effectively inert, i.e. under such conditions that the environment
does not influence the measured strength of the fiber.
139

leveling occurs in the high-speed pulling experiments. An explanation is not
found. As a consequence B-values and lifetime estimates may differ over a range
of five decades [2,4,5,6,7,9].
Values for the initial strength are discussed. An environment dependent definition of the initial strength is given. It is argued how to apply the value of
the initial strength in the second group of lifetime models.
B.2 REPORTED INITIAL STRENGTHS
In order to measure the optical fiber' s initial strength,
sisted growth of cracks must be prevented. Three techniques
this: low humidity [2, 10], low temperature [4] and high
"fatigue" measurements. These techniques and their resulting
tia! strength will be discussed below:

stress-corrosion ashave been used for
speed [5] dynamic
values for the ini-

Low Humidity Measurements Here moisture is taken away which reduces the reaction speed, and hence the crack velocity. These measurements (vacuum) have been
described in Section 3.2.2. Here an initial strength of 16 GPa was found.
Low Temperature Measurements Here the bond-rupture (reaction) speed is reduced
by lowering the temperature. Experiments at temperatures from -196 °C (liquid
nitrogen) to 100 °C resulted in dynamic (2-point bending) failure stresses from
18 to 4 GPa, respectively [4] (these values have been obtained using Ref.[11],
for the non-linear elastic correction of the stresses). The authors interpreted
this variation in failure stress as a variation in water availability because
the saturated vapor pressure of water (dew point) decreases with decreasing temperature. It is, however, the water content at the fiber surface, and not the
water content in the surrounding air that determines the crack growth. Only during the time of cooling the fiber, in which the fiber is botter than the liquid
in which it is soaked, a small amount of moisture will diffuse into the liquid.
Because this time is very short compared with the 5 days needed to eliminate
enough moisture to measure initial strength (see Section 3.2.2; even more time
is needed at lower temperatures) it is concluded that it is the temperature, and
not the availability of water, that is responsible for the increase of measured
failure stresses. These assumptions were also made in Ref.[2] and Ref.[12]. The
reported value of 18 GPa for the initial strength, is close to the vacuum value
of 16 GPa. However, a significant temperature dependency of the initial
strengths of weak spots is found [6], a 30% increase from -120 to -180 °C. In
Ref. [13] even a further increase is found for fused silica, when cooling down to
the temperature of -269 °C of liquid helium. According to the previous study,
the "liquid nitrogen value" of the initial strength, extrapolated to ambient
temperatures, is not equal to the "vacuum value". It is suggested that the extrapolated liquid-nitrogen strength is equal to the strength, obtained with
high-speed techniques [6] .
High Speed Measurements Here the reaction speed remains constant, but fracture
is intended to occur faster than crack growth. With a special high-speed pulling
technique a value for the initial strength of 7 GPa was extrapolated from experiments where a leveling of the measured failure stress just started [5]. In Section 3.4 a newly developed 2-point bending "guillotine" has been applied. With
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this equipment the rneasured failure stress continues to increase, up to 9.33
GPa, well beyond the region where leveling occurs in the high-speed pulling experiments. An explanation is not found.

B.3 DEFINITION OF INITIAL STRENGTH
Use of the Power Law The value of the initia! strength is necessary, in order
to obtain the B-value, appearing in rninimum-life approach models. This B-value
is defined by the power law (1.10). The power law description is more widely
used than the exponential law (l.9), because it is mathematically better
tractable. Although the power law fit is only correct for a certain window, no
extrapolation errors occur when transforming fatigue experirnents on highstrength fibers to service lifetime of weak spots. This is because the stress
intensity and crack velocity are comparable in both situations (see Appendix C)
[14].
Jt was noted by Kurkjian and Inniss [15], that very large differences between extrapolations with power law and exponential law to shorter times, in the
neighborhood of the initia! strength, are present. With the exponential law, the
onset of initia! strength will also deviate: the dashed line in Figure D.2 will
first bend below the solid "power law" line, before it bends up again. However,
the initia! strength is not influenced by fatigue, so neither the power law nor
the exponential law must be applied for analysis of the measured initia!
strength. Principally, the rneasured initia! strength can be directly used to
distil a detached B-value from the product BS,n-2 , measured in fatigue experiments.
Different Definitions for lnitial Strength The exponential law (1.9) will be
used now to give a better understanding of Region 1, II and III crack growth in
Figure D. l (Appendix D). It is reasonable to assume that the zero-stress activation energy Ea in this law, which describes an energy barrier between bound and
dissociate state [16], depends on the environment. In Figure B. l the exponential
law is shown for two values of Ea. The left curve, with v0 = 570 mis, b =
2.43x108 JGPa-im-112 and
131.5 kJ, represents Region 1 which determines the
behavior in fatigue measurements. This curve is typical for the stress corrosion
measurements as described in this thesis. Note that the temperature dependence,
and hence E., is not measured for stress corrosion in this thesis. lts value is
taken the same as for the formation of pits (Chapter 4) in order to illustrate
the lower speed of crack growth for stress corrosion. The mentioned parameters
agree with those from Bouten et al. [17] and Wiederhorn et aL [22]. The increase in n-value corresponds with measurements of crack velocities in bulk silica in Region 1 {and II and III) [8] but the curve is shifted a little (e.g.
Region II starts at K 1 = 0.4 MParn 112). The crack velocities, which are followed
in fatigue measurements on fibers, are much lower than those for crack growth
velocity rneasurements in bulk silica. This explains the difference in measured
n-values, 20 and 40, respectively (the n-values follow by the slopes in Figure
B.1).
The right-hand curve is an exponential fit through Region III (followed in
vacuum), with the same parameters as for the left-hand curve, but with an activation energy Ea of 250 kJ. The part of Region III is so steep now (corresponds
well with measurements in Ref. [8]), that an experimental distinction between
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Figure B.1 Schematic representation of the effect of stress intensity K 1 on
crack velocity v. The upper part is that of Figure D .1, for which bulk silica
data exist of Regions !, Il and Il!. The lower part represent stress intensities
and crack velocities occurring in optica! fibers. A fit with the exponential law
through Region l explains the n-value of 20 for optica! fibers and of 40 for
bulk silica. An exponential-law fit, with another value E" can be drawn through
Region Il!.
this behavior and catastrophic failure cannot be made anymore. The same conclusions can be drawn when the right-hand curve is obtained by also changing the
b-value (usually a more dry environment gives higher n- and b-values and hence
even more steep curves). lt is concluded that the stress intensity that is approached by the exponential law, in vacuum, at high crack growth velocities, is
almost equal to the critical stress intensity Kic· lt is also concluded that for
ambient (humid) environment, described by Region 1, another critical stress intensity, K1ch• and according to (1.8) another initial strength, Slh, follows
than for vacuum (K1c and S1, respectively). This is in agreement with the fact
that K1c is proportional to the surface energy, of which the value strongly depends on humidity. The value of low-temperature initial strength (room-tempera142

ture extrapolation) will also be K1ch (see [6] and further). Because K 1ch > K 1b
and K1b/K1c has a value of 0.68 to 0.76 (when bulk measurements apply for
optical fiber) [8,18], a "high-speed" value of initial strength between 10 and
16 GPa is expected.
In practical situations the crack growth follows Regions I, II and III, before fracture. Catastrophic failure always occurs in a vacuum-like environment,
no matter how you test it, because in regions II and III the transport of humidity does not keep pace with crack growth anymore. The situation becomes different, however, for high-speed measurements on fibers, when they are assumed to be
flaw free. In this case the very first bond rupture determines the strength.
After this rupture the strength drops by a factor of about 2, according to
(4.3), and the stress intensity (which, at high speed, is already very high for
the first bond rupture) "hops" beyond K1c (note that K1b/K1c
0.68 to 0.76 for
25°C and 75%RH) [8,18]. This means that now the initial strength of the fiber
depends on the critica} stress intensity, Kich• in the ambient environment, the
exponential extrapolation of Region I. Hence it can be understood that the behavior of high-speed pulling experiments may differ from the dashed line in Figure D.2. The exact shape of the strength versus stress rate is difficult to obtain because the transition from dynamic to inert behavior is a transition from
region 1 to II and III and also from continuous to discrete behavior (in the
latter, not the speed of crack growth, but probability of bond rupture, describes fracture [20]. For low temperatures, the same behavior is expected as in
vacuum: At the first bond rupture also humidity is present and, for a pristine
surface, again "hopping" beyond K1c is expected immediately after this rupture.
Note that, in fact, also for vacuum initial strength measurements another
K 1c value is possible for the first bond ruptures because the coating may have
an effect. Obtaining the B-value from initia) strength measurements of uncoated
fibers in vacuum would give a better estimate, but it is difficult to keep the
fiber pristine there. Even better is direct measurement of B-value in a growing
(natural) crack in an optical fiber. This is possible e.g. with measurements
with load pulses, using the unloading failure (this idea uses tu > te with (J.2)
but is not further worked out here).
Which Definition /or Minimum-Life Model? In the previous paragraphs, two definitions of critical stress intensities and (proportional) initial strength were
used, the old definition (region III) K 1c and S1, and the new definition (region
I) K1ch and S1h, the latter for ambient environment (with humidity). In vacuum
S1, is measured, at low temperatures (e.g. liquid nitrogen; extrapolation to
room temperature) and at high speed, Sm is measured.
Crack growth in an environment with some humidity, like in n-value measurements, in proof testing, or in service, is described by the power law (region
1), given by (1.10). The parameters A and n depend on environment, but not on
initial strength. The initial strength S1 appears only after the solution of
(1.10) for failure condition, e.g. (1.14) for dynamic fatigue. The B-value is,
unlike A, not only dependent on environment, but also on the definition of S1
(and K 1J. For usual stress rates, the right-hand term in (1.14) is negligible
small, so that only n and the product BS1n-2 are measured. The latter product
can be written, using (1.8), as:
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(B.l)

All terms on the right-hand side of (B.1) do not depend on the definition of K 1
or, via (1.8), on the definition of SI. Tuis means that also the solution (1.14)
of (l.10), for usual stress rates, does not depend on the definition of the initial strength, even though it's value appears in the formula. This can be understood easily. For usual stress rates, the slow crack growth behavior in Region I
determines failure. As soon as crack velocities become high, which is certainly
true in Regions II and III, fracture occurs almost instantaneously. The regions
with high crack velocities have no effect on the time to fracture. The location
of K1c is not "seen". Therefore the choice is free which B, SI or K1c values are
to be used, as long as the same definition is maintained. The Jatter two parameters are linearly related by (1.8). The values of S1, B and K1c become only important when a comparison with a certain stress level is made. Examples are the
proof-test level in the Minimum-Life model (Section 5.1.6), or weakening due to
proof-test unloading (Appendix J). An illustration will be given below.
Consider a description, which is defined in humid environment. This will be
used in the Minimum-Life model (5.19), which considers a flaw that just survived
the proof test. During proof testing crack growth occurs under fatigue (only for
on-line proof testing this crack growth is strongly reduced). That means that
regions 1, II and III are followed for a crack that just fails. Now it becomes
clear that the guaranteed minimum strength, equal to the proof-test level, is si
and not S1h. Therefore the substitution Slh = crPxS1h/S1 = cr xK1c1/K1c must be
made in the solution of (1.7), (1.8) and (1.10), to obtain a Mtnimum-Life model
equivalent to (5.19). In this model also Bh must be used instead of B:

(B.2)

Bh can be written as Bx(K1c/Ktch)0 • 2 . When this is substituted in (B.2), exactly
the same formula as (5 .19} appears.
It is also possible to use the definitions for vacuum from the start. In
that case no correction for the guaranteed initial strength is needed and (5.19)
is obtained directly. It is concluded that the initial strength value that must
be used to obtain B-values for Minimum-Life models, is the failure stress in
vacuum, and not in liquid nitrogen (extrapolated to room temperature) or at high
speed. A typical B-value for vacuum is 2xl0-8 GPa2 s, for n-values of 20. For a
proof-test level crP of 0.5 GPa, and a lifetime ta of 30 years, the Minimum-Life
model gives allowable stresses of 0.16xcrP and 0.12xcr , . f?r shafJ? and btui:it
(Eq.5.38) weak spots, respectively. Tuis means that the Nhmmum-Ltfe model 1s
more conservative than models which are based on weak-spot statistics [1].
The reason that the the Minimum-Life model is too conservative, is the fact
that the probability to fit?-~ a crack after proof t~st, with S1 = ~P' is extremely small. The probab1hty to find a crack that Just stopped growmg at the
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end of proof test, with a state somewherè on region II or 1II (i.e. between K1b
and K1c in Figure D .1), will be estimated. Immediate unloading of the proof test
is assumed. Formulas for a statie proof test are given in Appendix D, (D.5) for
reaching K1b and (D.6) for fracture. For the parameters used in this work, with
the low B-value for correct description, it follows that a crack with an initial
strength value, S1, of 1.2394 GPa, will just fracture, while a crack with a
slightly higher value of 1.2395 GPa, just reaches K1b.
The probability, F," to find a crack in this "risky region", follows from
Weibull statistics [21]:

(B.3)

with FP the failure probability at proof test, and ~ and Nb the failure number,
and the number that reaches K1b, respectively. lt follows, for a proof test
failure of 0.02 km- 1 and a Weibull parameter m of 2 [1], that the probability to
find a crack in the "risky region" is less than 3xl0·6 •
The probability to find a crack in the "risky region" between K1b and K 1c is
comparable with the probability to have a crack in the "risky region", that corresponds with weakening below the proof-test level during proof-test unloading,
without fracturing (see Appendix J) [18]. The unloading makes 100% guarantee
Minimum-Life estimations impossible. Even when the proof-test level is raised by
orders of magnitude, still weakening below practical values like 0.5 GPa can
occur (see Appendix J) [18]. Note that also for this estimation the low B-value
for vacuum must be used. Therefore a Minimum-Life estimation, based on a B-value
that is found with high-speed techniques (K1ch is higher than K 1b), is practical, not giving larger errors than from the unavoidable proof-test unloading.
Note that the conclusion that the probability to find a crack between K1b and
K 1c relies on the proof-test failure number NP. In other words: weak-spot
statistics appear again in the model, that was developed to not depend on these
statistics. Note, also, that the choice of K 1c as the 'endpoint' is rather arbitrary. When assuming, e.g., that after proof test one crack corresponds to 'a
little left from K 1b', then also the probability to find a crack that corresponds to 'right' from the mentioned one, and hence the error in the lifetime
estimation, will be small.
It is also possible to find B-values for abraded fibers [6], which might
show slightly different behavior. Also here the initial strength shall be measured in vacuum. Another technique, proposed by Hanson [9], is to assess the
B-value by numerically fitting the measured distribution of weak spots. This
looks paradoxical. For the high strength mode it is necessary to measure the
initia} strength to find the B-value. It is under study if it is possible to obtain the B-value from the more difficult to measure weak-spot distribution, with
its more difficult statistics (because of the proof-test effects), while in all
steps normal fatigue occurs.
B.4 CONCLUSIONS
It is reasonable to assume that two types of initia! strength exist, S1 in vac-
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uum, and S1h in ambient (hurnid) environment. The latter is rneasured with highspeed techniques and in liquid nitrogen (extrapolated to room temperature}. The
value in vacuum, typically 16 GPa, can be applied for Minirnurn-Life models according to their 100%-guarantee definition. This corresponds with a typical
B-value of 2xl0-8 GPa2s, for an n-value of 20. For 30 years lifetime, the Minimum-Life model gives a maximum stress level of 0.16 and 0.12 times the prooftest level, for sharp and blunt weak spots, respectively. Tuis is more conservative than results of lifetime models that are based on weak-spot statistics.
Using the B-value from high-speed techniques in the Minimum-Life model, much
higher stresses are allowed in service (almost factor of 2), without making a
larger error than that, which is caused by the unavoidable effect of proof-test
unloading. The latter statement, however, relies on proof-test statistics, which
was intended to be avoided in the Minimum-Life model.
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Appendix C
Extrapolation of the Power Law
C.1

INTRODUCTION

Stress corrosion can be described by an exponential law (1.9) or a power law
(1.10). The exponential law is based on chemica! reaction kinetics and bas a
physically sound basis. The power law is nothing more than an empirical fit
function, but keeps mathematics tractable. The power law fits well for most measurements, but problems appear when the fit is made over a larger region. In
Figure C. l an example is shown where the power law (straight line a)) does not
exactly fit the data from a COST-218 round robin [l]. Here different techniques
have been used at 20°C and 50% RH. Data are given in (equivalent) statie times
(see Appendix E), corrected for effective test length. The n-value varies between 20 and 40 for short and long times, respectively, in the round robin. The
increase in n-value for longer measuring times is caused by crack blunting, according to many investigators [2]. At low stresses, when crack growth from
stress corrosion is small, blunting dominates while for high stresses the opposite is true. Crack blunting may occur in long running tests. In this appendix
it is discussed if crack blunting only disturbs the measurements, or if it may
be taken into account for lifetime estimations (crack blunting results in longer
times to fracture).
The exponential law is drawn in Figure C. l (line b) in an attempt to fit
fatigue knees data from double mandrel experiments in water [3] (from Figure
3.7), because this law contains a stress free term. This law, however, fits the
round robin results even worse (convex, not concave). Sometimes the exponential
law fits better, sometimes the power law [4]. In the latter case it is not because the power law is physically more sound, but probably because crack blunting cannot be ignored anymore. Hence it is not always clear which law fits best.
The power law results in longer fracture times when extrapolated to longer
times than the exponential law. Does this mean that lifetime estimations will be
too optimistic when using the power law? The extrapolation to shorter times, to
the region of the initial (inert) strength, even gives larger differences between both laws. In Appendix B, however, it is argued that this is not relevant,
because crack growth does not occur at all in inert strength measurements. It
will be argued next that also extrapolation of the power law to longer times
does not result in large errors in lifetime estimations.
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taCsl-

Figure C.1 Stress O'a against time ta (log scale) for failure due to stress corrosion. Lines a) (power law) and b) (exponential law) are drawn to fit the COST218 round robin [1] (diflerent symbols) at 20°C, 50% RH and double mandrel experiments [3] (circles) in water of 30°C, respectively.

C.2 EXTRAPOLATION
Which measured n-value should be used in lifetime models for fibers in service?
The n-value for the longest measuring time (still much shorter than the service
lifetime) seems to be the best estimate. It should be borne in mind, however,
that the lower n-value for short measuring times is worst case for lifetime estimations [5]. Hence before using n-values from long measuring times, one must
be very sure that crack growth for the longest measuring times represents the
crack growth during service better than for the shorter measuring times!
Stress corrosion is ruled by the concentrated stress at the crack tip.
Therefore the stress intensity and its associated crack velocity must be considered, and not the applied stress or its related fracture time. In large (weak)
tlaws the applied stress is "amplified" more than for the small cracks of the
intrinsic distribution. The time to failure is longer when the local stress at
the crack tip is lower, because the rate of crack growth is proportional to this
stress. But a certain stress at the tip of an intrinsic flaw (which is studied
in fatigue tests) gives different failure times than the same stress at the tip
of a weak flaw!
The stress intensity factor K1 (measure for local stress at crack tip) for a
crack, starting with initia! inert strength Si, that fails at statie stress cra
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after time ta can be written, using (1. 7), (1.8), (l.12) and (1.13), as:

[ l

-ll(n-2)

2

cra ta
K 1+ -,,
[1 r.]t
1,

(C.1)

From this equation it becomes immediately clear that the stress intensities K 1,
for different flaws, can follow the same function of t/ta (time normalized to
failure time), when [6]:
(C.2)
With (l.13a) this can also be written as:

(C.3)

In service the stress cra is much lower (well below the proof test level) than
with fatigue testing. Hence this testing should be performed in much shorter
times than the service lifetime, when the same local stress at the crack tip is
required.
K1 is a measure for the local stress at the crack tip and also controls the
crack growth velocity da!dt via (l.10). Equal stress intensity is equivalent to
equal crack growth velocity. It is understandable that stress corrosion is comparable in that case: Consider e.g. the "competition" with crack blunting. In
Figure C.2 the speed da/dt at which a crack grows until failure occurs is shown
for two situations. Line a) is obtained for a weak flaw (size a1 is 1.67 µm,
equivalent to an inert strength of 0.5 GPa, typical for proof testing) that
fails after a time ta of 30 years when it is subjected to a service stress cra of
81 MPa (calculated with a B-value of 4xlü-8 GPa2s and a n-value of 20 [7])1. In
Figure C.2 also a line b) is drawn, showing the speed of crack growth for a
pristine fibre (tlaw size a1 is 1.6 nm, equivalent to an inert strength S1 of 16
GPa or 16.5% strain [7]), subjected to a service stress cra of 1.84 GPa, which
fails after the same time ta of 30 years. From these examples it becomes clear
that different crack growth velocities can be obtained for different tlaws, even
when the time to failure is the same. When the pristine fibre is subjected to a
higher stress cra of 2.59 GPa, and failure occurs after 12 days, however, the
calculated crack growth velocity follows the same line a) as the weak tlaw which
1At failure the crack growth speed would reach 1.2 mis which is, however, not
reached in practice because the power law is only valid in a limited speed
range, depending on environment (see Appendix D). The time during which this
speed limit is passed is so short that the conclusions in this appendix will not
be injluenced by this effect.
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b

tttaFigure C.2 Crack growth velocity daldt as a function of the normalized time to
failure tlta. Line a) represents a weak flaw that faits in 30 years, and also a
pristine fibre that fails in 12 days. Line b) represents a pristine fibre that
fails in 30 years. For more details see text.
fails after 30 years! And with the crack growth velocity the stress at the crack
tip is, according to (1.10), also the same. When the calculations are done with
e.g. another B-value, all crack growth velocities change with the same rate and
the comparison still holds.
Two important conclusions can be drawn now. First the times to measure the
n-value (on pristine fibres) should not be too long. In the case that nonstraight Iines are observed in the log/log plot, the shortest measuring times
(e.g. dynamic fatigue) give the "real" n-value. The slope in the region with the
same cra2ta as in service (fulfilled for most statie fatigue tests), however,
gives the best practical value for lifetime estimations. Tbis is derived with
the power law, but is true in general (see Section C.3). Second the extrapolations from the measurements in the laboratories, to the much longer service
lifetimes of about 30 year, are not as dramatic as it seems. Often the whole
crack growth range during service is covered by the experiments and the power
law can be used without serious extrapolation errors.
C.3

GENERAL

The relation (C.2) for equal crack tip stress and crack growth velocity for different cracks and loads was derived using the power law. lt is postulated now
that K 1 and da/dt will also be comparable for constant cra2t. for other relations
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between daldt and K 1 (like the exponential law or including the effect of crack
blunting). Equal crack growth velocities for weak flaws that fail after a long
time, and for short fibers samples in short running tests, can be understood
qualitatively. A weak flaw that fails under a low stress, bas to grow over a
Jonger length until catastrophic failure occurs, than a smaller crack on a short
fiber sample that fails under a much higher stress. Hence, also more time is
needed for a weak flaw, to fracture with the same speed of crack growth.
It is also possible to prove the postulated statement [8]. Consider statie
stress cr•. The stress intensity K 1 can be expressed using (1.8) and (1.9) as K 1
= sxK1c, with s = cr.I S. The crack velocity is an arbitrary function of K 1 , hence
da/dt = /(s). From this, it can be derived, using (1.8) and (1.9), that:
lfcr

2 [ K;:,] 2

a

[

l

l

!_

ta

s

sds
- J(Sj

J

s

(C.4)

I(s)

or:
(C.5)

with I -1 the inverse function of I. Now it follows that the stress intensities
K 1 , for different flaws, follow the same function of tit. when (C.2) is fulfilled. Hence the statement is proved.

C.4 CONCLUSIONS
The stress intensities and crack velocities are comparable in fatigue testing
and in service (equal cr.2ta)· This is not only derived for the power law, but
also when crack blunting is included, and even for any relation between crack
velocity and stress intensity. Therefore the same physics as in service can be
studied in tests. Hence no dramatic extrapolation error is made when the power
law is used in lifetime models.
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Appendix D
Region II Crack Growth
Stress corrosion cannot be modeled by a power law above a critica! value vb of
the crack velocity. The behavior is trimodal as can be seen when plotting the
crack velocity v as a function of the stress intensity K 1 (see Figure D.1) [1].
Region I, which is modeled by the power law, results from stress corrosion
caused by moisture in the environment. At the critica! speed vb the limiting
rate of water diffusion to the region of the crack tip results in region II behavior [3], where the crack velocity is determined by this diffusion and does
not further increase with stress intensity. The value of vb depends on the relative humidity (RH) and temperature, and is about 5x104 mis for bulk fused silica in ambient environment (75 % RH, 25 °C) and drops to much lower values for
lower RH [2). Region III, just before catastrophic failure occurs at K1c, is
independent of environment. When moisture is eliminated, such as in vacuum ex-

t
>
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0
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II

Figure D.1 Schematic representation of the effect of stress intensity K1 on
crack velocity v during slow crack growth.
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periments [4], region II shifts down and region III will be followed a longer
time. The time tb at which region II is reached can be derived from (1.12) for
statie applied stress u. and from the relation S(tb)IK1c = cr/K1b in which K1b
is the stress-intensity factor at the moment that region II is reached:

(D.1)

The inert strength as a function of time for a statie applied stress cr. is given
by (l.12) when t < tb. When t > tb another equation follows [3,5]:
2

s2 =

K lb] cr.·2

[ K;;_

+ f!v b (t-tb)
K

Ic

(D.2)

2

Effect for proof testing In service the time spent in region II is of negligible importance [3]. However, in proof testing, which usually takes only 1 second, crack growth in region II needs further examination. Another region (III),
similar to the region which obeys the power law, that is present just before
fracture [3] is not of practical importance here and hence is not treated.
During proof testing it is expected, according to the preceding discussion,
that the maximum speed of region 1 is exceeded amply. It is not yet clear if
this exceeding causes significant systematic errors in treated lifetime models,
based on region 1 crack growth (the power law). Therefore, an example will be
examined, taking into account region II crack growth. Consider a fiber as in the
numerical example with "low B-value" of 4x10·8 GPa2s (see e.g. Section 5.1.4)
and use the common values K1c of 8x105 N/m312 and Y of 1.24 [6]. The maximum
velocity vb of "region I" is 5xl04 mis (75% RH, 25 °C) [2]. With the power law
fer vb and the usual expression for B (defined after (1.11)) it fellows that K1b
= 0.68xK1c. In Ref.[2] a value K1b = 0.76xK1c is obtained from the measurements.
The difference cannot be explained by the higher n-values in Ref.[2] where measurements were performed on the raw material of the optica! fiber (see Section
B.3 where an exponential extrapolation even gives a lower K1b/K1c). We will continue our calculations with the worst case K1b = 0.68xK1c. Using (D.l) and (D.2)
it fellows that a crack which corresponds with a strength S1 of 2.3851 ·CJP grows
to a crack giving fracture just after proof testing at 0.5 GPa during 1 s. The
size of the crack, expressed with S, and the speed v of crack growth are given
as a function of time in Table D.1 and D.2 for "region 1 + II" and "region I
only", respectively. The speed of crack growth v is found with the power law and
the expression fer B.
Table D.1 S and v as a function of time with "region I
tltp
0
0.99
0.998
10.999
1
S(t)/crP 2.3851
v(µm/s) 0.03

1.83
6.6

1.48
500

1.20

1.00

500

500
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Table D.2 S and v as a function of time with "region I only"
t/tp

0

0.99

0.9998

0.999999 1

S(t)/crr 2.3853

1.85

1.49

1.11

1.00

v(µm/s) 0.03

5.4

500

l.5x105

l.2x106

lt is clear from Table D.2 that the power law of region 1 cannot be used
anymore when the fiber strength bas decreased to roughly l.49xa.Jl. From this moment on, the speed exceeds its maximum speed of 500 µmis. Ir the crack would
grow with the limited speed of 500 µm/s during the remaining 200 µs (Table D.2)
the fiber's final strength after the proof test would not be lower than l.4xoP.
This is much higher than aP' the proof test level, which the crack was supposed
to reach in the power-law calculation.
Fortunately, the effect of "Region II" crack growth is not as large as it
appears. This becomes clear from the only slightly differing starting values S1
in Tables D.l and D.2, respectively. In Table D.1 "Region II" crack growth was
taken into account and fracture just occurred after the proof test was performed. An explanation is given by the strong dependency of the strength after
the prooftest on the strength before the prooftest, for fibers which are close
to prooftest failure. In lifetime models based on stress corrosion during proof
testing (e.g. the Mitsunaga model from Section 5.1) it is important for the initia! crack size Scdistribution to be correctly obtained from the distribution
of fractures during the proof test. It is illustrated with this numerical example that lifetime models that do not treat region II crack growth are sufficiently accurate. Repeating the same calculation for K1b = 0.76xK1c would even
result in a smaller discrepancy between region I and region I +IL
When the "high B-value" of 0.05 GPa2s (see e.g. Section 5.1.4) [7] is used
in the calculations, it would follow, using the power law and the expression for
B, that K1b
l.38xK1c when vb = 5xl0·4 m/s and n = 20. This, of course, is not
possible, but again it should be mentioned that in Ref. [2] much larger n-values
occur (an exponential extrapolation would result in another value of K1b; see
also Appendix B for another explanation). It is not clear which K 1b value must
be used in this case, but it is clear that its value is higher than for the case
with low B values. Just as with the higher K1b value, treated before, this results in a smaller discrepancy between region 1 and region I +II.

Effect for high-speed dynamic fatigue For dynamic measurements it follows,
analogously to the derivation of D .1 [8]:

s,

n-2

(!b

n+l

= B(n + l)dcr/dt

[K1c]n-2

+ K;';;"

n-2

(D.3)

crh

with ob
tbxdcr/dt. Also for D.2 an analogous expression can be found for dynamic fatigue. At fracture, when S and crct become equal, this gives [8]:
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Figure D.2 Dynamic failure stress crd as a junction of stress rate dcr/dt according to (1.14) with typical values of the corrosion susceptibility n of 20 and
initia/ strength S1 of 16 GPa (B-value of 2x10-8 GPa2s), typical /or vacuum [4]
(see also Figure 1. 6). The dashed line is calculated including the constant
crack growth speed vb of 5xJ()-4m/s in region Il.
(D.4)

Usually region 1 behavior is sufficient to describe stress corrosion and the
dynamic failure stress from (l.14) is accurate. When the stress rate becomes
very high, region II behavior becomes important. Now (D.3) and (D.4) must be
used, the latter solved numerically. This is done for vb = 5x10-4 mis in Figure
D.2, shown by the dashed line.
Note that in the case that S1 = 7 GPa (from high-speed tensile tests [7])
such a behavior does not occur, because the crack velocity remains below vb.
This means that the parameters from high speed experiments do not match with the
v against K 1 plot, measured on bulk silica [2] (note once more that an exponential extrapolation looks different). In the Section in Appendix B, dealing with
the definition of initial strength, it is among others argued that immediate
catastrophic failure after the first bond rupture can also be the cause for this
anomalous behavior.
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Probability to find crack between K 1b and K 1c after proof test The initia!
strength S1 which corresponds to an end-point exactly at K1b after proof test at
crP during time tP is found by applying (D.1) for exactly reaching K 1b after this
time (i.e. tb = tp). In this way (D.1) can be rewritten as [8]:

sn·2

(D.5)

I

The initial strength S1 which corresponds to an end-point exactly at K1c
(fracture) after proof test follows from (D.1) substituted in (D.2) with O'a =
crP, t = tP and S
op [8]:

[K1c

2

z)crPn-2

-K1b

(D.6)
BYvb

Equations (D.5) and (D.6) are used to calculate the probability to find crack
between K 1b and K1c after proof test in Appendix B, using Weibull statistics.
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Appendix E
Equivalent Statie Test Time
A large range of measured n-values can be observed in literature. Sometimes it
is claimed that the n-value for statie fatigue differs from the dynamic fatigue
value. The n-value is, however, defined on the part of the plot of crack velocity against stress intensity which fits a power law (1.10), and does not depend
on how the stress intensity varies with time. Therefore theory predicts comparable n-values for any kind of load history, as long as the significant part of
the stress intensities and crack velocities are in the same power law fitted
region. Such a region can be characterized by an equivalent statie test time
teq-

The expression (1.14a) for dynamie fatigue can be rewritten in another form:

(E.l)

(n+l)doldt

In this equation the expression (l.13a) for statie fatigue can be recognized,
with a, = ad and t
teq• the latter given by [1]:

teq

=

ad

(E.2)

(n+ l)da/dt

For dynamic loading, the equivalent statie test time teq is shorter than the
total test time, by a factor n + 1, because crack growth in the first part of this
test is of negligible influence. The crack growth velocities are comparable for
tests with the same teq· Comparable does not necessarily mean exactly identieaL
Consider e.g. statie and dynamic fatigue with the same t0 <J.: The crack velocities
as a function of time in both situations are different per dermition.
In Appendix A it is argued that also another load history than constant
stress rate must be considered. In 2-point bending experiments, often the plate
speed v is kept constant. The solution for dynamic fatigue is given by (A.11).
Using the relation between ad and plate distance d, whieh follows from (A.1),
(A.8) and (A.10), it is possible to rewrite (A.11), neglecting higher order nonlinear elastic tenns:
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d-dc

vrn=n

[ 1 - 0.6a."

df ]

~

Bsn-2
1

(E.3)

cr/

Comparing again with (l.13a), it follows [1]:

(E.4)

In Ref.[2] a round robin (COST 218) with different statie and dynamie techniques has been plotted as the failure stress against equivalent statie time,
using (E.2) and {E.4) (see Figure C. l). When also corrected for equivalent test
length (Table 2.1), all measurements can be fitted by a single line. The slope
of this line gives the n-value. Because the round robin results cannot be fitted
by a linear line, the n-value varies, from 20 for short times to 40 for long
times. It is clear that the power law is not able to fit the wide region as used
in the round robin. But, the n-values for statie and dynamic fatigue are, as
expected, equal for the same equivalent statie time, also when the crack velocities as a function of time are not exactly identical. Therefore it is concluded
that the spread in measured n-values, seen in literature, is caused by the large
spread in equivalent statie test times, and that is does not matter whether the
load history is statie or dynamic.
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Appendix F
Failure Probability from Measurements
F.1 INTRODUCTION
Statie- and dynamic-fatigue measurements on optical fibers are usually fitted
using Weibull statistics [l]. Weibull plots are obtained from the measurements
by plotting the failure probabilities on a Weibull scale (see e.g. Figure L 7)
against fracture time and fracture stress for statie and dynamic fatigue, respectively. The failure number N is defined as the average number of failures
per unit of length L0 . The failure probability F is the probability to find a
failure on a length L. In genera!, F and N are related, following the weakestlink principle (1.15):
(1.15)

F

LIL0 xN is the total number of failures on length L. In the special case of a
Weibull distribution, e.g. of initial inert strengths S1, N is given by (l.16)
[1]:

(1.16)

N

In this equation S0 and m are the Weibull scale and shape parameters. When fatigue tests are done on fibers, failure numbers, and not the failure probabilities, are observed.
The failure probabilities F are usually calculated from the number of fractured specimens j and the total number of specimens k. For specimens with length
L, the failure probabîlity for that length is:
(F.1)

Note that, without the correction "+ 1" the kth fractured specimen would not fit
on any Weibull scale (F = 100% is out of Weibull-scale; see e.g. Figure 1.7).
Sometimes F = (j-112)/k is used, with more accurate results [2].
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In the expander technique [3] the use of (F .1) is not possible, since the
total (maximum) number of fractures k is infinite for infinite time or stress.
Fracture does not result in a decrease in stress on the remaining pieces. Fracture, therefore, does not stop in principle. Only when the broken pieces get so
short that slipping becomes significant the process stops. The problem is overcome to plot the logarithm of the number of failures. In this appendix it is
investigated how reliable the two fitting techniques are.
F.2 ANALYSIS
With fatigue testing optica} fibers, a problem appears. When a specimen is braken, a further progress in time or stress cannot result in detected fractures on
this specimen anymore, while there are cracks that should fracture if the test
on the broken specimen could be continued. This means that, when a parallel test
on a number of specimens proceeds, as is the case in statie fatigue, the total
tested length decreases, every time when fracture occurs. To understand this for
dynamic fatigue, treat the test as if all the specimens are measured at the same
time. To correct for this length decrease we start at the first fracture.
When the length of a specimen is L and the number of specimens is k, the
total tested length is kL. Hence the failure number N is equal to L 0 /(kL) for
the first fracture. It should be realized that the observation does not give the
average number of fractures per unit of length. But if a "first fracture" could
be repeated many times, the average would give the correct failure number. The
observation is thus subjected to unavoidable statistical tluctuations, but there
is no systematic error when N is taken in the described way.
When the second fracture is observed, the total tested length was decreased
down to (k-l)L. This rneans that the cumulative failure number is now
L0 /(kL)+L0 /((k-l)L). In the same way it follows for the jth fracture:
j· l

N=

I

Lo

(F.2)

(K-lJL

î=O

With (1.15) hence the Weibull plot for specimens with length L follows, for the
jth fracture [4] :

F

=

1 - exp [-

iÎ ,b]

(F.3)

1=0

With (1.16) a correct linear Weibull plot as in Figure F.l would be obtained
for a Weibull distribution and a test length L. In Figure F .1 also the failure
probabilities, obtained with (F .1) have been plotted for k = 20. These points
deviate (shifted vertically downwards) from the straight line where the points
from (F.3) with (l.16) are located (not drawn for reasons of clarity). The horizontal logarithmic scale in Figure F .1 is arbitrary, such that it can expand
and/or shift to match with the S0 - and m-values. A same kind of plot could also
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be obtained for measured statie times to fracture or dynamic failure stresses on
this scale.

F.3 EXPANDER TECHNIQUE
The results from the expander technique are, as mentioned before, plotted in a
different way. Since the testing length L remains constant in this case, the
observation of the failure numbers can be directly plotted in the Weibull plot
(see Figure F.2). For this the equivalent L/L0 xN-scale, related to F via (l.15),
bas been plotted on the right hand side of Figures F .1 and F.2. The obtained
plot of Figure 2, which is correct now, gives a distribution of points in the
plot which is different from that of Figure F .1. It should be noted that in this
case the median value for the total test length L is not found between the measured points but is obtained by extrapolation to a shorter time.

F.4 CONCLUSIONS
A small systematic error is introduced in the construction of Weibull plots when
(F.1) is used, which is commonly done. The correct way is using (F.3). Fortunately the median values and m-values, obtained from fits of the data in the
Weibull plots, do not differ much. Direct platting of failure numbers in expander experiments does not give these errors.
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Appendix G
Discrete Modeling
G.l INTRODUCTION
Mechanical lifetime of optical fibers can be estimated for different environments. The models that exist are based upon a power law [lJ, (l.10), to describe
the stress corrosion [2,3] (see Chapter 5 and Section 6.1). When zero stress
aging takes place, this can also be incorporated in lifetime models [4] (see
Section 6.2). lt was shown that the stress at and velocity of the crack tip
(where stress corrosion takes place) are comparable for fatigue tests and service life [5) (see Appendix C). Hence it was concluded that the power law can be
used in the lifetime models, without extrapolation problems. The power law, and
also the physically more sound exponential law [6]. (1.9), are only used for
finite crack size. The observed initia! (inert) strengths of high strength optical fibers [7,8] are, however, so close to the theoretical maximum, and the distribution of observed strengths is so narrow, that it is believed that these
fibers have a pristine surface [9,10). Analysis of crack growth starting from a
pristine surface was performed, using the exponential law [10,llJ (see Section
4.5.2). As a result (4.6) was obtained, for the description of statie fatigue.
This relation describes the behavior of a single flaw. The statistics for a distribution of flaws is obtained, using the weakest-link principle (l.15) and the
Weibull distribution (1.16).
In the above the optical fiber was considered as a continuous body. Fused
silica consists, however, of ring structures of 5 to 7 Si04-tetrahedra. One bond
rupture at a pristine surface bas a large impact on the strength of the fiber.
Therefore an analysis with discrete bond ruptures is performed in this appendix
for comparison. For this it is necessary to translate crack growth velocity to
probability of bond rupture. It should be noted that the results and conclusions
in this appendix, e.g. that the error made in continuous calculus is not large,
are only a first step in discrete modeling. A lot remains untreated. Also the
assumption made in this appendix that the surface of a (short piece of) fiber is
pristine has not been proved completely. But, this assumption would give the
largest difference between continuous and discrete calculus.
G.2 DISCRETE CALCULATION
It was already mentioned that the distribution of observed fiber initial
strengths is so narrow that it is believed that the surface of high strength
fibers is pristine. There is, however, still some spread in strength (Weibull
parameter of 50-100) which cannot be explained by diameter fluctuations (to ex167

plain differences between 2-point bending, and tensile pulling failure stress, a
diameter narrowing of almost 10 µm must be present in the latter case).
But, also the strength of a uniform pristine fiber may vary. For the description of crack growth in terms of velocity, a continuous limit of subsequential bond ruptures is assumed. This is not a good description, especially not
for the first bond ruptures in a pristine fiber. Crack growth should be described with probabilities of bond ruptures instead of with continuous crack
growth velocities [12]. Consider a single flaw (which may not yet be nucleated).
When an average number of JV bond ruptures occur per unit of time (or using the
notation JV = l/'t) [13] this is equivalent to a crack growth velocity v, divided
by the length that the crack gains per bond rupture. For fused silica this gain
is the (average) size 2p of a ring of Si04-tetrahedra:
1
't

v

(G.1)

2p

The relation between l/'t and the probability F of bond rupture, as a function of
time t, can be written as:
F

=

(G.2)

1-exp(-tl't)

This is a general expression for a Poisson process and looks like an "ergodic
equivalent" [14] of the weakest link principle (1.15), which is recognized when
using the notation with JV again. A probability of 100% will only be reached for
infinite l/'t or t. The probability F will be almost equal to tl't for small values.
A description with probabilities can be understood by realizing that the
exponential law (1.9) describes an Arrhenius type of behavior which originates
from chemica! kinetic theory [6] . The activation energy in the exponent is the
energy barrier. In Figure G. l a schematic potential energy diagram for the bound
and dissociated state is given [6]. The depth of the potential well decreases
when K 1 increases. The average thermal energy is RT. The barrier between bound
and dissociated is taken by the Maxwell Boltzmann fraction with sufficient energy to overcome the barrier: the smaller the barrier the higher the probability
of bond rupture. A good description of this probability is obtained by combining
the exponential law (1.9), with v = daldt, with (G.1) and (G.2). Now it can be
understood that the strength of a pristine fibre varies. The strength will also
depend on sample length. On long lengths more cracks can be formed and the probability that one of them is "quick" is hence larger.
Next the probability of fracture, as a result of probabilities of subsequent
bond ruptures, will be calculated. The probabilities for these bond ruptures are
not constant, because the crack growth velocity v depends, via K 1 , on the size a
of the crack. Hence also l/'r and F will depend on a (which is not taken into
account in Ref. [13]). Consider a pristine surface. The probability F 0 _1 of the
first bond rupture as a function of time is given by:
F 0 _1

=

(G.3)

1-exp(-t/'t0)
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with l/T 0 defined for a pristine surface. The probability F 1_2 of rupture of the
second bond (with the first bond already ruptured) is:
(G.4)

with 11T 1 defined for a start with one bond broken. The probability F0 _2 that 2
ruptures occur starting with a pristine fibre at t=O (see Figure G.2) is obtained by integrating F 1_2 over F 0_1 in time:

JF

(G.5)

1_2(t-s)dF0 _1(s)

s=O

Carrying out the integration results in:
(G.6)

The same can be done for the probability F0 _3 for 3 bond ruptures with a
pristine start:
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Figure G.2 Probability of rnpture a) F 0_1, b) F 1_2 and c) F 0_2 . Schematic
"crystal-like" representation.
t

Fo.3 =

J

(G.7)

F1.3(t-s)dFo-2(s)

s=O

This can be extended for k bond ruptures. Carrying out the integration finally
gives a general expression for F 0_k:

1

+

k

(-l)

k·l [j•l
[

k-1

lh
l/'t
n1/'t-i'!'t
nlh-ifîexp
J

j=O î=O

1

J

(G.8)

1

i=j+I

Now the probability for fracture can be calculated numerically. For a statie
applied stress u. the following substitutions are needed (using (1.9), (4.3) and
(G.1)):

v.1

=

voexp

[-E. +bKu]
RT

a;

= 2pi

(G.9)

A constant size of the Si04-rings is assumed to keep mathematics tractable. The
distribution of rings with 5, 6 and 7 tetrahedra will result in a broader final
distribution, but it is not yet clear whether this effect is significant.
170

The number k of bond ruptures at fracture follows from S
with (4.4), written for S and a:

=

cra and a

2pk

Now t can be varied until the required F0 _k is found with (G.8) and (G.9). The
stress intensity is still calculated using the continuous (corrected) Griffith
[15] approach. This can, in principle, also be carried out with atomistic calculus [16].
G.3 EXAMPLE
In thls section, fatigue parameters will be obtained from an example with statie
double mandrel experiments using an exponential fit. Next these parameters will
be transformed to single flaw parameters using Weibull extrapolation. Then the
transformation from continuous to discrete behavior will be made. Finally the
probability for the discrete case for one single flaw will be transformed back
to failure probability on a macroscopie (mandrel) scale again using the weakestlink principle. Note that no Weibull statistics are used in the latter operation.
An example with statie fatigue measurements will be given. These measurements were done on optica! fibers in water using a double mandrel technique
(Section 3.1). In this appendix only the behavior before the fatigue knee is
treated in the numerical example. Data from Figure 3.7 [ll] can be translated to
room temperature. From the temperature dependence of the time to fracture a zero
stress activation energy Ea of 1.32x105 J is found, which agrees well with the
values reported in Ref. [10]. Note that the fact that the Ea-value is so close
to the value from zero stress aging (Section 4.5.4) is a coincidence and not
justified by the accuracy. The value of Ea does not have an effect on the conclusions that will follow in this appendix. Now the data from Ref. [11] can be
translated to room temperature. With an exponential law fit (4.6) values C1 of
34.33 and C2 of 3.57x10-9 Pa- 1 are found. The exponential fit of time to fracture t. as a function of stress a. is shown in Figure G.3.
When the data are used for single flaw (with size 2px2p in the plain of the
fiber surface; p is also the crack tip radius) calculation, a correction of measured strengths is necessary. The parameters for the single (lxl bond rupture)
crack will now be derived. For double mandrel the sample Jength must be measured
after the measurement [17]. For diameters of the test rod from 3 to 4 mm the
sample length per winding is about 1 mm. The effective testlength is obtained by
multiplying this sample length with a factor, given in Tab Ie 2.1. For 2-point
bending another expression is found for the effective testlength, also given in
Table 2.1. With all corrections performed an effective sample length of 50 µm is
found for double mandrel (3-4 mm test rod) using a Weibull parameter of 75. For
2-point bending an effective sample length of about 15 µm is found when the
fracture stress is 6 GPa. For the higher initia! (inert) strength of 16 GPa,
this becomes 8 µm.
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Figure G.3 Fracture time t. under statie stress a•. The curve labelled "continuous" is an exponential fit of the data from Figure 3. 7 extrapolated to room
temperature. The curve labelled "discrete" is a discrete calculation from this.
The correction factor for mandrel to a single flaw follows from the Weibull
distribution, with (l.16). Note, however, that the effective tested areas Aeff•
and not the lengths, must be compared. In this case it means a comparison of the
area of a single flaw (lxl bond rupture) of (2p) 2 with the surface area for the
effective tested surface area in the mandrel of 1t x 125 µm x 50 µm. A distance
between Si and 0 of 0.16 nm is measured with X-ray diffraction in Ref. [18]. For
a ring of 6 tetrahedra (on average between 5 and 7) [19] the length 2p is about
0.5 nm. The corrected value of S is found by using (l.16), now for Aeff:
1/m

,

s

=

Aeff

s-,-

(G.11)

[ Aeff]

The value of the initial (inert) strength S1 (for a = 0) of 16 GPa [8],
which is also used in the calculation, is obtained with a 2-point bending technique. Also here a correction is necessary using an effective test length of 8
µm for the measurement of this initial strength (see above). In Table G.1 the
effective lengths and areas and corrected initia! inert strengths S1 are given
for the described situation.
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Table G. l

Effective length, area and initia/ inert strength for m == 75.

·nt bending double

nd rupture

50

5x104

2.0x104
15.6

2.5xl0-7
21.8

Now the parameters for the single (lxl bond rupture) crack will be derived.
A value CP of 3.67x10-5 m112 is found from (4.4) with a == 0. A value of b of
0.389 m712s-2 follows from the value of C2 with (4.6) (CP is inversely proportional to S1 and hence dependent on effective test length, b and C2cra do not
change with effective test length). Now also a value v0 of 8.4x10-4 mis is found
with (4.6) using the value of C1. The parameter C depends on (the effective) cr.
and hence on testlength according to (4.6). Therefore C1 must still be corrected
to the lxl rupture value. Only v0 can vary with testlength in the expression in
(4.6) for C1 • Hence it can be found with (4.6) and (G.11) that:

v0

I

I

v

]2/m

Aeff

0
[

(G.12)

;ç;:;:

Hence follows a value v0 of 4.3xl0- 4 mis.
Next the probability of rupture can be calculated for a single flaw with
(G.8), (G.9) and (G.10). From this the probability for fracture in double mandrel tests can be calculated again, but now obtained from discrete bond ruptures, using the weakest link principle (l.16). With A 0 rr instead of L it follows:

(1-F')

(G.13)

The result for a failure probability of 50% (median) is shown in Figure G.3. In
Figure G.4 a Weibull plot is given for some statie stress levels.
The Weibull plot (Figure G.4) shows that, while starting with a uniform
pristine surface, a finite Weibull parameter of about 75 is obtained (this value
was also used to calculate the single flaw parameters). This means that probability of discrete bond rupture is a physical interpretation of the Weibull
slope. The slopes in Figure G.3, which indicate the n-value, differ only
slightly for the continuous and discrete case. This is an important conclusion,
because it means that n-values measured on pristine fibers, where a discrete
description is necessary, can be used for lifetime estimations of fibers with
weak flaws, where a continuous description is used. Note that in the case of
blunt weak flaws, the situation is even identical: crack growth starts at a pit
with a blunt "pristine" bottom [4]. The downward shift of the discrete line in
Figure G.3 can be explained by the fact that the single flaw parameters were
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obtained by a very large extrapolation in effective length, using (straight
line) Weibull statistics. In Figure G.4 it is clear that the Weibull slope that
results from the discrete bond rupture theory is not constant (varies from 70 to
80, already on a range much smaller than used in the extrapolations), which explains the mismatch.

G.4 CONCLUSIONS
An analysis with discrete bond ruptures has been performed in this appendix. The
results have been compared with the conventional continuous approach. From continuous to discrete calculation it is necessary to translate crack growth velocity to probability of bond rupture. The. theory has been used to fit measured
statie fatigue data from high strength fibers. lt is concluded that discrete
treatment results in almost the same effective corrosion susceptibility n as for
the continuous model. Furthermore the effective Weibull parameter m of 75, following from an initial pristine surface, is physically interpreted and corresponds wen with measurements.
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Appendix H
Dimensions of 4-Point Bender
The 4-point bender is constructed in such a way that during bending a circular
shaped section is maintained between the inner pins, as long as possible. In
Figure H.1 the shape of the bent fiber in the 4-point bender is shown. From Figure H. l it can be derived that the distance d between the inner pins is related
to the length l of the fiber between the inner pins via:
d

sin~ l

(H.1)

p

The relation between the angles a,

~

and 00 in Figure H. l is:
(H.2)

Here a is the angle at which the 'straight-fiber line' between a set of pins is
rotated (i.e. the angle on the scale), 2~ the angle of the circle section of the
bent fiber and 00 the angle between the tangents of the fiber between the two
points of contact with the pins. The coordinates x and y have been chosen such
that the x-axis is the tangent of the fiber at point (1), the outer pin. Assume
that y' < < 1. In that case also 00 < < 1. This is important, because at point (1)
also the force F makes an angle 00 with the normal at the surface of the fiber.
When Fsin00 is larger than .fFcos00 , with f the coefficient of friction between
fiber and pin, the fiber will slide in the 4-point bender, and its shape will be
disturbed. The fiber length between the pins is almost constant when y' remains
small. The local radius R of curvature of the fiber between points (1) and (2)
can be approximated, again for y' < < 1, by [1]:

k = y''

(H.3)

The bending moment M can be approximated, for small y' (see Figure H.1), by:
M

Fx

(H.4)
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Figure H.1 Geometry of a fiber in a 4-point bender.
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This bending moment is related with the fiber stiffness Bf and the radius R of
curvature via [2]:
(H.5)
With (H.3), (H.4) and (H.5) it follows:

=:

y"

(H.6)

x

f

With boundary conditions y(O) = y' (0) = 0 (see Figure H.1) this gives:

y

I

=

1 F

27Lx

2

(H.7)

f

and:
(H.8)
The quotient F/Bf can be eliminated with boundary condition y' '(x0)
Figure H.1), with (H.6):

l!R0 (see

(H.9)
Substitution in (H. 7) and (H.8) gives:
(H.10)
and:
Yo
Xo

1 Xo

(H.11)

= 0 R;;

From (H.10) it follows that the condition y' < < 1 is fulfilled when the distance
between the pins a < < 2R0 (x0 can be approximated by a wheny' < < 1). The angle
eo can be approximated by tg9o, which is equal to y' (Xo) (see Figure H.1).
Hence, with (H.10) and x0 = a, it follows:
(H.12)
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In (H.2), arctg(y01x0 ) can be approximated with y01x0 • With (H.11), (H.12) and

x0 = a, it follows:
a
p = a - 3"1 R:.
0

(H.13)

From Figure H.1 it can be seen that

KiJ1 =

p

l/(2R0 ). With (H.13) it follows:

2a
T+1iif3

(H.14)

The (maximum) strain e of the fiber in bending is rtfRo, with rf the radius of
the (glass) fiber (see Section 2.2.3). Finally the relation between e and a,
which is the angle over which the 4-point bender is rotated (see Figure 2.7 b)),
is found:
(H.15)
Relation (H.15) is only true if a circular section is maintained between the
inner pins of the 4-point bender. In that case d must be properly adjusted during rotation of the 4-point bender. With (H.1), (H.14) and p = l/(2Ro) (see Figure H.1), it follows:
d

=

. [T+1iiT3
la ] --al + 2al3
sm

(H.16)

The match of d with rotation angle a, according to (H .16), must now be realized
mechanically. One way is rotating disks on which the pins are mounted, with a
distance p between the axes of rotation (see Figure H.2). An extra degree of
freedom, the angle y in Figure H.2, gives better fits. The distance d between
the inner pins can be written as:
d

=

p

+ (l-p)cos(a-y)

(H.17)

A good match is obtained with y = 5° and pil = 0.645, as is shown in Table H.1.
Only at 120° the error in dil becomes larger than 1 %. In the practical construction [3], however, bending further than 90° is not (yet) possible.

Table H.1
= 0.645.

Match of d(a) with the construction of Figure H.2 with y

0
dil (exact) 1.000
dil (match) 0.999
difference -0. 001
a( 0 )

30
60
90
0.851
0.683
0.961
0.966 0.849 0.676
0.005 -0.002 -0.007
180

120
0.481
0.495
0.014

5° and pil

p

Axis of rotation

Figure H.2 Schematic view of mechanical coupling between d and a.
A prototype was constructed. The pitch of available gear wheels determines
the possible values of p, for which 3 mm bas been chosen. The test length l is
4.64 mm [3]. With all = 0.12 it follows for 2(3 = 180°, with ~ = l/(2R0) (see
Figure H.l), that a/(2R0) = 0.19. Tuis means that there is just no slip when the
friction coefficient f is larger than 0.19, which is usually the case. Thus
bending the fiber over 1800 can be performed without problems, and the stress on
the fiber can be calculated. The strain e follows from (H.15) and is 0.0435% per
(scale) degree of bending. With a Young's modulus E0 of 72 GPa (see Appendix A),
this is equivalent to a stress u of 31.3 MPa per degree. A maximum of 2.8 GPa
can hence be tested. In Ref. [3] the 4-point bender has been used to measure the
failure stress of stripped fibers. For fibers stronger than 2.8 GPa, the bender
is held at 90° for maximum 10 minutes, enlarging the effective dynamic (10 scale
degrees per second) failure stress that can be measured to 3.85 GPa. For
stronger fibers the dimensions of the 4-point bender have to be reduced.
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Appendix 1
Dynamic Fatigue with Pre-Loading
To save time with dynamic fatigue experiments with low stress rates, the fibers
can be pre-stressed quickly to a level of ycrd. An estirnate of crd at the chosen
rate is necessary first. This can be done by extrapolation of other rneasurements, or by doing one experiment at the low stress rate. When comparing the
dynamic failure stress cr/, obtained with pre-stressing, with the nonna! dynarnic
failure stress od, it is found with (l.12), neglecting small terms [1]:

Ci/ =

-l/(n+l)
Od

[

l-y1+l

(1.1)

)

For a y-value of 90%, the measured dynamic failure stress will be only 0.5%
higher than for normal testing (which takes 10 times as long). The measured dynamic failure stress with pre-stressing at level ycrd can even be made equal to
the normal dynamic failure stress, when pre-stressing is done during a specified
time t'. With (l.12) it follows, neglecting small terms:

t'

=

ycrd

(1.2)

(n + l)dcr/dt

The lowest pulling speeds in Section 3.3.2 are 0.5 and 0.05 mm/min (one nonna!
pull would take more than a working day for the Jatter pulling speed). For these
speeds the times t' are 2 and 20 minutes, respectively. Care should be taken
that the pre-stressing time does not exceed t' too much, as can easily occur
with the pulling speed of 0.5 mm/min (the error in measured failure stress becomes larger than 0.5% when pre-stressing takes Jonger than 2t' ). In genera! a
pre-stressing during time t' is very critica! and needs very accurate estimates
of od. If the estimate is not accurate enough, large errors in the dynamic failure stress, or even premature fractures, are possible. For this reason it is
recommended to perform pre-stressing in a time, well below t' .
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Appendix J
Crack Growth During Unloading
In the minimum life approach models (Sections 5.1.6, 5.2.5, 6.1.6 and 6.2.5) it
is assumed that the largest crack corresponds to the proof-test level. This is
not true anymore when, during unloading, a crack grows to a size that corresponds to a stress lower than the proof-test stress. Consider the situation
that, after proof testing, the applied stress level is decreasing linearly with
time in an unloading time tu:
o(t)

~ o, [1 - f.]

(J. l)

In this equation the unloading during time t0 starts at t
0. The unloading
results in fracture when dK/dt > 0 at cr = crP [1]. When cr(t) of (J. l) is substituted in the expression for K1 (1.7), this condition will lead, using the power
law ( 1.10), to a critica! unloading time te:
(J.2)
For tu > te, fracture occurs for a crack with a size that corresponds via (1.8)
to a stress equal to the proof-test stress when unloading starts. For the parameters from the numerical example with "low" B-value (see Section 5.1.4) the
critica! unloading-time te is only 1 µs, while te is 4 s for the "high" B-value.
For the "low" B-value tu will exceed te during practical unloading in most
cases.
Next consider a crack of which the size corresponds via (1.8) to an inert
strength S equal to ycrP, slightly above the proof-test level. Using (1.12) and
(J. l)), the inert strength S for this crack, decreases as:

(J.3)

In Figures J. l and J.2 the crack growths of some cracks, expressed in S again,
are given as a function of time for fu = te and tu = lOtc, respectively.
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Figure J.l Crack growth during unloading for tu = te. A strength CJP results in
weakening but just no fracture after unloading. Starting between CJP and "fcCJP
("risky region ") the strength after unloading drops below CJP without fracture.
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Figure J.2 Crack growth during unloading for tu
lOtc. A strength below YoCJr
results in fracture after unloading. Starting between YoCJp and YcCJp ("risky region ") the strength after unloading drops below CJP, without fracture.
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From (J.1), (J.2) and (J.3) it follows that fracture occurs from the y value

y,=
0

]

/t + 3(t /t )(n-Z)/J
(n-2) · tuc
cu

[

n+I

•«·~

(J.4)

The minimum value to which the strength after proof test SP'
without fracturing, hence follows:

!::_] 1/3 [ 3 ] l/(n-2)
n+I
[t0

n+l

(J.5)

l/(n+2)

l

n-2 tu

S(tu) can drop,

(J.6)

~

for t0 < te. This relation was also found earlier [2,3]. The critica! value Yc•
for which the "end point" after proof test is crP, also follows:

[ l
1

n-2

l/(n+2)

t

+ n+l ~

(J.7)

Now the region between y0 (define y0 = 1 when tu < te) and Yc is the "risky region" (the region where the strength after proof testing drops below the prooftest level, without fracturing). It is clear that for larger unloading times the
strengths after proof testing can drop to lower values. The risky region then
shifts to higher values but becomes smaller too. The Jatter means that the probability of finding a crack in the "risky region" may become small too. Hence
statistics are necessary to calculate the risk of significant dropping below the
proof-test level of the fiber's strength after proof test.
Immediately after the proof test, before unloading takes place, the distribution of strength SP is given by (5.4) (see Figure 5.1). The same distribution
is also obtained when, instead of only a constant proof stress level preceding
the unloading, the proof tests contains a dwell (constant stress) part and a
loading part. In that case the effective proof-test time til must be replaced by
td + t/(n+ 1) with td the dwell time and t1 the loading time (this follows from
(l.12) for loading linearly with time).
The probability of finding a crack with strength between aP and y0aP after
the proof test is perfonned (without unloading) is obtained by substituting SP =
y0crP in (5.4). The failure number N0 , defined as LN0
-ln[l-F(y0crp)], follows:
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[ l

ml(n-2)

N

0

=

N
P

2

l+Oyon-

1

(J.8)

l

(J.9)

l+C

In the same way the failure number N0 for SP
2

=

N

N

c

l+Oyc
P

[[

n-2] rn/(n- )

I+C

1

The probability F,, to find a crack in the risky region with strength between
"fo<Jp and Yc<Jp after the proof test (without unloading) is:
(J.10)
This equation must be expressed in the real failure number fl!.v: = Np., +N0 , which is
the failure number of the proof test including unloading. with 1J.8), (J.9) and
(J.10) it follows that with Fp'
1-exp(-LNp'):

[ l

rn/(n-2)

ln(l-F,,)

= ln{l-F ')
p

l +(1 n-2
c
1 +Oyt2

- 1

(J.11)

In Tab Ie J .1 the probability of finding a crack in the risky region F rr is given
as a function of tufte for the treated numerical example with the high and the
low B-values. For larger tu a small increase in Frr for the low B-value and a
decrease in F,, for the high B-value will be the result when tu > te. At the
same time the level to which the strength can drop below the proof-test level
decreases. For t 0 < te a decrease in Frr is present for both B-values when tu
decreases. In the case of the high B-value a maximum probability of 0.03%, which
is still small, to find a fiber weaker than corresponding to the proof-test
level is possible. Remember that the critica! unloading times te are roughly 1
µs and 4 s for the low and the high B-values, respectively. Unloading times as
large as the last mentioned do not appear in practical proof testing. It is
hence concluded that after the proof test the probability of finding a crack
with strength below the proof-test level is negligible.
Note that the probability of weakening below the proof test level during
proof test unloading, without occurrence of failure, differs from the probability of unloading failure. The latter probability is given by 1 - exp(-LN0).
Therefore the measured unloading failures in Ref.[4] do not indicate that unloading can be a cause for weaker fibers than guaranteed by proof test.

188

Table J.1 F,, as a function of t/tc for the low and high B-value.

tjtc

0.001

0.01

0.1

Frr( %) (low B)

< lQ-8

< lQ-8

< 108 1.0xl0-8 1. lxl0-8

l. lxlQ-8 1. lxl0-8

F,,( %) (high B)

3x10-5

3xl0-4

3x10-3

2x10-3

10

3x10·2

2x10· 2

100

1000

3x10-4
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Appendix K
Dimensions of Mechanically Clamped Double Mandrel
K.1 INTRODUCTION
It is difficult to fixate optical fibers on a double mandrel by glue, in experi-

ments in (warm) water {see Section 3.1.2) [1]. If the glue holds (but in rnany
cases loosening or slipping occurs) the glue influences the environment and
fracture rnay occur near the glue. Mechanica} clamping usually requires rubber
plates, also influencing the environment. In this appendix a special way of
clamping between anodized DUR-aluminum rods will be presented.
Good quality mechanical clarnping of the fiber in a double mandrel test, i.e.
without slipping, requires a sidewall force of about 0.5 N per fiber, as is
found experimentally. This means that a total force of 70 N is needed to clamp
140 fibers. When the fibers are clamped between brass rods with a length of 15
cm and a diameter of 12 mm, the largest gap (difference in distance) between the
rods is 37 µrn and 62 µrn for forces applied in the center and at the ends, respectively (see further). This gap is much larger than what the elasticity of
the primary coating (only 125 µrn thick) of the fiber can accornmodate. The solution is found in a special, hut simple way of clarnping, shown in Figures 2.4 and
3.3. The bolder rod is pressed at it ends, while the clarnping rod is pressed in
the middle. In this way both rods will bend in the same direction.
K.2 CALCULATION BENDING OF RODS
Both bolder and clamping rod are cylindrical and have V-grooves. For simplicity
the stiffness IB of the rods is calculated without these grooves [2]:
(K.l)

Here Eis the Young's modulus and ris the diameter of the rod. In Figure K.1 a
simplified model is made for the clamping in the double mandrel. Because of symmetry only the side right from the origin is considered. Elastic material (the
primary coating) is sandwiched between two rods with length l, the bolder rod
with rh and IBh and the clamp rod with re and IBc. The forces are applied in the
middle (2F) for the clamp and at the ends (-F) for the bolder rod. The elastic
material reacts with a uniform normal force Fn per unit of length, equal to 2F/l
at the bolder rod, and the opposite at the clamp rod (see Figure K.1). This is a
good approximation for the large number of fiber turns as long as the fibers are
equally pressed, i.e. the "gap" between the rods does not becorne too large.
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Figure K.1 Simplified model to calculate gap between kolder and clamping rod.
Holder Rod The bending moment Mat the position x (seen at the right-hand side)
consists of two parts, caused by F and F 0 :

M

=

-F(l/2-x)

I

+ mF 0 (s-x)ds = F [~

-

l

á

K.2

The moment M can be approximated by 1Bxd2y/dx2 when dy/dx is small [2,3]. With
boundary conditions y(O) = dy/dx(O) = 0 the solution follows with K.2:
-F

1 l 22
[ []

y=s;;iz2X

x4]

K.3

Il

The maximum deflection is found at the end of the rod:
K.4
Clamp Rod Here only the bending moment M caused by F0 contributes, because the
point of contact of 2F is in the origin. It follows:
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-F

1 l

1 l

[]x
y=ç 22
[ ]2x -32
2

[

3

x

+rz4]

K.5

The maximum deflection at the end of the rod:
y(l/2)

-F l
=~
z
[ ]

3

K.6

Equal Rods Consider brass rods with length of 15 cm and diameter of 12 mm for
100 GPa for brass [4], a stiffness of about
both clamp and holder rod. With E
100 Nm2 follows with (K.l). With F = 35 N (total force of 70 N to clamp 140
fibers) the largest deflections are 18 and 31 µm for bolder and clamping rod,
respectively. When both rods are pressed in the same way, the gap will be 37 µm
and 62 µm for forces applied in the center and at the ends, respectively. When
one rod is pressed at it ends and one in the middle, the maximum difference in
deflection, between bolder and clamp rod, is only 13 µm.
Matching Rods Better matching is obtained for a stiffness IBc of the clamp rod,
3/5th of the stiffness IBh of the bolder rod. In that case the deflections at the
ends of the rods are equal. Tuis can be achieved by choosing a smaller diameter
of 10.6 mm for the clamp rod, according to (K. l). The remaining difference in
deflection for other values of x follows by subtracting 5/3 times K.5 from K.3:

Ay

F

Il

51

2

~5zx2
9zx+9x
[ ]
2
[ [ ]
3

l

4

K.7

The difference in deflection reaches a maximum of only 2 µm now, for x
4 cm.
This difference can easily be accommodated by the primary coating of the fiber,
with its total thickness of 125 µm. Also the approximation of constant Fn is
justified by this result. Note that when F 0 varies because of difference in deflection of the rods, the difference in calculated deflections becomes even
smaller than calculated here.
The experimental version of the double mandrel with mechanica) clamping consist of rods with a slightly larger diameter, 15 and 13 mm for bolder and clamp
rod, respectively. This also compensates for the decrease in stiffness (depends
on bending direction now) due to the V-grooves. The material used is DUR-aluminum (quartz for the test rod), with comparable mechanical properties.
K.3 CALCULATION OF SPACER DIMENSIONS
The double-mandrel equipment can be used for a wide range of mandrel diameters
(5-10 mm). In order to keep the contact angle 0 (see Figure K.2) constant, spacers are used, with size determined by the diameter of the test rod (constant
test length is difficult to achieve for such a wide range of diameters). The
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Figure K.2 Calculation of size of spacer between test and ho/der rod.
size of the spacers is characterized by d (see Figure K.2). From Figure K.2 a)
follows:

a

K.8

From Figure K.2 b) follows:
K.9

a

From K.9 and K.10 follows d for given 0,

rh

and rm:
K.10

References
[l]

[2]
[3]
[4]

W. Griffioen, K. Jonsson, "Ageing of optical fibre in water and in cable",
Proc. EFOCILAN (1992) 245.
S. Timoshenko, J.N. Goodier, "Theory of elasticity", McGraw-Hill book company, New York, 1951.
LN. Bronstein, K.A. Semendjajew, "Taschenbuch der Mathematik", BSB B.G.
Teubner Verlagsgesellschaft, Leipzig, und Verlag Nauka, Moskau, 1979.
"American Institute of Physics Handbook", Ed. D.E. Gray, McGraw-Hill, New
York, 1963.
194

Appendix L
List of Symbols
Scale constant in power law, (1.10), Area, (A.2)
Effective area, (G.11)
Effective area, (G.11)
Crack depth, (l.4)
Crack depth after i ruptures, (G.8)
Distance between atomie layers without stress, (1.1)
2/(AY2(n-2)K1cn-2), (1.11)
B in applied (service) environment, (6.1)
"Humid" B-definition, (B.2)
B in prooftest environment, (6.1)
Constant for effect of Ki in exponential law, (1.9)
B/(crp2tp), (5.2)
Constant for pristine part in Ki, (4.3)
v0{YS1) 2/Kic2 , (7.5)

Mandrel diameter, Table 2.1
Plate distance, Table 2.1
Diameter of coated fiber
Diameter of uncoated fiber, Tab Ie 2 .1
Plate distance at t = 0, Table 2.1
Zero-stress activation energy, (1.9)
Young's modulus, (A.2)
Young's modulus for zero stress, (1.2)
Failure probability on length L, (1.15), Force, Table 2.1
F, corrected for effective area, (G.13)
Failure probability at prooftest, (5.3)
Probability to find crack in ttrisky region, (B.3), (J.10))
Probability for subsequent ruptures from ith to jth rupture, (G.3)
Fit function, (4.2), (na-2)/(np-2), (6.3), Function, (C.6)
Quotient between inert strengths at t
0 and t for pit, (4.12)
Quotient between inert strengths at t
0 and t for flaw, (5.20)
Function for effect of zero-stress aging, (4.14)
Acceleration of gravity, (3 .1)
Function for effect of zero-stress aging, (4.10)
Elevation, (3 .1)
Integral function, (C.6)
Integer, (F.2)
Number of fractured specimens, (F .1), Parameter, (C.5)
Spring constant, (A.2)
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Stress intensity, (1. 7)
Stress intensity at end of Region 1, (D.1)
Critical stress intensity, (1.8)
"Humid" K 1c-definition, (B.2)
Stress intensity after ith rupture, (G.9)
Total number of specimens, (F.1)
Length, (1.15), Table 2.1
Scale constant for length, (1.15)
Length, (l.15), Table 2.1
Indentation, Before (A.2)
Sample length, (A.2)
Weibull distribution parameter, ( 1.16)
Failure number (per unit of length), (1.15)
Failure number at K 1b, (B.3)
Failure number for Yc. (J.9)
Failure number at prooftest, (5.6)
Failure number for y0 , (J.8)
l/'t, (G.1)
Corrosion susceptibility, ( 1.10)
Corrosion susceptibility in applied (service) environment, (6.1)
Corrosion susceptibility in prooftest environment, (6.1)
Function for effect of crack blunting, (C.5)
Gas constant, (1.9), Bending radius, (A.3)
Bending radius, Table 2.1
Radius of uncoated fiber, (A.3)
Radius of uncoated fiber, Table 2.1
Inert strength, (1.5)
Inert strength corrected for effective area, (G.11)
Inert strength at bottom of blunt tlaw, (5.20)
Inert strength after handling time, (7 .1)
Initial inert strength, (1.12)
Inert strength after aging when started at S1, (4.1)
Initial inert strength at bottom of blunt flaw, (5.20)
"Humid" Srdefinition, Before (B.2)
Initial strength for flaw, just fracturing after prooftest, (5.2)
Inert strength after prooftest, (5.3)
W eibull distribution scale constant for inert strength, ( 1. 16)
Slope in double-logarithmic plot of y versus x, Table 2.1
cra/S, (C.6)
Temperature, ( 1. 9)
Time, (1.9)
Pre-stressing time for same crd, (l.2)
Statie applied time, (1.13)
Time at end of Region I, (D.2)
Critica} prooftest unloading time, (J.2)
Proof test dwell time, after (J. 7)
Equivalent statie test time, (E.2)
Handling time, (7.1)
Proof test loading time, after (J. 7)
Prooftest time, (5.2)
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Prooftest unloading time, (J. l)
B/S02 , (1.17), zero stress aging constant, before (4.2)
Plate speed, Table 2.1, Crack velocity, (G.l)
Speed of falling axe, (3.1)
Crack velocity at end of Region I, (D.2)
Crack velocity of ith rupture, (G.9)
Crack velocity from zero-stress aging, (4. 7)
Scale constant for exponential law, (1.9)
v0 , corrected for effective area, (G.12)
Coordinate, (1.1), parameter, (C.5)
Geometrical factor for stress intensity, (1. 7)
Constant for nonlinear elasticity, Table 2.1
Constant for nonlinear elasticity in bending, Table 2.1
Constant for nonlinear elasticity in 2-point bending, Table 2.1
Strain, (1.1)
Additional strain from nonlinear elastic bending, (A.3)
Maximum strain, (1.1)
Gamma function, (2 .1)
Surface energy, (1.1), Factor, (1.1), (J.3)
Factor for just no fracture after prooftest, (J.4)
Critica! factor for "endpoint" at up, (J.7)
Zero stress aging constant, before (4.2)
Function for effective testlength, (2.1)
Crack tip radius, (1.4), (G.1)
Stress, (1.3)
Statie applied stress, (1.13)
Stress at end of Region I, (D.3)
Dynamic failure stress, (1.14)
Dynamic failure stress with pre-stressing, (1. 1)
Dynamic failure stress after handling, (7.2)
Scale constant for dynamic failure stress, (5 .10)
Maximum stress, (1.1)
Prooftest stress, (5.2)
Variable-screen stress, (5.16)
Scale constant for variable screen stress, (5 .15)
Stress at crack tip, (1.4)
Stress rate, (1.14)
S03/[B(n+l)], (1.18)
dcr/dt, Table 2.1
Average time for bond rupture, (G.l)
Average time for (i+ l)th bond rupture, (G.3)
Coordinate, (A.4)
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Summary
In the past decade, telecom by wire bas been developed from transmission of
electrical signals through copper conductors to optical signals through (quartz)
glass fibers. Besides the optical properties of these fibers, also much
attention bas been paid to their mechanical behavior. Optical fibers behave
differently from most other materials. Their strength is, for a short time,
comparable to the strongest steel. But they are also brittle. This means that
cracks or extrinsic defects have a strong influence. Moreover the strength of an
optica} fiber depends on time. This can be explained by growth of the cracks
under the influence of stress, a process called stress corrosion. Because
optica! fibers cannot be installed without a little stress at their surfaces (at
least bending due to stranding in the cable), spontaneous fracture may occur
during service. Stress corrosion of the quartz strongly depends on environment,
especially the chemistry of the fiber's protective coating and moisture. When
water surrounds the fiber, even another failure mechanism appears: zero-stress
aging. In this thesis a theoretica! and experimental study is made on the
mechanical lifetime of optica! fibers.
Stress corrosion can be described by a power law which relates the crack
velocity to the stress intensity at the crack tip to the power of n, with n the
corrosion susceptibility. This law can be solved for statie and dynamic fatigue.
Statie fatigue testing results in linear lines of failure time against applied
stress, when plotted double logarithmically. The slope gives the n-value. The
n-value can also be obtained from dynamic tests, where the failure stress is
recorded as a function of the stress rate. Test methods have been described for
both kind of tests by tensile loading or bending of the fibers. In this thesis
experiments were done with tensile testing equipment and specially developed
double-mandrel bending and 2-point bending (also at ultra-high speed using a
"guillotine") techniques. Tests were performed in ambient environment, vacuum,
humid environment and water. In the latter case a deviating behavior was observed, the so-called fatigue knees.
Fatigue knees are caused by a simultaneous occurrence of stress corrosion
and zero-stress aging. The Jatter effect was also studied experimentally. It
turned out that optica! fibers can weaken dramatically under zero-stress
conditions, depending on the fiber (coating), water or filling gel (pH, ions,
etc.) and temperature. The surface of an aged fiber was measured by means of a
Scanning Tunneling Microscope, showing the formation of aging pits. The effects
of stress corrosion and zero-stress aging were put together in the "blunt-pit
model". In this model it is assumed that a sharp crack can nucleate and/or grow
at the bottom of a blunt pit. Both cracks and pits can grow in time, but only
the smallest aggressors, like water, participate to the stress corrosion at the
sharp crack tips. The "blunt-pit model" explains the mentioned effects.
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The lifetime of the optical fiber in service is determined by extrinsic weak
spots which are usually not measured in laboratory tests. Lifetime models are
based on stress corrosion (power law), Weibull statistics for the weak spots and
prooftest parameters. More than 12 of these models exist in literature. In this
thesis a comparative evaluation of these models has been performed and a justified choice has been made. Testing methods to obtain the statistics of the weakspot distribution have been given with the model. Lifetime models for 100% guaranteed survival were not considered to be of practical use because they are too
conservative, especially when weakening during proof test unloading is taken
into account. The proposed lifetime model estimates 30 years lifetime with a
failure probability of 0.01 % on 1 km when the applied stress during service remains below about one third of the prooftest level. Furthermore the model has
been adapted for harsh service environments. The effect of zero-stress aging has
been built into the framework of existing lifetime models using the "blunt-pit
model". This bas also been performed for the "Hasl0v/Jensen model". A comparison
of both models has been made. The effect of zero-stress aging bas been demonstrated with a numerical example. For the fibers of this example the allowable
stress in service has to drop by about a factor of two in order to meet the requirements for 30 years lifetime.
Finally solutions for "unsolved problems" in lifetime modeling have been
given in this thesis. lt has been demonstrated that the measured n-value does
not depend on the measuring technique, whether statie or dynamic loads in tension or bending are applied. The n-value does, however, depend on the effective
statie measuring time. lt bas been proved that no extrapolation is needed from
short running laboratory tests to failure of weak spots in service, because
stress intensities and crack velocities are comparable in both cases. This justifies the use of the power law for the description of stress corrosion. It
turned out that the effect of Region Il crack growth, were moisture cannot keep
pace anymore, does not induce noticeable errors in lifetime estimations. It has
been argued that prooftest unloading can cause weakening of a fiber below the
prooftest level. Fortunately the probability that this occurs is extremely
small. It has also been discussed why an initial (inert) strength must be measured in vacuum if this strength is used to obtain the so-called B-value, to be
used in (100% survival) lifetime estimations. Last but not least, it is demonstrated that a continuous treatment of growth and nucleation of the cracks does
not produce results that differ significantly from the results for a discrete
treatment. lt turned out that the continuous approximation is a worst case assumption.
All together the conclusion is that the proposed lifetime models in this
thesis give a reliable estimate and can be used in the different service
environments.
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Samenvatting (Summary in Dutch)
In het laatste decennium heeft telecommunicatie over "draad" zich ontwikkeld van
transmissie van elektrische signalen over koperdraad tot optische signalen over
(kwarts) glasvezels. Behalve aan de optische eigenschappen van deze vezels, is
er ook veel aandacht besteed aan hun mechanische gedrag. Optische vezels gedragen zich anders dan de meeste andere materialen. Hun sterkte is, althans voor
kortdurende belasting, vergelijkbaar met de sterkste staalsoorten. Maar ze zijn
ook bros. Dit betekent dat scheurtjes of extrinsieke defecten een grote invloed
hebben. Bovendien is de sterkte van een optische vezel ook nog eens
tijdsafhankelijk. Dit kan worden verklaard door het groeien van scheurtjes onder
invloed van mechanische spanning, een proces dat spanningscorrosie wordt genoemd. Omdat optische vezels niet geïnstalleerd kunnen worden zonder een beetje
spanning op hun oppervlakten (op zijn minst vanwege het samenslaan in de kabel)
kunnen er spontane breuken optreden tijdens de dienst. Spanningscorrosie aan
kwartsglas is sterk afhankelijk van de omgeving, vooral van vocht en de
chemische samenstelling van de vezel z'n beschermende coating. Als de vezel is
omgeven door water treedt zelfs een ander faalmechanisme op: spanningsvrije
veroudering. In dit proefschrift wordt een theoretische en experimentele studie
verricht naar de mechanische levensduur van de glasvezel.
Spanningscorrosie kan worden beschreven met een machtswet die de scheurgroeisnelheid relateert aan de spanningsintensiteit aan de scheurtip tot de
macht n, met n de corrosiesusceptibiliteit. Deze wet kan worden opgelost voor
statische en dynamische belastingen. Statische tests resulteren in rechte lijnen
van faaltijd tegen aangebrachte spanning, wanneer deze dubbellogaritmisch worden
geplot. De helling geeft de n-waarde. De n-waarde kan ook worden verkregen met
dynamische tests waar de faalspanning wordt geregistreerd als functie van de
snelheid waarmee de spanning toeneemt. Testmethoden voor beide soorten tests,
waarbij de vezels zowel op trek als op buigen worden belast, zijn beschreven.
Voor dit proefschrift zijn proeven verricht met trekapparaten en met speciaal
ontwikkelde dubbele-mandrel en 2-punts-buig (ook bij extreem hoge snelheden,
m.b.v. een "guillotine") technieken. Tests zijn verricht in zowel normale omgeving als in vacuüm, in vochtige omgeving en in water. In het laatste geval is
een afwijkend gedrag waargenomen, de zogenaamde "fatigue knees".
"Fatigue knees" worden veroorzaakt door het gelijktijdig optreden van spanningscorrosie en spanningsvrije veroudering. Het laatste effect is ook experimenteel bestudeerd. Het blijkt dat glasvezels flink kunnen verzwakken onder
spanningsvrije veroudering, afhankelijk van de vezel (coating), water of vulmassa (pH, ionen, etc.) en temperatuur. Het oppervlak van een verouderde vezel
is gemeten m.b.v. een Scanning Tunneling Microscoop, waarbij het ontstaan van
verouderingsputjes was te zien. De effecten van spanningscorrosie en spanningsvrij verouderen zijn samengevoegd in het "botte-put model". Zowel de
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scheurtjes als de putjes kunnen groeien, maar alleen de kleinste agressors,
zoals water, nemen deel aan de spanningscorrosie. Het "botte-put model" verklaart de genoemde effecten.
De levensduur van een glasvezel in dienst wordt bepaald door extrinsieke
zwakke plekken die normaal gesproken niet in laboratoria worden gemeten. De levensduurmodellen zijn gebaseerd op spanningscorrosie (machtswet), Weibull
statistiek voor de zwakke plekken en prooftest parameters. Meer dan 12 van deze
modellen zijn uit de literatuur bekend. In dit proefschrift is een vergelijkende
studie verricht naar deze modellen en is er een verantwoorde keus gemaakt. Testmethoden zijn gegeven om de statistiek van de zwakke plekken te verkrijgen,
nodig bij deze modellen. Levensduurmodellen voor 100% gegarandeerde overleving
worden als niet praktisch inzetbaar beschouwd omdat ze te conservatief zijn,
vooral wanneer verzwakking tijdens prooftest unloading wordt meegenomen. Het
voorgestelde levensduurrnodel geeft een levensduur van 30 jaar met een faalkans
van 0.01 % op 1 km als de spanning gedurende de dienst beneden ongeveer een derde
van het prooftestnivo blijft. Verder is het model uitgewerkt voor meer
agressieve omgeving. Het effect van spanningsvrije veroudering is ingebouwd in
het raamwerk van bestaande levensduurmodellen gebruikmakend van het "botte-put
model". Dit is ook gedaan voor het "Hasl.0v/Jensen model". Een vergelijking van
beide modellen is gemaakt. Het effect van spanningsvrije veroudering is gedemonstreerd aan de hand van een getallenvoorbeeld. Voor de vezels van dit voorbeeld
moet de toegestane spanning tijdens de dienst omlaag met ongeveer een factor
twee, om de vereiste levensduur van 30 jaar te kunnen halen.
Tot slot zijn er in dit proefschrift nog wat oplossingen voor "onopgeloste
problemen" gegeven. Het is aangetoond dat de gemeten n-waarde niet afhangt van
de meetmethode, of het nu statische of dynamische belastingen zijn en of er nu
wordt getrokken of gebogen. De n-waarde hangt echter wel af van de effectieve
statische meettijd. Paradoxaal genoeg valt toch te bewijzen dat er geen extrapolatie nodig is van kortdurende laboratoriumtests aan korte stukjes glasvezel,
zonder zwakke plekken, naar breuk van zwakke plekken in de dienst. Dit komt omdat de spanningsintensiteiten en scheurgroeisnelheden vergelijkbaar zijn in
beide gevallen. Dit rechtvaardigt het gebruik van de machtswet voor de beschrijving van spanningscorrosie. Het werd duidelijk dat het effect van RegionII scheurgroei, waar vocht de scheur niet meer kan bijhouden, geen merkbare
fouten tot gevolg heeft in de levensduurvoorspellingen. Beargumenteerd is dat
prooftest unloading verzwakking van een vezel beneden het prooftestnivo kan veroorzaken. Gelukkig is de kans dat dit daadwerkelijk gebeurt ontzettend klein.
Ook is bediscussieerd waarom een initiële (inerte) sterkte in vacuüm gemeten
moet worden als deze sterkte gebruikt wordt om de zogenaamde B-waarde te
bepalen, bij gebruik in (100% gegarandeerde overleving) levensduurrnodellen. Als
laatste is aangetoond dat behandeling van groei en nucleatie van scheuren als in
een continue medium resultaten oplevert die nauwelijks afwijken van resultaten
behaald met een discrete behandeling. De continue benadering blijkt een worst
case aanname te zijn.
Alles tezamen wordt geconcludeerd dat de in dit proefschrift voorgestelde
levensduurrnodellen een betrouwbare schatting opleveren en gebruikt kunnen worden
in verschillende omgevingen tijdens de dienst.
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The ring structure of Si-0 tetrahedra in fused silica does not only cause
an increase in the Young's modulus for increasing strain, hut is also responsible for an asymmetry in the nonlinear elastic behavior.
W. Griffioen, "Effect of nonlinear elasticity on measured fatigue data and
lifetime estimations of optica! fibers", J. Am. Ceram. Soc., 75 [10] (1992)
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2.

Lasso paradox: In contrast with what one might expect from the observation
of a cowboy handling his lasso, the shape of a rotating chord in a closed
loop is not always circular.
W. Griffioen, "lnstallation of optica! cables in ducts", Plumettaz, Bex
(CH), 1993.

3.

The assumption in the strain analysis of optical fibers in cables that ribbons remain flat when stranded in a cable with U-grooves is not simply
true. This depends, among other things, on the stiffness of the ribbons.
Furthermore, when the cable is bent, e.g. on a drum, tilting of the ribbons
in the grooves must also be taken into account in the strain analysis.
N. Okada, K. Watanabe, M. Miyamoto, "Strain analysis of U-groove type cable
with multi fiber ribbons", Proc. 43rd IWCS (1994) 211.

The B-value from inert strengths measured in vacuum is the only true one to
be used in 100% survival ("minimum life") lifetime models.
4b. Lifetime models which guarantee 100% survival are not of practical use for
optical fibers. Therefore models based on statistics of the weak: spots must
be used.
This thesis, Appendix B.
4a.

5.

The shout of a falling man, in the case that the camera-man has shot from
down below, is probably based on "experience from above" white the Dopplereffect has not been taken into account.
See e.g. "The Untouchables", Paramount Pictures Corporation, 1987.

6.

The polarization-handling complexity of a coherent-transmission network can
be dramatically reduced by using a short piece of highly-birefringent
fiber.
M.O. van Deventer, "A common data-induced-polarization-switching (CDIPS)
method for coherent optical transmission systems'', IEEE Photon. Techno/.
Lett., Vol.4, No.6 (1992) 654.

7.

The stress intensity at the crack tip, not the applied stress, determines
the path of stress corrosion. This justifies the use of a simple power law
for the description of this corrosion in optical fiber lifetime models.
This thesis, Appendix C.

8.

The nature of stress corrosion is such that, when handling does not cause
fracture, the optica! fiber will hardly be weakened.
This thesis, Chapter 7.

9.

Spaghetti paradox: When soaking a string of spaghetti, it is not pulled but
pushed into.
W. Griffioen, "Installation of optica[ cables in ducts", Plumettaz, Bex
(CH), 1993.

lüa. The probability for weakening of an optical fiber, due to prooftest unloading, to a strength below the prooftest level, without fracturing, is so
small that it is unlikely that this really occurs [l]. This is apparently
in contrast with failure during unloading after a screen test [2]. The
probability that unloading causes the strength to drop below the prooftest
level may, however, be much smaller than the probability for unloading
failure.
lüb. Failure during prooftest unloading gives an upper value for the B-value.
[l] W. Griffioen, "Evaluation of optica! fiber lifetime models based on
the power law", Opt. Eng., Vol.33, No.2 (1994) 488.
[2] See e.g. G.S. Glaesemann, "The effect of proof testing on the minimum
strength of optical fiber", Proc. 40th IWCS (1991) 582.
11. It is unlikely that a weak spot will be found when stripping the coating of
an optical fiber. It is therefore rather arbitrary to specify a maximum
stripping force equal to the prooftest level.
12. If ever you dropped a weight on your feet, you know why they call mechanica! energy a higher form of energy than heat.

